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ABSTRACT

Context. Observations of exoplanets indicate the existence of several correlations in the architecture of planetary systems. Exoplanets
within a system tend to be of similar size and mass, evenly spaced, and are often ordered in size and mass. Small planets are frequently
packed in tight configurations, while large planets often have wider orbital spacing. Together, these correlations are called the peas in
a pod trends in the architecture of planetary systems.
Aims. In this paper these trends are investigated in theoretically simulated planetary systems and compared with observations. Whether
these correlations emerge from astrophysical processes or the detection biases of the transit method is examined.
Methods. Synthetic planetary system were simulated using the Generation III Bern Model. KOBE, a new computer code, simulates
the geometrical limitations of the transit method and applies the detection biases and completeness of the Kepler survey. This allows
simulated planetary systems to be compared with observations.
Results. The architecture of synthetic planetary systems, observed via KOBE, show the peas in a pod trends in good agreement with
observations. These correlations are also present in the theoretical underlying population, from the Bern Model, indicating that these
trends are probably of astrophysical origin.
Conclusions. The physical processes involved in planet formation are responsible for the emergence of evenly spaced planets with
similar sizes and masses. The size–mass similarity trends are primordial and originate from the oligarchic growth of protoplanetary
embryos and the uniform growth of planets at early times. Later stages in planet formation allows planets within a system to grow at
different rates, thereby decreasing these correlations. The spacing and packing correlations are absent at early times and arise from
dynamical interactions.

Key words. Planetary systems – Planets and satellites: detection – Planets and satellites: formation – Planets and satellites: dynamical
evolution and stability

1. Introduction

Since Mayor & Queloz (1995) discovered 51 Pegasi b, the first
planet found to orbit another main-sequence star, technologi-
cal advancements have engendered the possibility to address the
question of how common Earth-like worlds are in the habit-
able zone of Sun-like stars. Addressing this question, the NASA
space telescope, the Kepler mission, measured the brightness of
198,709 stars for ∼ 3.5 years with a fixed field-of-view pointing
towards the Milky Way Galactic plane (near the Cygnus-Lyra
constellation) (Borucki 2016; Twicken et al. 2016). As a planet
passes in front of a star, it can result in a measurable and peri-
odic reduction in the flux coming from this star. Utilizing this
method, called the transit method, Kepler discovered and char-
acterized thousands of exoplanets (Borucki & Summers 1984;
Borucki et al. 2010; Borucki et al. 2011; Thompson et al. 2018).
With over 4,000 planetary candidates around over 3,000 stars1,

? KOBE is available at: https://github.com/exomishra/kobe.
?? Correspondence: Lokesh Mishra (exomishra@gmail.com)
1 Based on a September 2020 query of the Extrasolar Planets Ency-
clopaedia (Schneider et al. 2011).

observations have revealed a staggering diversity in the nature
of exoplanets (Armstrong et al. 2020; Hoeijmakers et al. 2018;
Winn et al. 2018; Kreidberg et al. 2014; Sing et al. 2016; San-
terne et al. 2019; Espinoza et al. 2020; Demory et al. 2016; Evans
et al. 2016; Udry & Santos 2007). The rich diversity observed in
exoplanets, fortuitously, also extends to the architecture of multi-
planetary systems (Lissauer et al. 2011; Fabrycky et al. 2014;
Winn & Fabrycky 2015).

The arrangement of multiple planets and the collective dis-
tribution of their physical properties around host star(s) charac-
terizes the architecture of a planetary system. This implies that
the architecture of any planetary system is an outcome of all
the physical processes that lead the system to its present state.
The architecture of a planetary system may reflect several si-
multaneous processes: (a) the specific formation pathways of in-
dividual planets, (b) secular and/or chaotic dynamical interac-
tions, (c) configurations that are stable over billions of years, (d)
initial conditions coming from the star and the protoplanetary
disks, (e) the astrophysical environment surrounding the star-
forming region. Specifically, the extent to which planet forma-
tion is stochastic remains unknown. Explaining the wide diver-
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sity observed in the system architecture remains an open prob-
lem (Winn & Fabrycky 2015). It is possible that planet formation
is dominated by the same physical processes, but the large diver-
sity in initial conditions leads to a wide variety of exoplanets and
system architectures (Benz et al. (2014); Mordasini (2018)).

Amidst the observed diversity in the architecture of exoplan-
etary systems several trends have emerged (Ciardi et al. 2013).
One such trend is called ‘peas in a pod’, which is the subject
of this paper. Empirical trends in the system architecture serve
two key purposes. Firstly, these trends provide hints about un-
derlying physical processes. Thus, these trends posit additional
constraints on theory. Secondly, as the understanding of exoplan-
etary astrophysics matures, reproduction of these trends in nu-
merical calculations becomes a crucial testing ground amongst
competing models. Perhaps several of the observed correlations
in planetary system architecture are unifiable, facilitating sim-
pler physical explanations to emerge.

The California-Kepler Survey (CKS) improved the charac-
teristics of 1,305 planet-hosting stars found by Kepler (Petigura
et al. 2017) leading to an improvement in the characteristics
of 2,025 planets transiting these stars (Johnson et al. 2017).
Analysing 355 multi-planetary systems from the CKS dataset
(CKS-Multis or CKSM), hosting 909 planets, Weiss et al. (2018)
(hereafter W18) reported several correlations in the properties of
adjacent planets akin to peas in a pod. They find that adjacent
planets in a system tend to be similar in size, Router/Rinner ≈ 12.
This trend was already suggested by Lissauer et al. (2011) based
on the first four months of Kepler’s observations. In addition,
W18 report that ∼ 65% of adjacent pairs in their dataset are size-
ordered, the outer planet being larger than the inner planet. This
trend was also hinted at by Ciardi et al. (2013). For planetary
systems with three or more planets, W18 find that the orbital
spacing (Pouter/Pinner) of the first pair of planets is similar to the
orbital spacing of the next pair of planets. They also report a
correlation in the packing of planets within a system: smaller
planets often have smaller orbital spacing, while larger planets
tend to have larger orbital spacing.

Using transit timing variations, Hadden & Lithwick (2017)
inferred the masses and eccentricity of 145 planets hosted in
55 Kepler planetary systems. Studying this dataset, Millholland
et al. (2017) show that planets within a system tend to have sim-
ilar masses and are often ordered in mass, the outer planet being
more massive than the inner planet. Additionally, Wang (2017)
also reports similarity in mass in 29 systems detected by the
radial-velocity method.

Pertaining to these trends, two kinds of studies have
emerged. While some studies have explored theoretical aspects
to better explain the observations (e.g. Mulders et al. 2020), other
authors question the evidence for peas in a pod in their analysis
(Zhu 2020; Murchikova & Tremaine 2020). For size-ordering,
Kipping (2018) investigated whether traces of initial conditions
of planet formation are removed by dynamical evolution. A tally
score T = Σpairsti is defined that tracks whether the radius of an
outer adjacent planet is more (ti = +1) or less (ti = −1) than its
inner neighbour. The number of different ways for a planetary
system to obtain the same tally score T , is interpreted as the en-
tropy of the system.3 He finds that Kepler systems have lower
entropy than expected from randomly constructed systems, im-
2 Lowercase r is used for radial distance of an object (e.g. distance
from the star), while capital R is used to denote the radius of the object
itself.
3 Alternative definitions of entropy are also explored by incorporating
a memory-like term to include size ordering from one adjacent pair of
planets to the next adjacent pair of planets.

plying that the initial conditions for Kepler systems and their
formation pathways could be potentially inferred. Adams (2019)
finds that energy optimization in planetary pairs, assuming fixed
total angular momentum and total mass for a given orbital spac-
ing, leads to planets in circular orbits with no mutual inclination
and nearly equal masses. However, when the total mass in the
planetary pair exceeds a threshold (∼ 40 M⊕ for a ∼ 0.1 AU), en-
ergy optimization can cause one planet to gain most of the mass
(Adams et al. 2020). Xu et al. (2018) suggest that ejection of
small planets, caused by dynamical interactions, provides a pos-
sible explanation for the observed correlations. MacDonald et al.
(2020) find that in situ formation of 1−4 R⊕ planets, while vary-
ing the amount of solids present in the inner region of the proto-
planetary disk, can lead to systems with similarly sized planets
with correlated orbital spacings. Chevance et al. (2021) examine
the effect of stellar clustering on these architecture trends and
find that the peas in a pod correlations are persistent in systems
irrespective of the influence from stellar neighbours.

Although highly successful in discovering exoplanets, the
transit method suffers from inherent geometric limitations (only
planets whose orbits are, serendipitously, edge-on can transit)
and detection biases (large planets close to a small quiet star are
strongly favoured). This strongly limits our knowledge of the
underlying ‘ground-truth’ distribution of exoplanets (Borucki &
Summers 1984; Barnes 2007; Kipping & Sandford 2016)4. It is
therefore unclear whether the peas in a pod trend is arising from
an incomplete knowledge convolved with the limitations of the
transit method or if this trend reflects an actual property of na-
ture.

In W18 (and other similar studies) the origins of the peas in a
pod trend was investigated using null hypothesis bootstrap tests.
The basic idea behind these tests is that if detection biases of
the transit method are responsible for the observed trends, then
these correlations should also be present in a mock exoplanetary
population that does not possess these trends, inherently through
a null hypothesis, but suffers from the same detection biases. For
example, the null hypothesis used for testing the size-similarity
trend was that the size of a planet is random and independent of
the size of its neighbour (W18, Weiss & Petigura 2020). W18
performed 1 000 bootstrap trials in which the detection biases
of Kepler was applied to mock populations satisfying the null
hypothesis stated above. They found that none of their bootstrap
trials lead to a population that showed the size-similarity cor-
relation. Since the detection biases convolved with the null hy-
pothesis did not result in size similarity, they concluded that this
trend is not due to detection biases and must be of astrophysical
origin.

Zhu (2020) extensively challenged the method used by W18
for constructing the mock exoplanetary population. For the ob-
served CKSM planets, he argues that since the radius distribu-
tion depends on the stellar noise (see Fig. 2 (left) in Zhu (2020)),
resampling the observed radius distribution to construct a mock
population (as done in W18) is not sufficient. Instead, he pro-
poses that mock populations should be created by resampling
the transit signal-to-noise ratio (S/N, defined in eq. C.10)5. In
doing so, he finds that his mock populations convolved with the

4 For example, Sandford et al. (2019) estimate that around ' 2,400
more exoplanets reside in 1537 planet hosting FGK stars observed by
Kepler.
5 Zhu (2020) point out that resampling transit S/N is a ‘shortcut’ for
a ‘more appropriate way’. This appropriate way includes an intrinsic
planetary distribution with a full-forward model of the transit detection
bias. In this paper the Bern Model provides an intrinsic, albeit synthetic,
population of exoplanets, and KOBE models the Kepler transit survey.
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detection biases of the transit method show size-similarity cor-
relation. He interprets that the size-similarity correlation is ex-
plained by detection biases. However, Weiss & Petigura (2020)
show that the mock population created by Zhu do not satisfy the
null-hypothesis (see Figs. 2 and 3 of Weiss & Petigura (2020))
and are therefore unsuitable for bootstrap testing. Murchikova &
Tremaine (2020) argue that the W18 bootstrap procedure as well
as an improved ‘balanced bootstrap’ procedure does not reveal
the correct statistics for the CKSM sample. They find that a sce-
nario in which the planet sizes depend on system properties and
planet locations can give rise to the size-similarity correlation.
They suggest that size similarity in exoplanetary neighbours can
arise even when a planet’s size is not influenced by its neighbour.
However, using a parametrized model of planetary systems, He
et al. (2019) find that clusters of similarly sized and spaced plan-
ets provide a better fit to Kepler observations.

Now we describe how in this paper theory meets observa-
tions. Planet formation begins in protoplanetary disks around
young pre-main-sequence stars. The physical environment in
and around these disks sets the initial condition for planet for-
mation. The theory of planet formation and evolution describes
the physical processes that link these initial conditions to the re-
sultant planets. In Sect. 2 the planet formation model used in
this work, the Generation III Bern Model, is described. Next,
in order to compare theory with observations at the population
level, theoretical planetary populations are required6. In Sect. 3
the New Generation Planetary Population Synthesis (NGPPS)
used in this work is presented.

Since nature’s underlying exoplanetary population is only
partially accessible via the transit method, observations can-
not be compared directly with the output of population syn-
thesis. To facilitate this comparison, the detection biases of an
observational survey must be placed on the synthetic popula-
tions. In this work the detection biases of the Kepler survey
are applied on the output of NGPPS by simulating the relevant
parts of the Kepler pipeline and Kepler’s Robovetter (Twicken
et al. 2016, 2018; Thompson et al. 2018). Section 4 introduces
a new computer code, Kepler Observes Bern Exoplanets
(KOBE), which mimics the Kepler transit survey for synthetic
planetary systems. KOBE computes populations of synthetic plan-
ets which survive the transit detection bias, like Kepler’s plane-
tary candidates. The theory can now be compared with Kepler’s
findings, as is done in this and forthcoming papers.
KOBE multi-planetary systems (KMPS) are introduced and

compared with the observations in Sect. 5. In Sect. 6 the peas in
a pod trends are formally stated and the architecture of synthetic
systems is examined. In Sect. 7 the role of adding detection bi-
ases is elucidated. Theoretical scenarios that lead to the peas in a
pod trends are discussed in Sect. 8. Section 9 concludes this pa-
per by summarizing the main results and discussing possible ex-
plorations in future works. Appendix A explains the correlation
between the average size of planets and their mutual separation.

The aim of this paper is threefold: investigating the peas
in a pod trends in the architecture of theoretical planetary sys-
tems and compare them with observations, understanding the
role of geometrical limitations and detection biases on the ob-
served trends, and exploring the physical mechanisms that could
explain the peas in a pod correlations. We find that the peas
in a pod trends are present in the theoretically simulated plan-
ets (from the Bern Model) and in the planets that are theoret-
ically observed (via KOBE). The strength of the architecture

6 A set of hundreds or thousands of individual planetary systems are
referred to here as a population.

trends found in CKSM observations (W18) and KMPS are sim-
ilar. While the limitations and detection biases of the transit
method influence the observed architecture, they do not explain
the trends. Our work suggests that if nature’s ‘true’ exoplane-
tary population shows the peas in a pod trends, then observation
biases from a transit survey can lead to the architecture trends
found by W18. In this manner our work adds support to the hy-
pothesis of an astrophysical origin for the peas in a pod trends.

2. Generation III Bern Model

The Bern Model is a global model of planet formation and evo-
lution based on the core-accretion paradigm (see Pollack et al.
1996; Alibert et al. 2004, 2005)78. From its initial inception in
Alibert et al. (2005), the model has undergone several updates
(Mordasini et al. 2008, 2009; Alibert et al. 2011; Mordasini et al.
2012c,b,a; Alibert et al. 2013; Fortier et al. 2013; Marboeuf et al.
2014; Thiabaud et al. 2014; Dittkrist et al. 2014; Mordasini et al.
2015, 2017). The generation III Bern Model used in this work
is presented in detail in Emsenhuber et al. (2020a,b) (hereafter
Paper I and Paper II, respectively) (for reviews, see Benz et al.
2014; Mordasini 2018). For completeness, a summary of the ma-
jor physical processes included in the model is given below. Fig-
ure 1 shows a schematic diagram of the key physical processes
included in the model.

2.1. Before planet formation begins

The gravitational collapse of cold diffuse molecular clouds leads
to the formation of (multiple) stars and circumstellar disks.
Conservation of angular momentum implies that gravitationally
bound material will flatten into a protoplanetary disk. Dust and
gas from the cloud falls onto the protostar and its disk for about
105 yr (Nakamoto & Nakagawa 1994; Baillié et al. 2019). The
surrounding envelope is cleared by this time, either due to star–
disk accretion or dispersion via jets and outflows, and the ther-
mal emission from this system resembles that of a classical T
Tauri Star (Tychoniec et al. 2018). Although debated, dust grains
(10−6 m) grow quickly by sticky collisions or gravitational in-
stabilities into kilometre-sized planetesimals (Youdin 2008; Jo-
hansen et al. 2007; Williams & Cieza 2011). Planetesimals,
interacting gravitationally as a swarm, undergo rapid runaway
growth wherein larger planetesimals grow faster than smaller
ones (Kokubo & Ida 1998). When runaway growth is no longer
possible, either due to significant velocity disruptions or lack of
material to accrete, oligarchic growth begins. The resulting lu-
nar mass bodies, called protoplanetary embryos, emerge rapidly
∼ 104 yr (Kokubo & Ida 2002). This stage marks the starting
point for the Bern Model, and is sketched in panel (c) of Fig. 1.

The model studies the subsequent growth of protoplanetary
embryos that are embedded in a disk of planetesimals and gas.
Multiple physical processes, interactions, and phenomena simul-
taneously occur in this star-disk-embryo system, resulting in
many kinds of planets and system architectures. The implemen-
tation of stellar and protoplanetary disk evolution is presented in
Appendix B.1.
7 Readers who are well versed with the Bern Model and its updates
may skip to Sect. 4 where KOBE is introduced. Other readers may use
this introductory section as a starting point for key concepts and rele-
vant literature for planet formation in general, and the Bern Model in
particular.
8 A global model, which comprises of theoretical models for individ-
ual physical processes linked together coherently, calculates the final
planetary system based on a set of initial conditions.
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Fig. 1. The Bern Model: Schematic diagram (not drawn to scale) illustrating the breadth of physical processes incorporated in the Generation
III Bern Model of Planet Formation and Evolution. Panels (a) and (b) show the fixed and varying initial conditions, respectively. The physical
processes relevant to the protoplanetary disk are indicated in panel (c). It represents a snapshot of the starting point of the model: several proto-
planetary embryos are embedded in a disk of gas and planetesimals. The processes that govern planet formation and evolution are displayed in
panel (d). In panel (e) additional physics incorporated in the model is shown. The arrows indicate the evolution of a fixed mass star. Most of the
depicted physical processes occur simultaneously and not all processes are shown. See text for summary and Paper I for details.

2.2. Planet formation

In core-accretion models, planet formation occurs in two ma-
jor steps. Initially all embryos grow by accreting planetesimals
at a rate of ∼ 10−5 M⊕/yr, while the rate of gas accretion is
very low (Alibert et al. 2005; Pollack et al. 1996). Eventually,
the protoplanetary gas becomes gravitationally bound to these
growing planetary cores. If the mass of a core crosses a certain
critical mass threshold (∼ 10 M⊕) while the nebular gas is still
present, it can undergo runaway gas accretion and becomes a gi-
ant planet (over a few million years). In contrast, planetary cores
failing to cross the mass threshold do not undergo runaway gas
accretion. Accreting solids from their feeding zones, these cores
undergo collisions with other cores and result in a diverse range
of planets (over ≈ 10-100 Myr) (see panel (d) of Fig. 1). The
implementation of solid and gaseous accretion is described in
Appendix B.2.

2.3. Additional physics

The Bern Model considers several additional physical mecha-
nisms (see panel (e) of Fig. 1).

Orbital Migration: Gravitational interactions between the
planet and the disk lead to the orbital migration of planets and the
damping of eccentricity and inclination. The exchange of angu-
lar momentum via torques usually results in an inward migration
of planets. Low-mass planets undergo type I migration, which
is implemented following the approach of Coleman & Nelson

(2014) and Paardekooper et al. (2011). Massive planets can open
a gap in the gas disk and undergo type II migration, which is im-
plemented following Dittkrist et al. (2014). In type II migration
some planets can migrate outwards. Planets inside the gap, if
detached, continue to accrete until the disk disappears (Kley &
Dirksen 2006).

N-body interactions: Gravitational interactions between the
star and multiple planets are included through the N-body code
mercury (Chambers 1999). This formation stage tracks the dy-
namical evolution of planetary orbits, resonances, and collisional
growth of planets (Alibert et al. 2013). Orbital migration and
damping are coherently included in the N-body. The N-body
computations are performed for 20 million years from the start
of the model.

After N-body: The model calculates the internal structure
of all planets for 10 billion years, after which calculations are
stopped. This stage includes effects like atmospheric escape (Jin
et al. 2014), bloating (Sarkis et al. 2021), and tidal migration.

2.4. What is meant by the radius of a planet?

In the Bern Model, all planets have a spherically symmetric
structure composed of several layers of accreted material. These
layer are the iron core, silicate (perovskite MgSiO3) mantle, and
water ice (if accreted) for the planetary core, and a H–He gaseous
envelope (if accreted). For planets without any gaseous enve-
lope the radius is obtained by solving the core internal structure
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(see Paper I). In this study core radius and radius are used inter-
changeably for such planets.

Planets with gaseous envelopes, however, do not offer a well-
defined surface. The radius of such planets depends on the wave-
length at which transits are measured (Heng 2019). To facilitate
comparison with transit observations, in this work the concept
of transit radius is used. Transit radius is the radial distance from
the centre of a planet, where the optical depth for a visible ray of
light grazing the planet’s terminator (chord optical depth) is 2/3
(Burrows et al. 2007; Guillot 2010). In this study transit radius
and radius are used interchangeably for such planets.

3. New Generation Planetary Population Synthesis

Population synthesis provides a way to compare theory with ob-
servations of exoplanets and their architecture at the population
level (Ida & Lin 2004; Mordasini et al. 2009). The framework of
population synthesis rests on one key assumption: the rich diver-
sity in nature’s exoplanetary population emerges due to a variety
of possible initial conditions and N-body interactions (Benz et al.
2014; Mordasini 2018). Thus, multiple runs of a global model
(while varying the initial conditions for disk and star, and includ-
ing N-body interactions) can produce theoretical exoplanetary
populations possessing some of the observed diversity. Panels
(a) and (b) of Fig. 1 show the fixed and varying initial condi-
tions.

The New Generation Planetary Population Synthesis
(NGPPS) consists of synthetic planetary systems computed from
the generation III Bern Model (see Paper II). The Bern Model
simulates planet formation and evolution by following the si-
multaneous growth of multiple planetary embryos embedded in
a protoplanetary disk. However, since the number of embryos
in a disk is unknown, it is treated as a free parameter. In this
work three nominal models are studied with 20, 50, and 100 em-
bryos. Each model is used to simulate 1 000 planetary systems,
wherein different initial conditions are assigned to each system
in a Monte Carlo manner9. The following Monte Carlo variables
are used (for details see Paper II):

– Initial mass: Protoplanetary gas disk, Mg
The initial distribution of gas disk mass, Mg, follows the
mass distribution of Class I disks reported by Tychoniec et al.
(2018). The values range from 0.004 M� to 0.16 M�. This
governs the initial spatial distribution and surface density
profile of the disk via eq. B.3.

– Disk lifetime: Photo-evaporation rate, Ṁwind
Varying Ṁwind allows the model to have disks with differ-
ent lifetimes. Disk lifetimes closely follow the observed disk
lifetimes (see details in Paper II).

– Stellar metallicity: Dust-to-gas ratio, fD/G
The initial mass of the solids in the disk is a fraction of the
initial mass of the gas disk Mg (dust-to-gas ratio, fD/G). Vary-
ing this ratio allows the model to capture the observed varia-
tion in stellar metallicities. This assumes the relation

10[Fe/H] =
fD/G

fD/G,�
, fD/G,� = 0.0149 (Lodders 2003). (1)

The distribution of metallicities is in the range −0.6 to 0.5
and follows that of Santos et al. (2005). Additionally, it is

9 The number of simulated systems (1 000) is chosen to be of the same
order of magnitude as observed exoplanetary systems: 355 in CKSM
(W18), 822 in HARPS-GTO (Mayor et al. 2011), and ∼ 3 000 overall
(Schneider et al. 2011).

assumed that all of the dust in the solid disk is converted to
planetesimals10.

– Inner edge of disk, rin
Regions of the disk that are close to the star interact with the
stellar magnetic field resulting in stellar accretion, ejection,
outflows, among other phenomena. The inner edge of the
disk is taken at the co-rotation distance from the star, which
is the distance where the Keplerian orbital period matches
the rotation period of the star. The stellar rotation periods are
sampled from observations (Venuti et al. 2017). The distri-
bution has a mean value of 4.7 d (corresponding to 0.055 au),
while the lower end is truncated at 0.77 d.

– Initial location of planetary embryo, aembryo
Planetary embryos are initialized with a mass of 10−2 M⊕.
The initial location of embryos follows a distribution that has
a uniform probability in the logarithm of distance between
rin and 40 au. It is ensured that all embryos are at least 10 RH
apart from each other, resulting from their runaway growth
(Kokubo & Ida 1998, 2002).

The characteristics of all NGPPS planetary systems are
strongly distorted by failed embryos due to their tremendous
numbers. As a working definition, planetary embryos that fail to
grow more than ten times from their initial masses are considered
failed embryos. To simplify the discussion that follows, failed
embryos are removed from the underlying population by remov-
ing objects with mass below 0.1 M⊕ 11. In addition, for simplic-
ity, only the results of the 100-embryo population are presented
(except in Sect. 8.2 where the 20- and 50-embryo populations
are also discussed).

Synthesizing thousands of planetary systems using the Bern
Model, from a human perspective of current standards, is a the-
oretically complicated and numerically expensive endeavour;
however, it is only a simplified approximation of our current un-
derstanding for how nature forms planets and planetary systems.
The simplifications, choices, and assumptions made in the model
may have a strong impact on the outcome of this study. Some
of the major caveats are mentioned here, and the details can be
found in Paper I (for the model) and Paper II (for the popula-
tion synthesis). The model assumes planets form via core accre-
tion and ignores other formation pathways like disk instability.
The protoplanetary disk and the internal structure of planets are
solved via 1D models which may not capture the nuances of 3D
effects. The model assumes that the time required for forming
protoplanetary embryos is negligible compared to the evolution
timescale of the gaseous disk, and that all embryos undergo the
oligarchic growth regime. The dust-to-gas ratio of the disk is as-
sumed to be the same as that of the star, and all the dust in the
disk is assumed to aggregate into planetesimals (rocky or icy)
of fixed size and fixed densities. The N-body interactions are
tracked for only 20 Myr which may not be enough to capture dy-
namical effects, collisions, or instabilities beyond 2 au. Merger
collisions and stripping of planetary envelopes during giant im-
pacts are treated in a simplified manner. Since the geological
evolution of planets is ignored, no secondary Earth-like atmo-
sphere is possible in the current model. Despite these and many
other assumptions, the model is remarkably successful in captur-
ing a variety of physics (see Fig. 1) and produces diverse plan-

10 In an alternative approach, some of the solid disk mass could be par-
titioned into pebbles. For a comparison of planet formation via pebble
accretion and planetesimal accretion, see Brügger et al. (2018, 2020).
11 Due to their small size, these objects are virtually undetectable via
the transit method and do not affect the results of this paper.
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ets and planetary systems which bear impressive resemblance to
those found in nature.

4. Kepler Observes Bern Exoplanets (KOBE)

Kepler Observes Bern Exoplanets (KOBE) is a new com-
puter code that simulates transit surveys of exoplanets12. Sup-
pose a population of synthetic planets (as in the Bern Model
NGPPS) is hypothetically observed by Kepler’s transit survey.
The aim of KOBE in this scenario is to identify those synthetic
planets that would have been detected by the Kepler pipeline.

Calculations in KOBE are organized in three sequential mod-
ules. KOBE-Shadows, the first module, is tasked with finding
transiting planets from a synthetic population of planets. This
module produces the KOBE-Shadows catalogue, which consists
of systems with at least one transiting planet. All of the plan-
ets in this catalogue will transit, but not all of them will be de-
tected. The next module, KOBE-Transits, computes transit re-
lated parameters for transiting planets. Planets that produce a
S/N are detected. Planets that transit at least two times and have
S/N ≥ 7.1 constitute the KOBE-periodic threshold crossing event
(pTCE) catalogue 13. The last module, KOBE-Vetter, applies
the completeness and reliability of the Kepler pipeline by emu-
lating Kepler’s Robovetter (Twicken et al. 2016, 2018; Thomp-
son et al. 2018). Transiting planets that are identified as planetary
candidates by KOBE-Vetter make up the KOBE catalogue. The
synthetic population in this catalogue is comparable to the ex-
oplanet population discovered by Kepler. Later sections of this
paper, analyse the architecture of planetary systems in the KOBE
catalogue and compare it to observations. In a forthcoming pa-
per the KOBE catalogue will be compared with other findings of
Kepler.

These three modules encapsulate the three different kinds of
biases and limitations of a transit survey. KOBE-Shadows ac-
counts for the geometrical limitation of the transit method. A
planet can only transit when its orbit is aligned with respect to an
observer. KOBE-Transits applies the detection biases coming
from physical limitations; large planets in tight orbits around a
quiet star are strongly favoured. Finally, KOBE-Vetter imprints
the completeness and reliability of a transit survey. In Appendix
C the three modules are described in detail.

To understand KOBE’s effect, Fig. 2 presents the 100-embryo
underlying population (in red) as it goes through each stage of
calculation in KOBE. The shadow catalogue is dominated by plan-
ets that have high transit probability (eq. C.6), which is decided
mostly by the star-planet distance and to a minor extent by the
planet’s size. Therefore, the shadow catalogue closely follows
the underlying population in radius, but not in period. The ex-
cess of planets in the shadow catalogue around 3 R⊕ comes from
a cluster of planets in the underlying population with high tran-
sit probability due to their low periods, P < 10 d. As shown in
the period distribution, planets with P < 10 d make up 70% of
the shadow catalogue, while they account for only 10% of the
underlying population.

The pTCE catalogue strongly favours large planets at shorter
orbital distances. Therefore, in the radius distribution the tail of
small planets in the pTCE catalogue is shifted to right. About
30% of the planets in the shadow catalogue have Rplanet < 1 R⊕,

12 The current version of KOBE is designed to simulate NASA’s Kepler
space telescope. However, KOBE is not limited to the Kepler survey and
can be easily tweaked to simulate other transit surveys like TESS and
PLATO (Ricker et al. 2014; Rauer et al. 2014).
13 Following W18, the minimum number of transits is fixed at two.

whereas only 10% of the pTCE planets have Rplanet < 1 R⊕. Re-
quiring a minimum of two transits implies that the maximum
period of a planet in the pTCE catalogue will be Pmax = (3.5 ×
365.25)/2 ≈ 640 d. This explains the sharp drop at 640 d in the
period distribution of the pTCE catalogue. The KOBE-Vetter
catalogue closely resembles the pTCE catalogue. Differences
arise when the completeness, as emulated by KOBE-Vetter, is
considerably low. As seen in Fig. C.2, this occurs for planets
with large radii or large periods.

5. KMPS: KOBE Multi-Planetary Systems

In W18 selection cuts were placed to obtain a ‘high-purity’
population of planetary systems, the CKS-Multis (CKSM). The
KOBE catalogue described in the last section undergoes similar
cuts. Planets with a high impact parameter, b > 0.9, are removed.
Planets with multi-transit S/N < 10 are also removed (defined in
eq. C.10). Finally, planetary systems with only one remaining
planet are removed. This creates a catalogue of KOBE’s multi-
planetary systems (KMPS), which have the same characteristics
as the CKSM catalogue coming from observations. Figures 3
and 4 present a comparison of the theoretically observed plan-
etary population (KMPS in blue) with observations (CKSM in
green) of exoplanets. Overall, the two catalogues have remark-
able similarities and understandable differences. The underlying
population (Bern Model in grey) is also shown.

The scatter plot in Fig. 3 (top) shows the radius of a planet
as a function of its orbital period. It shows that the KMPS and
CKSM planetary populations cover similar parameter space. A
comparison with the grey points gives an impression of the plan-
ets that are missed by the transit method or removed by the se-
lection cuts. In terms of period, the KMPS catalogue is bound
by a vertical dashed line. This line marks the maximum period
of a planet that can be found by KOBE. This comes from the re-
quirement of at least two transits (ntra is fixed as tkepler/P). There
are two planets in the CKSM catalogue that have periods larger
than KOBE’s maximum detectable period, Kepler objects of in-
terest (KOIs) K00435.02 and K00490.02. For a given period, the
dotted line approximates the minimum size of a planet that will
produce a transit S/N of 10 around a 1 R� star. There are some
CKSM planets below this dotted line. These planets are orbiting
a star of R? < 1R�.

5.1. Radius and period distributions

For radius (Fig. 3) the KMPS and CKSM populations are quite
similar. The KMPS radius distribution shows the cumulative ef-
fects of both KOBE and the selection cuts placed on the under-
lying population. This distribution shows a bimodal nature with
the two modes being around 1.4 − 1.7 R⊕ and 2 − 3 R⊕. The ob-
served CKSM radius distribution also shows this feature. This is
the well-known radius gap seen around 2 R⊕ (Fulton et al. 2017;
Venturini et al. 2020). The CKSM population has more planets
with sizes between 3−4 R⊕ than the KMPS population. This can
be attributed to a dearth of 3−4 R⊕ planets with P < 100 d in the
underlying population. This is also reflected in the sharp drop
seen in the period distribution of KMPS planets with P ≈ 100 d.
The radius distribution of the underlying populations, however,
does not show a radius gap. This is because the underlying pop-
ulation is dominated by small planets at a large distance from the
host-star. It is the cumulative effect of applying transit probabil-
ity (via KOBE-Shadows) and the detection biases of the transit
method (via KOBE-Transits and KOBE-Vetter) that removes
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Fig. 2. This figure shows how a planetary population is affected as it goes through the various modules of KOBE. It shows the normalized cumulative
distributions for radius (left) and period (right) for the 100 embryo population. The solid red curve represents the underlying population as
calculated by the Bern Model. The orange curve is the output of KOBE-Shadows. KOBE-Transits’s pTCE catalogue is shown in light-blue, and
the catalogue of planetary candidates, as vetted by KOBE-Vetter is shown in blue.
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Fig. 3. Comparison of planetary populations. Theoretical (blue) represents planets in KOBE multi-planetary systems (KMPS) and observations
(green) are the CKS multi-planetary systems (CKSM). Left: Scatter plot with planetary radius on the y-axis and period on the x-axis. The dashed
line shows the maximum period of a planet that can be found by KOBE. The dotted line shows the minimum radius of a planet around a 1 R� star
for producing a transit S/N of 10. The underlying theoretical population is shown in grey. Right: Comparison of radius (top) and period (bottom)
distributions. The radius valley can be clearly seen in the planets found by KOBE and the California-Kepler survey.

these small and distant planets. This allows the radius valley in
the theoretical population to be clearly seen.

The period distributions of the KMPS and the CKSM pop-
ulations have similar slopes after their respective peaks. This is
a reflection of the role played by transit probability (which de-
creases as P−3/2). In the KMPS population the period distribution
peaks at about 3 d, while the CKSM distribution peaks around
5 d.

5.2. Multiplicity distribution

The geometrical limitations of the transit method severely im-
pacts the observed multiplicity of planets in a system. Multiplic-
ity, for an observer, results from the overlap of transit shadow
band of multiple planets at the observer’s location (see Fig. C.1).
Low mutual inclination between multiple planets leads to a large
overlap in the transit shadow bands. This results in a higher prob-
ability that observers will find multiple transiting planets. The
mutual inclination of planets is governed, in part, by the dynam-
ical history of the system. Figure 4 shows the multiplicity dis-
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Fig. 4. Distribution of planetary multiplicity: Bern Model in grey, Bern
Model detectable planets (P < 640 d) in black, KMPS in blue, and ob-
served CKSM in green. The solid black line indicates the maximum
number of TCE searches for a star performed by the Kepler pipeline.

tribution. The theoretical KMPS population shows a notewor-
thy similarity with the observed CKSM population. The vertical
solid black line indicates the maximum number of TCEs per star
that was searched by the Kepler pipeline (Twicken et al. 2016).
The multiplicity distributions of the KMPS and CKSM popula-
tions show large differences with the underlying synthetic popu-
lations. This is directly attributed to the geometrical limitations
inherent in the transit method.

About 60% of the systems in the CKSM catalogue have only
two planets. The percentage of systems with higher multiplic-
ity drops sharply, with less than 1% of CKSM systems having
six or seven planets. The KMPS catalogue closely follows the
CKSM catalogue in the multiplicity distribution. KMPS systems
with two planets are less frequent than CKSM systems (about
50%). However, for three or more planets the KMPS catalogue
has more systems than the CKSM catalogue. This may arise due
to the low mutual inclination between the planets formed in the
Bern Model (Mulders et al. 2019).

6. Peas in a pod

The so-called peas in a pod trends in the architecture of plane-
tary systems refers to correlations observed in the properties of
adjacent exoplanets. The following statements define the peas in
a pod trends in the architecture of multi-planetary systems:

– Size: Planets within a system tend to be either similar or
ordered in size. Here, similarity implies that for two adjacent
planets Router/Rinner ≈ 1. Two adjacent planets are said to be
ordered in size when the outer planet is larger than the inner
planet, Router/Rinner > 1.

– Mass: Planets within a system tend to be either similar or
ordered in mass. Here, similarity and ordering are defined
using a planet’s mass.

– Spacing: For systems with three or more planets the spac-
ing between a pair of adjacent planets is similar to the spac-
ing between the next pair of adjacent planets. This is quanti-
fied by the ratio of period ratios for adjacent pairs of planets,
(P j+2/P j+1)/(P j+1/P j) ≈ 1. The index j identifies different
planets, where j = 1 is the innermost planet.

– Packing: Small planets are found to be closely packed to-
gether, while large planets tend to have large orbital spacing.
This is quantified by comparing the average radii of adjacent
planets (Rinner + Router)/2, with their period ratio Pouter/Pinner.

These statements take the results from W18 and Millholland
et al. (2017) into account. These trends were examined in W18
by measuring the strength of correlations using the Pearson R
correlation test. Since the aim of this paper is to examine the
architecture trends, the same correlation test is used throughout
this paper to compare the correlation between synthetic plane-
tary systems and observations14. We note that correlation coeffi-
cients can only measure the strength of correlation in one dataset
and that they cannot measure the similarity between two under-
lying datasets (see Bashi & Zucker 2021 for an inter catalogue
similarity metric). In addition, since correlation coefficients re-
quire large datasets, they cannot be used to measure architecture
trends for a single system.

Figure 5 presents a comparison of the correlation coefficient
found in the observed exoplanetary systems (CKSM) and the
observable synthetic population (KMPS). There is a remark-
able agreement in the correlations of size and packing. Although
present in KMPS, the spacing correlations are not as strong as
those found in CKSM. As transit observations do not yield plan-
etary masses, the correlation coefficient for mass is not available
for the CKSM systems. Each panel in Fig. 5 is discussed below
with additional details.

6.1. Peas in a pod: Radius

Following W18, before testing for correlations in size (and also
in mass), all adjacent pairs of planets in the KMPS population
are required to undergo a swapping test. If both planets in a pair
produce transit S/N≥ 10 (see eq. C.10) when their orbital po-
sitions are swapped, then this pair is included for testing corre-
lations. Figure 6 shows the radius of an outer planet as a func-
tion of the inner planet’s radius, for the underlying (left) and the
KMPS (right) populations. The middle panel shows the same for
planets from the underlying population that could have been de-
tected by KOBE (P < 640 d).

For the KMPS population there is a strong (Pearson R =
0.64) and significant correlation present in the size of adjacent
planets15. The size correlation between adjacent planets is also
seen through the Spearman R test (Spearman R = 0.69). This
implies that adjacent planets in the KMPS catalogue have sizes
that are similar to their neighbours. The plot also shows that for
65% of adjacent pairs the outer planet is also the largest planet.
This frequency of ordered adjacent pairs in KMPS is exactly the
same as seen in CKSM (W18) and similar to the findings of Cia-

14 In addition to the Pearson R correlation test, the Spearman R correla-
tion test was also performed for all correlations. The Spearman R tests
for correlations (specifically monotonicity) in the rank of members of
two datasets instead of their actual value.
15 Following W18, the size correlation coefficient Pearson R is calcu-
lated on the log of radius. Since the Spearman R is calculated on the
rank of the members in a dataset, taking a log produces no difference in
the coefficient’s value.
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oretically observed KMPS catalogue (theory) and the CKSM catalogue
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ing Bern Model population (grey).

rdi et al. (2013). This implies that the outer planet in an adjacent
pair of planets is often the larger planet in the KMPS catalogue.

It is interesting to compare the size correlations present in
the KMPS populations, with the size correlations present in the
underlying populations. The underlying population (Fig. 6 (left))
shows strong (Pearson R = 0.66,Spearman R = 0.64) and sig-
nificant (p-value� 10−10) correlation in size of adjacent planets.
This is an important result, and it strongly suggests that size cor-
relation between adjacent pairs of planets is already present in
the underlying population. However, only 48% of the pairs in
the underlying population are ordered.

Keeping only detectable planets (with P < 640 d) shows
the size-correlation present in the underlying population of de-
tectable planets. Compared to the entire underlying population,
this population shows a stronger size similarity and size order-
ing. Removing non-detectable planets tends to remove many
small planets that occur frequently in the outer parts of a sys-
tem. However, adjacent pairs where the outer planet is smaller
are removed more often than the adjacent pairs where the outer
planet is larger. This shows that the inner region of many plan-
etary systems is populated by size-ordered pairs. This also ex-
plains the increase in size correlation seen in this population,
which arises from a decrease in adjacent pairs where the outer
planet is smaller.

The role of detection biases becomes clear when the KMPS
population is compared with the population of detectable plan-
ets. Since, small planets are harder to detect via the transit
method, many planets with Rplanet < 1R⊕ are not found by KOBE.
This effectively decreases the size-similarity correlation. How-
ever, as the KMPS population is a subset of the population of
detectable planets, it inherits the frequency of size-ordered pairs.

Overall, the theoretically observed KMPS catalogue shows
similarity and ordering in the size of adjacent planets. These

trends are in excellent agreement with observations. The theoret-
ical underlying population of detectable planets also shows these
correlations. While the size similarity and size ordering are af-
fected by the detection biases, these correlations do not originate
from detection biases of the transit method. This suggests that
the correlations seen in observations may have an astrophysical
origin.

6.2. Peas in a pod: Mass

Figure 7 shows the masses of the inner and outer planets in an
adjacent pair. For the KMPS population a swapping test as de-
scribed in Sect. 6.1 was implemented There is a strong and sig-
nificant correlation present between the masses of adjacent pairs
of KMPS planets. These correlations are also confirmed by the
Spearman correlation test. This implies that adjacent planets in
the KMPS populations have similar masses. Figure 7 also shows
that about 55% of KMPS adjacent pairs lie above the y = x line
(i.e. they are ordered in mass). This means that there are more
planetary pairs where the outer planet is also the more massive
planet.

Whether this trend is also present in the underlying popula-
tion is an interesting question. Figure 7 (left and middle) shows
that the underlying population have an even stronger and signif-
icant mass similarity correlation. In the underlying population,
the outer regions of a system are heavily dominated by small
planets with Mplanet < 1M⊕. When the population of detectable
planets is considered, these small planets are noticeably missing
(Fig. 7 (middle)). In addition, mass-ordered adjacent pairs are
more common in the inner region of many planetary systems.
Thus, as noted in the last section, considering only detectable
planets has two important consequences: increase in mass sim-
ilarity correlation and increase in frequency of mass-ordered
planetary pairs. This suggests that detectable planets in the Bern
Model tend to have masses similar to their adjacent neighbour or
that the outer planet in an adjacent pair is often the more massive
planet.

Overall, adjacent planets in the KMPS catalogue show mass
similarity and ordering. Since mass similarity and ordering are
already present in the underlying population of detectable plan-
ets, these correlations do not emerge from the detection biases
of the transit method. This implies that the peas in a pod mass
similarity and mass ordering trend is probably astrophysical in
origin. However, detection biases seem to diminish the strength
of these correlations (see Sect. 7).

The patterns seen in the mass trend are strikingly similar to
the size trends discussed above. This suggests that the two trends
may not be independent of each other. This is understandable
since the size of a planet strongly depends on its mass. Planetary
mass is evaluated directly from formation physics, whereas the
planetary radius has to be evaluated from additional considera-
tions.

Figure 8 shows a mass-radius diagram of all planets in the
KMPS 100 embryo population. Planets with a large envelope
mass fraction are composed mainly of H–He gases that they ac-
creted during their formation. On the other hand, planets with
a low envelope mass fraction are mostly dominated by their
cores and have a small H–He gas envelope. The plot shows that
Jupiter-sized planets have high envelope mass fractions, while
planets with sizes < 4 R⊕ are mostly core-dominated. The high
value of the Spearman correlation coefficient (R = 0.81) indi-
cates that the radius as a function of planetary mass is a highly
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Fig. 6. Peas in a pod: Size. The sizes of adjacent planets are shown for the underlying population (left), for the underlying population of detectable
planets (P < 640 d) (middle), and for theoretical observed planets (right).
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Fig. 7. Peas in a pod: Mass. The masses of adjacent planets are shown for the underlying population (left), for the underlying population of
detectable planets (P < 640 d) (middle), and for theoretical observed planets (right).

monotonic function16. This implies that for the KMPS planets an
increase in planetary mass is very likely to result in an increase
in the planetary radius as well.

These factors suggest that the trends of planetary masses are
probably more fundamental in the system architecture. The trend
seen in the size of adjacent planets is likely to be a derivative
trend from the mass correlation.

6.3. Peas in a pod: Spacing

To investigate the correlation in spacing between adjacent pairs
of planets (for systems with three or more planets) the ratio of
periods are used. Figure 9 shows the period ratio for an outer pair
of adjacent planets P j+2/P j+1 as a function of the period ratio of
an adjacent inner pair of planets P j+1/P j. Following W18, the
period ratios are limited to 417.

The correlation tests reveals that there is a positive correla-
tion for spacing in the KMPS catalogue (R = 0.25). The ob-
served CKSM catalogue showed even stronger spacing correla-
tion with R = 0.46 (W18). The underlying population shows a

16 The Spearman correlation coefficient is unity (R = 1) for a strictly
monotonic function.
17 See Zhu (2020) and Weiss & Petigura (2020) for a discussion and
justification of this choice.

much stronger (R = 0.55) and significant correlation. This im-
plies that for the theoretically observed and underlying popula-
tion, the period ratio of one pair of planets is correlated with the
period ratio of the next pair of planets. However, this trend is no-
tably diminished when the underlying population is analysed by
KOBE (discussed further in Sect. 7.2).

The plots in Fig. 9 shows that many pairs of planets are found
in orbital mean motion commensurability. The dashed horizon-
tal lines are shown to guide the eye for some of the important
commensurabilities. The number in brackets is the percentage
of outer planetary pairs that have a period ratio within 1% of
the indicated commensurability. For example, in the KMPS 100-
embryo population, about 14% of outer planetary pairs are in
the 3/2 orbital commensurability, and 11% and 10% of plane-
tary pairs are close to the 4/3 and 2/1 commensurability, respec-
tively. With a period ratio of 1/1 there are also some cases of
co-orbital commensurabilities (Leleu et al. 2019).

The spacing correlation increases sharply as the number of
embryos increases in the underlying populations (not shown).
The introduction of more embryos in a system has several con-
sequences. Most importantly, it increases the dynamical inter-
actions between growing embryos and planets causing more
merger collisions and ejection of planets. In addition to creating
new planetary neighbours, these scenarios also lead to a dynam-
ical clearing of space. For example, if three consecutive planets
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Fig. 8. Mass-radius relationship. Planetary radii are plotted as a func-
tion of planetary masses for the planets in the KMPS 100-embryo pop-
ulation. For planets with non-zero H–He envelopes, the colour denotes
their envelope mass fraction, Menv

Mplanet
. Planets without envelopes and with-

out volatiles in their cores are in brown, while planets without envelopes
that have volatiles in their cores are in blue.

in a system have periods 1, 10, and 100 d, respectively, then all
adjacent pairs have a period ratio of 10. The ejection of the mid-
dle planet creates new adjacent pairs with a period ratio of 100.
If multiple planets, within a system, are clearing space through
dynamical interactions, then this provides a mechanism for adja-
cent planets with correlated spacing to emerge. In Sect. 8.2, the
effects of dynamical interactions are analysed further.

Figure 9 also shows that the frequency of spacing ordered ad-
jacent planetary pairs (i.e. where the period ratio of the outer pair
is larger than the inner pair) is always less than 50%. This sug-
gests that it is more common to have larger spacing between the
inner pair of planets for any three consecutive planets. This fre-
quency decreases with increasing the number of protoplanetary
embryos (not shown). This also suggests that increasing dynam-
ical interactions plays a role in allowing adjacent planetary pairs
with larger spacings to emerge.

The frequency of ordered adjacent pairs falls sharply for the
population of detectable planets. This indicates that for three
consecutive planets an inner pair that has a larger spacing than
an outer adjacent pair is much more common in the inner re-
gion of a system. This could, potentially, be a result of limited
N-body calculation time. In NGPPS the N-body calculations are
done until 20 Myr. This means for a planet located at 1 au or 365
d that the N-body tracks its evolution for 20 M orbits. For plan-
ets that are further out their orbital evolution is tracked for lesser
number of orbits, which could thereby influence the results.

In the context of spacing between adjacent planets, another
possibility to explore is the role played by the initial location of
embryos (described in Sect. 3). A simple calculation allows us
to derive the expected value of initial period ratio of embryos
by converting uniform log spacing in semi-major axis aembryo to
periods:

log
P j+1

P j
=

3
2

1
nemb

log

 aouter
embryo

ainner
embryo

 . (2)

Here, nemb is the total number of embryos initially placed in a
simulation and the factor 3/2 comes from the application of Ke-
pler’s third law, and aemb

outer = 40 au is the maximum distance from
the star at which an embryo can be placed. For the inner edge
the mean value of rin = 0.055 au can be used. This provides
an approximate value of the average initial period ratio of em-
bryos. The value of this is 1.6, 1.2, and 1.1 for the populations
with 20, 50, and 100 embryos respectively. This implies that all
planetary embryos start with period ratios close to 1. While the
initial period ratios of embryos is close to unity, the location of
an embryo is assigned randomly (see Sect. 3). This would result
in the absence of the spacing correlation at early times (see Fig.
12). It is clear from the plot that there is little trace of these initial
values at 4 Gyr.

Overall, all theoretical populations show a positive spacing
correlation in agreement with observations. The spacing between
one pair of planets is similar to the spacing between the next pair
of planets. The large correlations present in the underlying popu-
lation suggest that this trend is probably astrophysical in origin.
Geometrical limitations and detection biases have a noticeable
influence on the spacing correlation (see Sect. 7). For synthetic
populations the period ratio of an inner pair of planets is often
larger than the period ratio of the next outer pair.

6.4. Peas in a pod: Packing

Weiss et al. (2018) have found that smaller planets tend to have
small spacing while larger planets are likely to have large spac-
ing. There is a correlation between the average size of an adja-
cent planetary pair with their period ratio. The Pearson correla-
tion coefficient for the packing trend in the CKSM catalogue is
R = 0.26.

It is suggested in Sect. 6.2 that the correlations seen in sizes
probably arise from underlying correlations present in planetary
masses. The correlations in planetary masses are probably more
fundamental than those of planetary radii. A further test of this
idea could be if the packing correlations were to also exist in
planetary masses. This has not been reported in the literature
before. Figure 10 shows the average size (top) and average mass
(bottom) of adjacent pairs of planets as a function of their period
ratios P j+1/P j.

For the KMPS population the Pearson correlation coefficient
for the packing trend (with average sizes) is R = 0.23, which is in
good agreement with observations. The plot shows that for plan-
etary pairs of average size 1 R⊕, the spacing is generally lower
than pairs of average size 2 R⊕. The correlation stems from the
lack of planetary pairs with small average sizes and large spacing
between them. Figure 10 (top left) shows that this correlation is
even stronger in the underlying population. Here the correlation
coefficient is R = 0.45. The plot shows that while there is a clus-
ter of points with low period ratios (P j+1/P j < 2) extending from
average sizes 0.5 to 5 R⊕, the correlation seems to emerge from
the lack of small planetary pairs with large spacing. For exam-
ple, there is only one pair of adjacent planets in the underlying
population with average size between 1 − 2 R⊕ and period ratio
between 128 − 512. For the same period ratio bin, there are two
pairs of planets with average sizes between 2− 4 R⊕, while there
are eight pairs of planets with average sizes between 4 − 8 R⊕.

Figure 10 (bottom) shows that the average mass of planetary
pairs is indeed correlated with their spacing. The correlation of
period ratios is stronger with average mass than with average
size. The correlation coefficient is R = 0.26 for the KMPS pop-
ulation and increases to R = 0.57 for the underlying population.
These plots show features that are similar in quality to the plots
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Fig. 9. Peas in a pod: Spacing. The plots shows the period ratio of the outer pair of planets as a function of the period ratio of the inner pair
for the underlying population (left), for the underlying population of detectable planets (middle), and for the KMPS systems (right). The dashed
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Fig. 10. Peas in a pod: Packing. The average sizes (top) and average masses (bottom) of adjacent planets are shown as a function of their orbital
period ratios P j+1/P j for the underlying population (left), underlying population of detectable planets (middle), and KMPS planets (right). For
the underlying population, the position of the inner planet in each pair is in a different colour, showing that the trend is due to those planetary
pairs where the inner planet is close to the host star. The black curve shows the Hill stability criterion from Deck et al. (2013). Adjacent planetary
pairs on the right side of this curve are Hill stable. Points on the left side are Hill unstable and will probably be removed with longer N-body
calculations.

with average sizes. For all populations there are no planetary
pairs with average mass > 1 000M⊕ and spacing P j+1/P j < 3/2.
This can be explained by invoking stability arguments. Deck
et al. (2013) studied long-term stability of planetary systems and
provided stability criteria. The Hill stability criteria (eq. 59 from
their paper), relating masses and locations of two planets, is plot-

ted in Fig. 10. A pair of planets are Hill stable if they are on the
right side of the black curve.

To further understand the packing trend, the location of the
inner planet (in an adjacent pair) is shown in colour for the un-
derlying population. The coloured plot shows several interesting
features. This trend is mostly driven by planetary pairs where the

Article number, page 12 of 25



Lokesh Mishra et al.: Introducing KOBE – Theoretical perspectives on the architecture of planetary systems: Peas in a pod

inner planet is located close to the host star (P . 10 d). For these
pairs of planets the spacing seems to increase with their average
size and mass.

As mentioned in Sect. 6.3, dynamical interactions can lead
to merger collisions and ejection of planets. This results in dy-
namical clearing of space between planets. Large planets may
undergo several collisions leading to the ejection or accretion
of several planets. This may allow them to have wider orbital
spacing. On the contrary, small planets may not have undergone
several collisions, thereby remaining in compact configurations.
This could explain how small planets tend to have smaller orbital
spacing and large planets have wider orbital spacing. Due to lim-
ited N-body integration time, the inner region (< 1 au/365 d) of
a planetary system experiences many more dynamical interac-
tions than the outer region. This explains the small contribution
towards the packing trend from planets that are in the outer re-
gion (green points). This scenario is discussed further in Sect.
8.2.

Overall, the findings of this section indicate that the aver-
age mass (and therefore the average size) of a planetary pair is
correlated with their spacing. Planets with smaller masses are
packed closely together, while massive planets seem to have
larger orbital spacing between them. As these correlations are
also present in the underlying population, it hints towards an as-
trophysical origin of this trend. In W18 this trend was further
examined through the mutual separation (∆) of adjacent planet
in units of mutual Hill radius. Their findings can be explained by
detection biases, and is discussed in Appendix A.

7. Role of detection biases in peas in a pod trend

Population synthesis based on planet formation models provides
a natural playground for testing the role of detection biases of
the transit method in the peas in a pod trends. The Bern Model
consists of theoretical description for many physical phenomena
that are active during planet formation. Supplying them with ran-
domized initial conditions and N-body calculations, the NGPPS
provides a theoretical version of nature’s underlying population.
The KMPS catalogue, from KOBE, stands on the same footing
as observations (CKSM). This work thus allows both the theo-
retically observed exoplanetary populations (from KOBE) and the
theoretical underlying populations (from NGPPS) to be investi-
gated for the peas in a pod trend.

To understand how the geometrical limitations and the detec-
tion biases of the transit method affect the peas in a pod trends,
the correlation test was performed after each stage of calcula-
tions in KOBE. Figure 11 (left) shows the Pearson correlation
coefficient for the similarity trends in size, mass, spacing, and
packing. Figure 11 (right) shows the percentage of ordered pairs
for size, mass, and spacing 18. Observations from CKSM are in
green.

The similarity and the differences of these trends can be
understood via the following statement.The chances of detect-
ing a transiting exoplanet depend strongly on its location (star–
planet distance and orbital period) and weakly on its size (ra-
dius). Specifically, the size dependence is from Rplanet/R? (see
eq. C.6), which varies from 10−3 for sub-Earth-size planets to
10−1 for Jupiter-size planets around a Sun-like star. This suggests
that the effect of geometrical limitations and detection biases will
be much more severe on orbital periods than on planetary sizes.
This is easily seen from the plots in Fig. 2 and Fig. 11.

18 An ordered pair is one in which the outer planet (from the star) has
the larger value for a given quantity (e.g. radius, mass).

7.1. Peas in a pod: Mass and size

One striking feature in Fig. 11 is that the size trend closely fol-
lows the mass trend. The small variations between the two trends
probably arise from the scatter seen in the mass-radius diagram
(see Fig. 8). The underlying population shows strong mass (and
thereby size) similarity and ordering correlations. This strongly
indicates that the peas in a pod mass (and thereby size) trend
arises from planet formation.

The geometrical limitations and detection biases of the tran-
sit method tend to decrease the strength of the similarity cor-
relations. The vetting procedure, in KOBE-Vetter, seems to
have little effect on the mass (size) similarity correlations. Al-
though the completeness of Kepler’s Robovetter drops sharply
with radius (see Fig. C.2), the frequency of large planets in the
KOBE-Vetter catalogue is also low: about 70% of planets have
Rplanet ≤ 3 R⊕. Finally. the size correlations seen in the KMPS
catalogue match the observations very closely.

However, KOBE has little influence on the mass–size order-
ing trend. For the underlying population of detectable planets,
the frequency of mass–size ordered pairs is close to 60%. This
means that there is a higher chance for an outer planet in a pair
to be heavier and/or larger. The frequency of size-ordered pairs
in KMPS matches CKSM observations very closely.

Since the size-similarity and ordering trend in the KMPS
populations very closely matches the observations, one could
extrapolate this to learn about the nature of the underlying ex-
oplanetary population. These results suggest that the size–mass
similarity and ordering correlations found in observations are
probably astrophysical and are not severely affected by detection
biases.

7.2. Peas in a pod: Spacing and packing

The underlying populations shows strong spacing (for systems
with three or more planets, period ratios limited to 4) and pack-
ing trends. Both of these trends involve period ratios of adjacent
planets, already hinting that these trends will be strongly influ-
ence by KOBE. One way in which KOBE influences the spacing
and packing trends is due to missing planets.
KOBE-Shadows finds transiting planets that have a fortu-

itous alignment with an observer. Transiting planets found by
KOBE-Shadows are not necessarily consecutive. In several cases
many intermediate planets are missed, resulting in a strong af-
fect on period ratios. However, the effect of missing planets may
be more adverse on the packing trend than on the spacing trend.
Consider a hypothetical system with five planets at periods of 1,
10, 100, 1 000, and 10 000 d. The period ratio for all four ad-
jacent pairs is 10, and the ratio of period ratios for any three
consecutive planets is 1. If the planets with periods of 10 and
1 000 d do not transit for an observer, then the period ratios of
the two transiting adjacent pairs jumps to 100. However, for the
three transiting planets the ratio of their period ratios is still 1.
If the two transiting adjacent planets have small average sizes,
then the jump in the period ratio will weaken the packing corre-
lation. This example demonstrates the adverse effect of missing
planets on the packing trend19. This explains the diminishing of
the spacing trend and the absence of packing correlation from
the 100-embryo population in the KOBE-Shadows catalogue.

19 Each stage of KOBE’s calculation introduces some randomness (lo-
cation of observers or vetting planetary candidates). Even if all planets
in a system were in the same orbital planet, the randomness inherent in
KOBE’s calculation or the variation in their sizes could lead to random
missing planets.
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Fig. 11. Influence of the geometrical limitations of the transit method (KOBE-Shadows), the transit detection biases (KOBE-Transits), and the
completeness of the Kepler survey (KOBE-Vetter) on the peas in a pod trend. The plot shows how the correlation coefficients (left) and the
frequency of ordered pairs (right) varies in the underlying Bern Model population, the underlying population of detectable planets (P < 640 d), and
the theoretically observed KMPS population (for the size–mass trends in the KMPS catalogue adjacent planetary pairs have undergone a swapping
test, as mentioned in Sect. 6.1). Observations from the CKSM exoplanetary catalogue are shown in green.

KOBE-Transits requires that all transiting planets have at
least two transits, which implies that only planets with P < 640d
can be included. This means that only the inner region of a plan-
etary system is now considered. This helps in removing pairs
with abnormally high period ratios caused by missing plan-
ets. This may explain how the packing trend is restored in the
catalogue from KOBE-Transits. The spacing trend is reduced
further by KOBE-Transits and KOBE-Vetter. These modules
provide imprints of the physical detection biases and complete-
ness profile of the Kepler pipeline.

The role of adding biases on the spacing ordering trend can
be seen in Fig. 11 (right). For the underlying population the fre-
quency of ordered pairs is less than 50% (for three consecutive
planets there are more inner pairs with larger spacing than their
next outer pair). There seems to be little influence of KOBE, and
thereby detection biases, on the frequency of ordered pairs.

Overall, the underlying populations show strong spacing and
packing trends. Geometrical limitations and detection biases of
the transit method are responsible for reducing the strength of
these correlations.

8. Discussion: Theoretical scenarios

The results of Sect. 6 indicate that the peas in a pod trend is
present in the synthetic planetary systems from the Bern Model.
This section is dedicated to the discussion of some theoretical
scenarios that offer partial explanations for these trends.

8.1. The evolution of peas in a pod

One way to understand how the peas in a pod trends emerge is
by investigating when the trends emerge. To this end, the cor-
relation tests for all trends were performed for all underlying
populations at all time steps. Figure 12 shows the evolution of
the correlation coefficients for the underlying 100-embryo pop-
ulation. Since most of the variations happen during the N-body
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Fig. 12. Evolution of the peas in a pod trends. The vertical solid line
represents the end of N-body calculations.

calculations, this suggests that dynamical interactions during the
formation stage play a key role in shaping these trends.

The plot shows that the underlying population shows a very
strong correlation for the size and mass trends, already at the
beginning of the calculations. This suggests that the peas in a
pod mass (and thereby size) similarity trends are present at very
early times. This high correlation can be attributed to two factors:
oligarchic growth of protoplanetary embryos and uniform accre-
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Fig. 13. Role of dynamical interactions on the peas in a pod trends. Left: Distribution of lost planets [%] by systems in the 20-, 50-, and 100-embryo
NGPPS populations. The fraction of planets lost by a system can be used as a proxy for the cumulative dynamical interactions experienced by a
system. The dashed lines show the ratio of giant planets per system averaged over bins. Right: Correlation coefficient for the peas in a pod trends
for each bin. The error bars correspond to the standard error of the correlation coefficient (Zar 2014). Increasing dynamical interactions results in
the strengthening of the spacing and packing trend.

tion of solids by protoplanets at early times (see Sect. 2.2). The
Bern Model starts with lunar mass embryos that are separated by
at least 10 RH. Runaway growth of planetesimals leads to pro-
toplanets, which eventually grow oligarchically. The oligarchic
growth stage results in mass ratios approaching unity (Kokubo
& Ida 1998). In this way the seeds for the peas in a pod mass
trend (and therefore also the size trend) are already planted 20.
In the Bern Model, protoplanetary embryos accrete solids from
the planetesimal disk at a rate given by eq. B.6. This core ac-
cretion rate prominently depends on the location and mass of
the embryo as well as the surface density of the disk, Σ̄s. Since
these factors (surface density of solid disk and location and mass
of embryos) do not undergo any drastic changes at early times,
the accretion of solids by neighbouring protoplanets is uniform.
Thus, uniformly growing oligarchic embryos may explain the
high mass–size correlation seen at t = 105 yr in Fig. 12.

Between 105 and 106 yr the correlation coefficient for mass
(and thereby size) drops. This could be attributed to the differ-
ences in the rate of solid accretion by cores of different types of
planets. The cores of giant planets have to reach a critical mass
(Mcore ≈ 10−20M⊕) before the gas disk dissipates (Pollack et al.
1996; Alibert et al. 2005). On the other hand, planetary cores

20 Oligarchic embryos offer only a partial explanation of the early
mass–size similarity. In other words, oligarchic embryos do not explain
why adjacent planets have similar masses on Myr timescales. To check
this, a 50-embryo population was simulated where the embryos had ini-
tial masses between 0.0001M⊕ and 0.01M⊕. We find that this synthetic
population shows similar (but slightly weaker) mass similarity correla-
tions as the population with fixed initial embryo mass (at early and late
times). In addition, the final mass of a planet seems to have little de-
pendence on the initial embryo mass. If fixed initial embryo mass could
explain mass similarity on Myr timescales, then we would have seen
weak or no mass similarity correlation in the population where embryo
masses were varied, which does not seem to be the case here. This indi-
cates that additional physics involved in planet formation is essential for
obtaining a detailed understanding of the peas in a pod mass similarity
trend.

which will fail to reach this critical mass (for runaway gas accre-
tion), are known to have longer formation times (Paper I). When
adjacent planetary cores in a system grow at different rates, the
correlation between their masses and sizes may decrease. The
size correlation seems to trace the mass correlation (with some
scatter). That the size trend follows the mass trend is not surpris-
ing, since planetary sizes are calculated from their masses (via
internal structure calculations).

Between 106 and 2 × 107 yr the correlation coefficient for
mass decreases slightly. Most giant planets have acquired their
final masses in the first few million years. Other planets, how-
ever, continue to grow by solid accretion, gas accretion (before
the gas disk dissipates), and merger collisions. This implies that
adjacent neighbours may be growing at different rates depending
on their local environment. Different growth rates imply that the
mass correlation will decrease. The local environment around
planets growing in the same disk does not suffer any drastic
changes. This may explain why the mass correlation also does
not show any drastic changes. Additionally, the dissipation of
the gas disk has a strong effect on planetary radii since planets
contract rapidly after disk dispersal. This may contribute to the
decreasing size correlation in this time period.

The spacing and packing trends start with almost no correla-
tion and undergo interesting variations before ending with their
final value. Initially, adjacent planets have uncorrelated small pe-
riod ratios and small sizes. This may explain the absence of these
trends at early times. Some physical processes that affect the lo-
cation of a planet are orbital migration, resonance capture, and
ejection or collision of planets. When a planet is lost (via ejec-
tion or collision), it clears up space allowing new adjacent pairs
to emerge with wider orbital spacing. This dynamical sculpting
may explain how planets within a system evolve towards similar
spacing. Large planets may undergo several collisions that lead
to the ejection of several planets allowing them to have wider
spacings. This offers a possible explanation for the emergence of
the packing trend. After a few million years most systems have
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lost their gas disks, which leads to rapid contraction of planetary
radii. This is responsible for the sharp drop in the packing trend
(in the range t = 106 − 2 × 107 yr). As planets continue to grow
via merger collisions, the packing trend re-emerges slowly.

The spacing and packing trends are seen to have several com-
mon behaviours. They are both absent at early times, arise from
dynamical interactions, and are strongly influenced by the de-
tection biases. It is a possibility that these two trends are not
independent of each other. In fact there is a simple scenario that
could unify them. The peas in a pod spacing trend could be a
reflection of the mass similarity and the packing trends. Since
adjacent planets are more likely to have similar masses, and
the orbital spacing between planetary bodies is related to their
masses (heavy planets have wider orbital spacing, while small
planets tend to have smaller orbital spacing), the spacing trend
can emerge. Planets with large or small masses have neighbours
with similar masses, and this leads them to also have period ra-
tios that are similar. Further tests are required to confirm this
scenario.

Overall, this section presents two important findings. First,
the similarity in mass–size trends are already present at early
times. These are, perhaps, due to oligarchic growth of protoplan-
etary embryos and uniform growth of these protoplanets at early
times. Uniformly growing neighbouring planets will continue to
show size–mass similarity. Different growth rates amongst ad-
jacent planets during the formation stage tends to decrease the
mass–size trends. Second, the spacing and packing trends are
absent at early times. Dynamical interactions (especially merger
collisions) tend to increase spacing and packing correlations.

8.2. Role of dynamical interactions

Dynamical interactions can often lead to the ejection of planets
and merger collisions. This would lead to a decrease in the num-
ber of planets in a system. Systems that have had more dynam-
ical interactions will have lost more planets than systems with
less dynamical interactions. Since the number of embryos (nemb)
that a theoretical system begins with is fixed for each synthetic
population, the percentage of lost planets can be used as a diag-
nostic for its dynamical history. With nmul as the multiplicity of
systems at 4 Gyrs, the percentage of planets lost by a system is

Lost planets [%] =
nemb − nmul

nemb
× 100. (3)

Figure 13 (left) shows the distribution of lost planets in the
underlying NGPPS populations. This plot shows that the distri-
bution shifts to the right, as the number of embryos increases
from 20 to 50, and from 50 to 100. This demonstrates that adding
more embryos in a system tends to increases their dynamical in-
teractions, which in turn forces these systems to lose more plan-
ets. This verifies that lost planets can be used as a proxy for the
dynamical interactions experienced by a system.

Now the planetary systems are divided into five sub-
populations depending on the percentage of planets they lose:
[0,20), [20-40), [40-60), [60-80), and [80-100]. The ratio of gi-
ant planets to the total number of planets in each system is cal-
culated21. This ratio is then averaged over each sub-population
and is shown in Fig. 13 (left). There is a clear increase in the
ratio of giant planets in a system with increasing dynamical in-
teractions. This shows that systems with more giant planets have
more cumulative dynamical interactions.

21 Following Paper II, giant planets are defined as planets with
Mplanet >= 300M⊕.

For each peas in a pod trend (size, mass, spacing, and pack-
ing), the correlation coefficient is measured across each sub-
population. This is shown in Fig. 13 (right). As the percentage
of lost planets increases, the spacing and packing correlations
also increase (for the 50- and 100-embryo populations). This
strongly suggests that increasing dynamical interactions results
in strengthening of the spacing and the packing trends. This adds
support to the finding of the last section that dynamical interac-
tions amongst growing planets leads to the spacing and packing
trend. For the 20-embryo population the result of the Pearson
correlation test becomes unreliable due to low multiplicities. Go-
ing from left to right, the size-mass correlations show little varia-
tions at first. However, the size–mass correlations drop sharply in
the last two bins. This drop may arise from the presence of giant
planets in these sub-populations, indicating an anti-correlation
between mass similarity and presence of giant planets.

9. Summary, conclusions, and future work

In this paper the peas in a pod trends in the architecture of plan-
etary systems was studied. Using the Bern Model, thousands
of synthetic planetary systems were simulated. To compare this
population of theoretical systems with observations, a new com-
puter code, KOBE, was developed and was introduced in this pa-
per.
KOBE closely simulates the geometrical limitations of the

transit method and the detection biases of the Kepler transit
survey. KOBE-Shadows finds transiting planets via their tran-
sit shadow bands, thereby imprinting the transit probability and
including the geometrical limitations of the transit method. By
selecting only high S/N transiting planets, as calculated by
KOBE-Transits, the detection biases of the Kepler mission are
simulated. Finally, KOBE-Vetter rejects some of the planets as
false positives, emulating the completeness and reliability of the
Kepler Robovetter. Transiting planets that are dispositioned as
planetary candidates make up the KOBE catalogue.

Additional selection cuts are placed on the KOBE catalogue to
generate the KOBE multi-planetary systems population (KMPS).
This population is compared with the multi-planetary systems
catalogue of the California-Kepler Survey (CKSM from W18).
The KMPS and CKSM planetary populations showed similar ra-
dius and period distributions. The peas in a pod trend was in-
vestigated for several populations. The main conclusions of this
paper are:

1. The peas in a pod size and mass similarity trends are present
in the theoretically observed (KMPS) and the theoretical un-
derlying (Bern Model) populations. This means that adjacent
planets within a synthetic system tend to have similar sizes
and masses. The strength of the size trend in the KMPS pop-
ulation is in good agreement with observations. Detection
biases tend to diminish the strength of these correlations.

2. The peas in a pod size and mass ordering trends are present
in the theoretically observed (KMPS) population. The fre-
quency of size-ordered pairs is in good agreement with ob-
servations. This trend is also present in the theoretical under-
lying population of detectable planets (planets with periods
of less than 640 days). Thus, in the inner region of a synthetic
system there is a higher chance for an outer planet in an adja-
cent pair to be larger and/or more massive. Detection biases
of the transit method have little influence on this trend.

3. The presence of the size and mass similarity and ordering
trends in both the theoretical underlying (Bern Model) and
the theoretically observed (by KOBE) populations implies that
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this trend, also seen in observations, may have an astrophys-
ical origin.

4. The peas in a pod mass–size trends are present at very early
times. The primordial origin of these trends is probably due
to oligarchic growth of protoplanetary embryos and the uni-
form growth of planets at early times. Later stages of planet
formation, including dynamical N-body effects, allows plan-
ets within a system to grow at different rates. This tends to
decrease the strength of these trends.

5. In the peas in a pod spacing similarity trend, for three con-
secutive planets in a system the period ratio of the inner pair
tends to be similar to the period ratio of the outer pair. This
correlation is present in the theoretically observed (KMPS)
and the theoretical underlying (Bern Model) populations.

6. The strength of this trend is higher in the underlying pop-
ulation. Detection biases are responsible for reducing the
strength of these correlations. This suggests that the spac-
ing trend, as reported by W18, probably has an astrophysical
origin.

7. This trend is absent at early times and likely arises from the
dynamical interactions taking place during planet formation
stage. Merger collisions and ejection of planets are some of
the ways through which planets become evenly spaced. Ad-
ditionally, this trend increases when the number of embryos
in a population is increased, further suggesting that dynami-
cal interactions increase this trend.

8. Observations suggest that large planets tend to have wider
orbital spacing, while small planets are often packed in com-
pact configurations. This packing trend is also present in the-
oretically observed (KMPS) and the theoretical underlying
(Bern Model) catalogues. The strength of this trend is in
good agreement with observations.

9. Detection biases and missing intermediate planets have a
strong influence on this trend. These effects tend to dimin-
ish these correlations. However, this trend is likely to have
an astrophysical origin since it is also present in the underly-
ing population.

10. This trend is not present at early times and probably arises
from N-body dynamical interactions. Large planets un-
dergo several merger collisions, thereby clearing more space
around them.

11. The peas in a pod size trends are probably derivative of the
peas in a pod mass trends. The existence of mass trends is
probably an astrophysical phenomenon. It has also been sug-
gested that the mass similarity and packing trend may com-
bine to give rise to the spacing trend.

The results of this paper imply that physical processes in-
volved in planet formation gives rise to adjacent planets that have
similar masses (and therefore sizes), and that are evenly spaced.
Large planets tend to have wider orbital spacing, while smaller
planets tend to be packed in compact configurations. Detection
biases of the transit method diminish the size–mass similarity
trends and influence the spacing and packing trend. We suggest
that the peas in a pod similarity and ordering trends seen in ob-
servations may have an astrophysical origin.

One of the shortcoming of this and other studies on the peas
in a pod trends is the use of correlation coefficients in measur-
ing architecture trends. Although useful in making population-
level studies, the reliable calculation of correlation coefficients
requires large datasets which hinder the study of these trends at
the system level. One line of future work could be the develop-
ment of system level architecture metrics (Alibert 2019; Mishra
et al. 2019; Gilbert & Fabrycky 2020). These metrics could al-
low the architecture of an individual system, the Solar System

for example, to be studied. This could allow the disentanglement
of the role played by specific initial conditions from the effects
of planet formation processes in engendering these trends. Fur-
thermore, system level studies are required to establish the uni-
fication of peas in a pod trends, as mentioned previously.

In addition, the present study can be improved by studying
different stellar types. To facilitate comparison with W18, sev-
eral aspects of KOBE were restricted in this paper. For example,
the calculation of transit S/N in KOBE assumes that all planets
are in circular obits, the sampling of CDPP used fixed value of
ttrial = 6h. Future versions of KOBE will include the effect of
eccentricity on transit S/N, and will use ttrial values based on cal-
culated transit durations. Additionally, KOBE can be further im-
proved by including stellar limb darkening.
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Appendix A: Detection biases explain the negative
correlation between mutual separation and
average sizes and masses

In their effort to study the connection between planetary sizes
and their orbital spacing, W18 explored the mutual separation
(in units of mutual Hill radii) between planets. The mutual sep-
aration between two adjacent planets is defined using their mu-
tual Hill radius Rmutual

H . The mutual Hill radius of two adjacent
planets (with masses m j and m j+1) can be thought of as the Hill
sphere radius of a single planet located between the two adjacent
planets and whose mass is the sum of the two planets. This gives

Rmutual
H =

(
m j + m j+1

3 M?

)1/3(a j + a j+1

2

)
. (A.1)

Here, M? is the stellar mass, while a j and a j+1 are the star–planet
distances. The mutual separation ∆ between two planets is the ra-
tio of their orbital separation to their mutual Hill radius. It mea-
sures the dynamical spacing between two planets in units of their
mutual Hill radius:

∆ =
a j+1 − a j

Rmutual
H

(A.2)

Weiss et al. (2018) find that there is a significant negative
correlation between mutual separation and the average size of
adjacent planets in the CKSM catalogue (R = −0.2). They state
that the mutual Hill radius incorporates the mass of the planet,
and thus the computation of mutual Hill radius separation should
ideally remove the contribution of planet size. They add that this
correlation is driven by an absence of points in the lower left
corner of the plot, which means that the absence of very small
planets at close dynamical spacings is not due to detection bias.

Here, we show that the dependence of mutual Hill radius on
average size is affected by the relationship between mutual Hill
radii and mass (through eq. A.1). In addition, since transit sur-
veys detect planets only in the inner region of a planetary system
(close to the host star), adjacent planetary pairs with small dy-
namical spacing will be missing from observations.

In Fig. A.1 (top right) the average radius of two adjacent
planets (in KMPS) is plotted as a function of their mutual Hill
separation. The period ratio of the adjacent planets is shown in
colour. In good agreement with W18, there is a significant nega-
tive correlation, which is confirmed by a Pearson correlation test
(R = −0.1). The bottom plots show the average mass of adjacent
planets as a function of their mutual Hill radii. We note that the
scatter of points in the top panel closely resembles the scatter
of points in the bottom panel. In these plots, adjacent planets of
constant period ratios lie on straight lines (i.e. points of the same
colour). In the plot with average sizes, adjacent planets of con-
stant period ratios tend to be on straight lines, but show consid-
erable scatter for average sizes > 3 R⊕. This scatter can be traced
to the intrinsic scatter in the radius of planets with size > 3 R⊕
in the mass-radius diagram in Fig. 8. The slope of the average
mass versus the mutual Hill plot comes from the 1

3 power on the
mass term in eq. A.1. It gives average masses a slope of −3 on
the log. average mass versus log. mutual Hill plane. To visualize
this, the y ∝ x−3 dependence is plotted as a dashed line in Fig.
A.1 (right). The slope of this line closely matches the underlying
points. This indicates that the incorporation of planet mass in the
calculation of mutual Hill radius may influence the relationship
between planet sizes and mutual Hill radii.

To test whether this correlation arises from limitations of the
transit method, the same correlation test was also done for the
theoretical underlying population. Figure A.1 shows the average
radius versus mutual Hill separation. The lower left corner of
the plot, which was empty for the KMPS population, is filled for
the underlying population, but remains empty for the underly-
ing population of detectable planets. This shows that the inner
regions of planetary systems do not have planetary pairs with
small mutual separation. Since transit surveys can only detect
planets in the inner region, this explains why observations will
find a negative correlation (which is due to the absence of points
in the lower left corner). This suggests that the negative correla-
tion seen in CKSM is probably also due to detection biases and
limitations of the transit method. This behaviour is similar to the
correlations between average masses and mutual separation.

The question arises regarding why the theoretically observed
population (KMPS) or the underlying population of detectable
planets shows no adjacent pairs with small size and mass and
low mutual separation? This is understandable due to limitations
and detection biases of the transit method.

The Hill sphere radius of a planet defines the region around
a planet in which the gravitation field of the planet dominates.
As the star–planet distance increases, the influence of the star di-
minishes and RH of a planet increases. This can be seen through
eq. B.5. This is also true for the mutual Hill radii, Rmutual

H . As
two adjacent planets move further out, their mutual Hill radii in-
creases. The inverse dependence of ∆ on Rmutual

H implies that as
the mutual Hill separation between adjacent planets increases,
their mutual separation decreases. Thus, adjacent planets in the
outer regions of a planetary system will have a large mutual Hill
radius and consequently a small dynamical separation. This ex-
plains the absence of points in the lower left corner for the plot
showing underlying population of detectable planets. Since de-
tection biases of the transit method disfavour the discovery of
small planets further out from their host star, it also explains why
planets with small average sizes and masses are missing from the
lower left corner in the KMPS plots. This provides a plausible
explanation for the negative correlation, reported in observations
by W18, between mutual separation and average sizes.

Appendix B: The Bern Model: Additional details

Additional details of the Bern Model are presented here. First,
we describe the physical processes occurring before planets are
born. These processes involve the host star and the protoplane-
tary disk. Then we describe the processes which model planet
formation, i.e. the accretion of solids and gases.

Appendix B.1: Before planet formation begins

Appendix B.1.1: Stellar Evolution

The model includes the evolution of a fixed mass star (M? =
1 M�) by incorporating the stellar evolution tracks from Baraffe
et al. (2015). The evolving stellar properties influence the be-
haviour of the disk and the growing planets in multiple ways.
For example, stellar irradiation and temperature (L?,T?) affects
the thermodynamical aspects of the disks and the planets. Stellar
radius R? strongly affects the transit signal generated by a tran-
siting planet and also allows the tracking of collisions between
any object and the star.
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Fig. A.1. Dependence of mutual separation of adjacent planets on their average sizes (top) and average masses (bottom). Observed exoplanetary
populations (CKSM by W18) show a negative correlation between average sizes and mutual separation of adjacent planets, which is well repro-
duced here (top right). However, this negative correlation arises from the dependence of mutual Hill radii on the 1/3 power of planetary masses.
This is shown by the dashed line in the plots with average masses. The vertical line marks the Hill stability criterion from Chambers et al. (1996).
Points on the right side of this line are Hill stable (∆ > 2

√
3).

Appendix B.1.2: Protoplanetary disk: Gaseous phase

The gas disk plays a crucial role in the growth of planets and
shaping the planetary system architectures. Accretion of this
nebular gas may lead to gaseous envelopes around many planets.
Additionally, the gas disk interacts with planetesimals, embryos,
and protoplanets through effects such as gas drag, migration, and
eccentricity damping.

The model follows the evolution of an axisymmetric geo-
metrically thin gas disk in a time-independent gravitational po-
tential. Gas is accreted by the star and growing planets, and is
lost via photoevaporation. Meanwhile, the outer regions of the
disk are pushed away to conserve angular momentum until the
disk is completely dissipated. The disk evolution is computed
in the region from rin up to rmax = 1000 au. Here, r is the ra-
dial distance from the star and rin is a Monte Carlo variable for
the model (discussed in Sect. 3). The vertically integrated and
azimuthally averaged surface density of gas, Σg, evolves as

Σ̇g(r) =
1
r
∂

∂r
F(r) − Σ̇g,photo(r) − Σ̇g,planet(r), (B.1)

where F is radial flux of gases from viscous angular momen-
tum transport (Lüst 1952; Lynden-Bell & Pringle 1974) F(r) =
3r1/2 ∂

∂r (r1/2Σgν). Effective turbulent viscosity, ν, is parametrized
by a dimensionless parameter α as ν = αcsh (following Shakura

& Sunyaev 1973)22. Here, cs is the isothermal speed of sound
(which depends on temperature and mean molecular mass of
gas) and h is the local disk pressure scale height (∼ half of disk
thickness). Following observations (Manara et al. 2019; Flaherty
et al. 2020), in this work α = 2 × 10−3.

The extreme UV and far-UV radiation from the host star and
neighbouring stars, respectively, heat the disk such that thermal
motion can overcome gravitational potential resulting in the dis-
persal of the disk (Clarke et al. 2001; Matsuyama et al. 2003).
Following Mordasini et al. (2012b), internal and external pho-
toevaporation losses are included in Σ̇g,photo. These mechanisms
control the disk lifetime via the mass loss rate, Ṁwind, which is a
Monte Carlo variable for the model and is discussed in Sect. 3.
The disk also loses some amount of gas to planetary accretion,
which is represented by Σ̇g,planet

23.

22 α measures efficiency of transport due to turbulence. Since random
isotropic motions do not have length scales larger than the local disk
scale height, α is usually < 1 (King 2009).
23 In the first ∼ 105 years the disk gains mass from the molecular cloud
collapse. This can be modelled by adding a source term to eq. B.1, as is
done in Hueso & Guillot (2005).
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The model begins with an initial surface density profile for
the gas disk given by (Veras & Armitage 2004)

Σg(r) = Σg,0

( r
5.2 au

)−βg

exp

( r
rcut,g

)βg−2 (1 − √
rin

r

)
,

βg = 0.9 (power law index). (B.2)

Here, Σg,0 (normalization constant) and rcut,g (characteristic ra-
dius) are governed by a Monte Carlo variable, Mg, the initial gas
disk mass through the relations (see Paper II):

Mg = Σg,0

( 2π
2 − βg

) (
1

5.2 au

)−βg
(

1
rcut,g

)2−βg
 ,

Mg = 2 × 10−3 M�
( rcut,g

10 au

)1.6
. (B.3)

The flaring disk gains thermal energy from the host star, vis-
cous dissipation and a background thermal radiation (at 10 K).
For thermal equilibrium the disk cools down by radiating away
this energy from its surface (Alibert et al. 2005; Fortier et al.
2013). Assuming the disk is in hydrostatic equilibrium, the local
energy produced due to viscosity is removed through radiative
flux, which has to diffuse towards the disk surface24. Consider-
ing radiative transfer through optically thick and thin regions al-
lows the evaluation of the mid-plane disk temperature (following
Nakamoto & Nakagawa 1994; Hueso & Guillot 2005). The disk
temperature impacts planetary interiors and their growth rates.

Appendix B.1.3: Protoplanetary disk: Planetesimals

Planetary embryos initially grow by accreting planetesimals
from the solid disk to become planetary cores. The planetesimal
disk is modelled as a fluid with surface density Σs (Fortier et al.
2013). This disk evolves via planetary accretion, aerodynamic
interaction with nebular gas, and viscous stirring from planets
or planetesimals. The interactions excite planetesimal eccentric-
ity and inclination, possibly resulting in ejection of some solids,
which influences the rate at which they are accreted by embryos.
For simplicity, two kinds of planetesimals are assumed: rocky
(refractory materials) with ρplan = 3.2 g cm−3 and icy (volatile
rich) with ρplan = 1.0 g cm−3 of equal and fixed size of 300 m.
The initial surface density profile is (see Paper II for details)

Σs(r) = Σs,0

 fs(r)
( r
5.2 au

)−βs

exp

− (
r

rcut,s

)βs−2 ,
βs = 1.5 (power law index)

rcut,s =
rcut,g

2
. (B.4)

Here, Σs,0 allows the mass of solid disk to be fixed as Ms =
Mg fD/G. The dust-to-gas ratio, fD/G, is a Monte Carlo variable
(see Sect. 3). The rock-to-ice ratio, fs(r), is the ratio of con-
densed solid to total solids (following Thiabaud et al. 2014).

Appendix B.2: Planet formation

Appendix B.2.1: Accretion of solids

Protoplanetary embryos accrete planetesimals from their feed-
ing zone, which is defined as an annulus on each side of the

24 This is because (a) the disk is geometrically thin and (b) the disk is
assumed to be optically thick along the radial direction.

embryos’ orbit. The width of the feeding zone is given in terms
of the Hill radius RH:

rfeed = µ RH, (µ = 5, Fortier et al. (2013))

where, RH = aM

(
Mplanet

3M?

)1/3

.

(B.5)

Competition for solids occurs when the feeding zone of multi-
ple planets overlap (Alibert et al. 2013). The overlapping feeding
zone, with surface density Σ̄s, is separated into individual regions
for each planet (see Paper I). The accretion rate (Ṁcore) of plan-
etesimals of spherical radius Rplan by an embryo of core mass
Mcore depends on the probability of a protoplanet–planetesimal
collision pcoll, angular velocity Ω (which is

√
GM?/r3), Σ̄s, and

RH:

Ṁcore = Ω Σ̄s R2
H pcoll(Rplan,RH, rcapture, vrel). (B.6)

The collision rates, in turn, depend on the dynamical evolution
of the solid disk. Planetesimals experience aerodynamic drag
forces from the gas, and interact gravitationally with the pro-
toplanets and amongst themselves. These interactions influence
the relative velocity, vrel, between the two colliding bodies. Ad-
ditionally, when planets become massive (& 1 M⊕) their gas en-
velope affects the dynamics of penetrating solids. This results in
an enhancement of the planetesimal capture radius, rcapture.

Appendix B.2.2: Accretion of gases

The accretion of gas by a planet depends on the local thermo-
dynamical state of the protoplanetary disk and, interestingly, on
the planetary interior as well. The internal structure of the planet
is obtained by demanding conservation of mass, hydrodynamic
equilibrium, and that energy diffusion be either radiative or con-
vective. The demand for energy conservation is implemented
through an iterative scheme that searches for a solution that is
consistent with the boundary conditions (see Paper I; Mordasini
et al. (2012c)).

Initially, the gaseous envelope around all planets transitions
smoothly into the nebular gas, the so-called attached phase (see
panel (d) in Fig. 1). In the attached phase gas from the nebular
disk flows into the planet to compensate for planetary contrac-
tion. Planets contract as they cool down by radiating away the
energy gained through accretion. The surface pressure and tem-
perature of the planet are balanced with those of disk mid-plane
When a planet reaches a critical threshold mass, large radiative
losses cannot be balanced by accretional energy, and further con-
traction of the envelope ensues. This results in even more gas ac-
cretion, further increasing the accretional energy, and runaway
accretion of gas is inevitable. Consequentially, planets gain a
massive envelope and very rapidly become giant planets.

For planetary cores massive enough to undergo runaway gas
accretion, the rate of gas accretion may exceed the ability of the
disk to supply gas (the maximum gas accretion rate). Then the
envelope detaches from the gas disk and the planet continues to
accrete in this detached phase. In the detached phase gas accre-
tion does not depend on the planetary internal structure but on
the protoplanetary gas disk. The planet’s radius contracts very
rapidly to ∼ RJ as it adjusts to the new boundary conditions.

The last phase of planetary evolution, which is common to
all planets, is the isolated phase, which occurs after the gas disk
has dissipated. Gas accretion comes to a halt and planets will
now contract as they cool down.
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Appendix C: KOBE: Additional details

Appendix C.1: KOBE-Shadows

Whether a planet can transit for a given observer is determined
by KOBE-Shadows. For this the transit shadow band (TSB) is
determined by examining transit geometry, as shown in Fig. C.1
(left). A planet orbiting a star will intercept some of the starlight,
casting its shadow on a celestial sphere centred on this star. As
the planet moves in its orbit the planet’s shadow traces a shadow
band on the celestial sphere. The area on the celestial sphere
which falls inside a planet’s shadow constitutes the TSB.

All observers inside a planet’s TSB can potentially detect this
planet via its transit. This planet will not appear to be transiting
to any observer who is outside the planet’s TSB. KOBE-Shadows
utilizes this distinction between transiting and non-transiting
planets to detect the former.

To compare with Kepler, simulating ∼ 200 000 stars in
NGPPS is computationally expensive. KOBE-Shadows offers a
convenient solution. Using transits, a single observer may never
find all the planets in a planetary system. This could occur ei-
ther when the TSBs from all the planets never overlap or when
the location of an observer is outside the TSB of some plan-
ets. These are the basic geometrical limitations of the transit
method. When the same system is observed by another observer
located elsewhere, they may find different transiting planets than
those found by the first observer. This means that two observers
can view two different subsets of the same planetary system. By
analysing the transit geometry of a planetary system for several
observers, KOBE-Shadows generates multiple subsets of tran-
siting systems (one from each observer). Subsequent modules
in KOBE treat these subsystems, KOBE systems, as independent
planetary systems. This allows KOBE to emulate observations of
200 000 stars from 1 000 NGPPS systems. Additional steps are
taken in other modules to ensure that these system are treated in-
dependently25. KOBE systems with at least one transiting planet
form the KOBE-Shadows catalogue, which is analysed in subse-
quent modules.

To compute the TSB for multiple planets in a system,
KOBE-Shadows requires three things: First, the stellar and the
planetary radii,

(
R?,Rplanet

)
. These are provided by the Bern

Model and they evolve with time. Second, the orbital elements(
a, e, i,Ω, ω, f

)
. The six orbital elements are semi-major axis a,

eccentricity e, inclination i, longitude of ascending node Ω, argu-
ment of periapse ω, and true anomaly f . The first two elements
describe the 2D shape of an elliptical orbit. The next three or-
bital elements define the relative orientation of an orbit in 3D
space. The last element gives the position of a planet on its or-
bit with respect to the periastron26. The Bern Model provides
all of these elements for all planets. However, an orbit’s incli-
nation as calculated in the model is with reference to the origi-
nal protoplanetary disk, as opposed to any observer’s reference
sky-plane. These values are calculated only during the N-body
stage. A planet’s period P is calculated as P2 = 4π2

GM?
a3. Finally,

third, the location of an observer, Oi(θ, φ). The location of an

25 KOBE systems, being subsets of the NGPPS systems, are not truly
independent. In KOBE a single observer observing 1 000 synthetic plan-
etary systems may detect ∼ 100 transiting planets around ∼ 50 stars.
The strategy of using multiple observers in KOBE grew out of a need to
(a) find more transiting planets, (b) imprint the effect of transit proba-
bility (via TSB calculation), and (c) systematize KOBE’s approach.
26 A planet’s position on the orbit, f , is not required to calculate its TSB
because the calculation is done for virtually all positions on the orbit.

observer is specified in a standard coordinate system (X,Y,Z).
The origin is at the star (see Fig. C.1, left). The X-axis is along
a reference line and (X,Y) define a reference plane (Z is perpen-
dicular to this plane). An observer’s location is specified in polar
co-ordinates by an azimuth angle θ ∈ [0, 2π] and a polar angle
φ ∈ [0, π]. The subscript i is used to distinguish between mul-
tiple observers, and two observers are not allowed to be at the
same location. The Bern Model does not provide the location of
any special observer. It is assumed that the location of observers
does not evolve with time.

The calculation procedure implemented in KOBE-Shadows
is as follows:

1. The number of observers, nobs, is fixed by the number of stars
observed by a survey, n?,survey, and the number of synthetic
systems (at time t) in a population, nsystem(t). The relation is

nobs =
n?,survey

nsystem(t)
. (C.1)

Fixing n?,survey to 200 000 for Kepler, a population with
nsystem(t) = 1 000, would require 200 observers. Although
all three populations simulate 1 000 systems, nsystem(t) may
diminish with time. For the nominal populations, at 4 Gyr,
NG74 has 998, NG75 has 999, and NG76 has 1 000 systems.

2. The locations of the observers are distributed uniformly and
homogeneously around the celestial sphere in the (X,Y,Z)
coordinate system. This is done by generating two different
random numbers u1, u2 ∈ [0, 1) and using inverse transform
sampling to obtain polar coordinates:

θ = 2πu1, and φ = cos−1(1 − 2u2). (C.2)

This initial location of observers remains fixed for one
NGPPS system. Spherical coordinates are converted to
Cartesian giving u(X,Y,Z), the unit-normed vectorial location
of an observer.

3. To align the transit geometry, the Bern Model gives the posi-
tion of a planet and its orbit in a different coordinate system,
(x, y, z) with origin at the star. Here, x is along the periastron,
(x, y) are in the orbital plane, and z points along the angular
momentum vector of the planet. To proceed, the two coor-
dinate systems must be aligned. This is done by rotating the
initial location of all observers (given in X,Y,Z coordinates)
with respect to each planet’s orbit (given in x, y, z coordi-
nates) via three rotations (for details see Murray & Correia
(2010))27:

u′(x,y,z) = R−1
Z (ω) R−1

X (i) R−1
Z (Ω) u(X,Y,Z). (C.3)

Here, R−1
X ,R−1

Y , and R−1
Z are the inverses of the standard

SO(3) rotation matrices. R−1
Z (Ω) aligns the line of nodes with

the X-axis. R−1
X (i) aligns the reference plane with the orbital

plane. R−1
Z (ω) rotates the reference plane such that the X-axis

points along the periastron point of the orbit. The new loca-
tion of the observer is given by the vector u′(x,y,z) and in polar
coordinates O′i( f , α). In Fig. C.1 (left) an example of such
rotation is shown.
Now the location of observers and the planetary orbits is
known in the same coordinate system. This step ensures that

27 Equivalently, the planet’s orbit could be rotated, keeping the location
of observers fixed.
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Fig. C.1. The geometry of transiting planets as implemented in KOBE. Left: Transit geometry for a single star–planet system. The dashed red
arrow represents the initial location of an observer Oi(θ, φ), and the solid red arrow gives the rotated location of same observer Oi( f , α) (see text
for details). Right: Example of transit shadow bands for a 24-planet system (star and planets are not shown). KOBE-Shadows calculates whether
an observer is present inside the full transit shadow band of any planet in this system. The innermost planet has Ptra = 12% and is detectable
by observers marked in blue. The second (Ptra = 6%) and the third innermost planet (Ptra = 2%) are detectable by observers (in orange and
green, respectively). The probability to potentially detect any four planets simultaneously via transit for this system is ∼ 8%, which is halved for
simultaneously detecting any nine planets.
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Fig. C.2. Inputs required by KOBE to simulate the Kepler transit survey. Left: Distribution of stellar noise, rms CDPP6 h, as seen by Kepler for
FGK solar-type stars. Each individual KOBE system is assigned a CDPP value from this distribution. Right: Two-dimensional histogram depicting
completeness of Kepler’s Robovetter, as calculated by KOBE-Vetter. To emulate high reliability, a disposition score cut-off is placed. Labels on
each bin indicate the completeness (in %) for that bin. This calculation is based on the injected transit signals (Coughlin 2017). Completeness is
not calculated for bins with less than ten injected signals (not labelled). These bins are assigned a completeness of 0%.

the relative orientation between different planets is main-
tained, and information coming from all orbital elements is
used.

4. Next, we estimate the angular width of the TSB. The semi-
cone angle ψ, subtended by the planet’s shadow as it blocks
starlight at the azimuthal location of observer O′i( f , α), is

given by (Winn 2010)

sin(ψ) =

(
R? ± Rplanet

rplanet

)
,

{
+ include grazing transits
− exclude grazing transits

rplanet =
a (1 − e2)

1 + e cos( f )
.

(C.4)
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Here, rplanet is the star–planet distance when the planet’s true
anomaly is f = f 28. Finally, it is checked whether the ob-
server O′i( f , α) is inside the TSB through the following con-
dition:

α ∈
[
π

2
− ψ,

π

2
+ ψ

]
→ Inside TSB,

otherwise→ Outside TSB. (C.5)

This information is now stored for a planet at the original
location of the observer Oi(θ, φ).

5. Repeat from step 4 for all nobs observers.
6. Repeat from step 3 for all planets in a system.
7. Repeat from step 2 for all systems in a population.

Figure C.1 (right) displays the result from KOBE-Shadows
for a system with 24 planets in NG76. This calculation, done us-
ing 106 observers and considering only full transits, takes about
1s.

These calculations undergo two major consistency checks.
Firstly, the area under a planet’s TSB over the area of the celes-
tial sphere gives the transit probability for this planet. Here, the
number of observers found inside a TSB over nobs gives a nu-
merical proxy for the same. The analytical expression for transit
probability, Ptra, of a planet can be easily derived (Barnes 2007):

Ptra =
R? ± Rplanet

a (1 − e2)

{
+ include grazing transits
− exclude grazing transits

. (C.6)

The numerical and analytical values of Ptra, with varying nobs
from 105 to 108, are found to be in good agreement. In addition,
the transit probability for multiple planets is available for free via
the numerical recipe described above. Finding the same through
analytical approaches is a difficult problem.

Secondly, the impact parameter of a transiting planet for all
observers inside the TSB should be less than 1+(Rplanet/R?). The
impact parameter, b, is the sky-projected star–planet distance ex-
pressed in units of stellar radii, and is given by

b =
rplanet

R?
cos(i). (C.7)

The impact parameter for an observer O′i( f , α), is calculated by
identifying i = α. This condition is satisfied by all observers that
are inside the TSB, for all planets, for all systems, in all three
populations.

The above procedure produces the KOBE-Shadows cata-
logue, which consists of KOBE systems containing at least one
transiting planet. Although all of the planets in this catalogue
will transit, not all of them will be detected. KOBE-Transits
takes care of this problem.

Appendix C.2: KOBE-Transits

KOBE-Transits examines the transit signal for all transiting
planets found by KOBE-Shadows. To be detected a transiting
planet has to produce a signal that is strong enough to be de-
tected by observers. To check this, KOBE-Transits calculates
the transit S/N. An estimate of the noise as seen by an observer
is required for this.

28 For this paper, grazing transits are excluded.

In KOBE-Transits noise for a KOBE System is sampled from
the distribution of rms combined differential photometric preci-
sion (CDPP). Produced by the Kepler pipeline (DR25) for indi-
vidual target stars, CDPP is an empirical measure of the stellar
photometric noise (Christiansen et al. 2012)29. Three cuts are
placed on this distribution to ensure that FGK solar-type stars
are sampled. These are on mass M? ∈ [0.7, 1.3]M�, on radius
R? ≤ 5 R�, and on stellar temperature T? ∈ [3880, 7200]K
(Pecaut & Mamajek 2013).

The amount of stellar flux blocked by a planet is proportional
to its area. The transit signal generated by a single transit is δ =
(R2

planet/R
2
?). The single transit S/N is

S/N =
δ

CDPPeff

, single transit

CDPPeff = CDPPttrial

(
ttrial

tdur

) 1
2

. (C.8)

Here, CDPPeff is the effective stellar noise seen by an observer
during a transit of duration tdur. CDPPttrial is the rms CDPP calcu-
lated by the Kepler pipeline for different trials of transit durations
(varying from 1.5 h to 15 h). Following W18, here ttrial = 6 h.
Figure C.2 (left) shows the distribution of rms CDPP6 h after
placing the above cuts. To enhance the independent treatment
of KOBE systems, a noise value is drawn randomly from the rms
CDPP6 h distribution for every star in the KOBE-Shadows cata-
logue.

The transit duration for a planet is estimated by the time
taken by a planet to cross the stellar disk. Following W18, circu-
lar orbits and b = 0 are assumed. This gives

tdur =
2R?( 2πa

P
) =

R?P
πa

. (C.9)

When a planet’s transit is observed ntra times, the multi-transit
S/N improves by a factor of

√
ntra. For a planet with period P and

transit survey of duration tsurvey, the average number of transits
can be estimated as ntra = tsurvey/P. Then the multi-transit S/N
generated by a transiting planet for tsurvey = tkepler = 3.5 yr is

S/N =

(Rplanet

R?

)2

︸     ︷︷     ︸
=δ

(R?

a

) 1
2

︸ ︷︷ ︸
=Ptra

[( tkepler

π ttrial

) 1
2 1

CDPPttrial

]
. (C.10)

This equation shows that the transit S/N is given by the tran-

sit signal generated by a planet, multiplied by a factor
√

R?
a ,

scaled with instrument- and survey-related constants. Thus, a
large planet closely orbiting a small quiet star will produce a
high S/N. These are some of the detection biases of the transit
method.

In KOBE-Transits transiting planets that have S/N ≥ 7.1
and ntra ≥ 2 constitute the KOBE-periodic threshold crossing
event (pTCE) catalogue. For the Kepler pipeline, the threshold
for detection of a TCE was multiple event statistic (MES, anal-
ogous to multi-transit S/N) ≥ 7.1σ, and ntra ≥ 3 (Twicken et al.
2016, 2018; Christiansen et al. 2012; Thompson et al. 2018).
Following W18, the minimum ntra is fixed to 2.

29 This data is available in tabular format from the NASA Exoplanet
Archive.
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Appendix C.3: KOBE-Vetter

In Thompson et al. (2018), the DR25 TCE are further reviewed
by an automatic program, the Robovetter. The Robovetter exam-
ines several metrics, and identifies consistent TCEs as Kepler ob-
jects of interest (KOIs). Through further analysis, the Robovetter
eventually vets KOIs as either planet candidates or false posi-
tives. However, not all candidates are true exoplanets and some
false positives may have been genuine signals.

The catalogue produced by the Robovetter was character-
ized for completeness and reliability. Completeness measures
the fraction of true planets that are absent in the catalogue,
and reliability measures the fraction of planetary candidates that
are truly exoplanets (Coughlin 2017). These measurements are
done by injecting simulated transit signals in the Robovetter.
The Robovetter completeness is given by the fraction of injected
transit signals that are characterized as planetary candidates. The
confidence of vetting a TCE as a planetary candidate is expressed
with a disposition score (ranging from 0 to 1, a higher value im-
plying higher confidence that a TCE is a candidate). Selecting
only high scoring candidates produces a catalogue that has less
completeness, but is highly reliable.30

KOBE-Vetter calculates the Robovetter completeness (for
disposition score ≥ 0.9) using the results of these injection tests
(Coughlin 2017)31. Completeness is calculated as a function of
planetary radius (bin size 2 R⊕) and period (bin size 50 d). Fig-
ure C.2 (right) shows a 2D histogram of completeness (includ-
ing reliability). These values are applied to the pTCE catalogue
in a straightforward manner. If a 2D bin has completeness of
C%, then for all planets in the pTCE catalogue that fall in this
bin C% are randomly vetted as candidates and make the plane-
tary candidates catalogue. The rest are rejected as false positives.
For example, if there are 100 planets with Rplanet ∈ [0, 2)R⊕ and
P ∈ [300, 350) d in the pTCE catalogue, then 33 planets will be
randomly marked as candidates and the remaining 66 planets are
vetted as false positives.

30 Thompson et al. (2018) suggested using a cut on disposition score for
occurrence rate studies. This approach has been used by Mulders et al.
(2018) and Hsu et al. (2018), and extensively studied by Bryson et al.
(2020).
31 The Robovetter Disposition Table is available from the NASA Exo-
planet Archive.
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