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EPOS and eta_earth



Kepler has detected no reliable earth sized planet 
candidates in the habitable zone of sun-like stars

data from Thompson+ 2018, Berger+2019 

HZ

n=0



Estimating underlying distribution

Mulders+ 2018

HZ
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Estimating underlying distribution
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Rocky planets are over-represented at short periods, 
leading to overestimate of eta_earth  

(Lopez & Rice 2018)

Need a physically motivated planet distribution that 
describes covariance in period and radius
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Planet Population Synthesis

Mulders+ 2019  

Bern Model 
(Mordasini 2018, Emsenhuber in prep)
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HZ

The distribution of orbital periods is generally broad.
Although the distribution does not have the exact same shape
as inferred from Kepler, it is not clear that a range of disk inner
edge locations, as suggested by Lee & Chiang (2017) is needed
to explain the observations. Instead, the stochastic nature of
dynamical interactions during planet formation may be
responsible for creating the broad period distribution interior
to the disk inner edge (see also Carrera et al. 2019)

6. Predictions

Population synthesis models make predictions for the
occurrence and composition of planets even in regions that
are not directly constrained by observations. Those predictions
can now be informed and refined by empirical constraints from
the observable planet population. Here, we briefly explore what
the model that most closely matches the Kepler data predicts
for the number and type of planets we expect to find in the
habitable zone of a solar mass star. While the Kepler stars span
a range of stellar masses, the average stellar properties are
representative of a Sun-like star, and we leave an exploration of
the spectral type dependence of habitable zone planets for a
future paper.

Figure 9 shows the simulated masses and radii of planets in
the habitable zone of the 100-seed core model. The habitable
zone is here defined as an orbital period range of 338−788
days, corresponding to the conservative habitable zone
(Kopparapu et al. 2013) around a Sun-like star. The
populations that match the overall Kepler statistics, i.e.,
η=0.2 stars have a planetary system from the simulated
set, predicts an occurrence rate of 0.8–1.7 R⊕ planets of
G = =Å 18%d N

d R d Pln ln

2

. This rate is lower than the extrapolated
power-law distributions from Paper I at Γ⊕=53%, which we
have addressed in Pascucci et al. (2019).

More importantly, the model predicts which planets in this
size range are rocky and which planets have substantial
hydrogen atmospheres. The fraction of true rocky planets is
only Γ⊕=7%, though we caution that this number is likely to
change as the models become better calibrated to the observed

exoplanet populations. However, future direct imaging mis-
sions should contend with the possibility that a large fraction of
observable exo-Earths could have substantial hydrogen/helium
atmospheres.

7. Results and Discussion

We have shown the need to evaluate planet formation
models in a framework that accounts for the current
observational biases in exoplanet surveys. This can be achieved
with epos both through direct comparisons with parametric
distributions of planet properties and occurrence rates, as well
as through performing simulated observations of synthetic
planet populations.
The Bern planet population synthesis models make quanti-

tative predictions for the distribution of planet and planetary
system properties that we have evaluated with epos using the
Kepler exoplanet statistics. We generally find good agreement
between the models and data over a large range of planetary
(system) properties. The Bern population synthesis models
with multiple (20, 50, and 100) interacting seed planet cores
per protoplanetary disk form coplanar planetary systems of
sub-Neptunes at short orbital periods that are typical of the
Kepler “super-Earths.” In contrast, synthetic populations with
one seed planet core per disk produces many sharp features in
the planet period–radius diagram that are not seen in exoplanet
surveys. The smooth observed distributions indicate that
planets rarely form via the growth of isolated oligarchs, but
instead grow through the interactions of multiple protoplane-
tary bodies.
A quantitative comparison also reveals a number of key

differences that indicates parameters and processes that could
be refined in the model to provide a better match to the Kepler
database. These are as follows: increasing the formation
efficiency of mini-Neptunes, increasing the amount of gravita-
tional interactions between protoplanets, moving the planet trap
at the inner disk edge outward, and decreasing the overall
occurrence of planets.

7.1. Formation Efficiency of Mini-Neptunes

Simulated surveys of the Bern models where one in five stars
have planetary systems drawn from the synthetic population
provide roughly the right proportion of detectable hot Jupiters
(∼1%), warm giants (∼10%), and hot Earths (∼50%). The
Bern models underpredict the occurrence rate of mini-Neptunes
(∼10% simulated versus ∼60% observed) compared to rocky
planets and warm giants. This indicates that a larger fraction of
planetary cores needs to accrete gaseous envelopes than in the
current models, but without triggering more runaway growth
into giant planets. A better understanding of gas accretion is
needed and a more efficient formation channel for planets with
substantial gaseous envelopes has to be incorporated in the
synthesis model to match the Kepler planets. A similar trend is
seen in microlensing surveys that probe larger planet–star
separations, where the Bern model underpredicts the occur-
rence of intermediate-mass planets (Suzuki et al. 2018).

7.2. Dynamical Excitation of Planetary Orbits

While the period ratio distribution of the 100-seed core
model matches closely with the observed distribution, too
many planets are in orbital resonances. This may be indicative

Figure 9. Mass–radius relation of simulated planets in the conservative
habitable zone (Kopparapu et al. 2013). The dimensionless planet occurrence

rate of Earth-sized planets, G =Å
d N

d R d Pln ln

2
, is Γ⊕=18% for all planets but

only 7% when only rocky planets are included.
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(consistent with Pascucci+ 2019)



Planet Population Synthesis

Mulders+ 2019  

HZ

The distribution of orbital periods is generally broad.
Although the distribution does not have the exact same shape
as inferred from Kepler, it is not clear that a range of disk inner
edge locations, as suggested by Lee & Chiang (2017) is needed
to explain the observations. Instead, the stochastic nature of
dynamical interactions during planet formation may be
responsible for creating the broad period distribution interior
to the disk inner edge (see also Carrera et al. 2019)

6. Predictions

Population synthesis models make predictions for the
occurrence and composition of planets even in regions that
are not directly constrained by observations. Those predictions
can now be informed and refined by empirical constraints from
the observable planet population. Here, we briefly explore what
the model that most closely matches the Kepler data predicts
for the number and type of planets we expect to find in the
habitable zone of a solar mass star. While the Kepler stars span
a range of stellar masses, the average stellar properties are
representative of a Sun-like star, and we leave an exploration of
the spectral type dependence of habitable zone planets for a
future paper.

Figure 9 shows the simulated masses and radii of planets in
the habitable zone of the 100-seed core model. The habitable
zone is here defined as an orbital period range of 338−788
days, corresponding to the conservative habitable zone
(Kopparapu et al. 2013) around a Sun-like star. The
populations that match the overall Kepler statistics, i.e.,
η=0.2 stars have a planetary system from the simulated
set, predicts an occurrence rate of 0.8–1.7 R⊕ planets of
G = =Å 18%d N

d R d Pln ln

2

. This rate is lower than the extrapolated
power-law distributions from Paper I at Γ⊕=53%, which we
have addressed in Pascucci et al. (2019).

More importantly, the model predicts which planets in this
size range are rocky and which planets have substantial
hydrogen atmospheres. The fraction of true rocky planets is
only Γ⊕=7%, though we caution that this number is likely to
change as the models become better calibrated to the observed

exoplanet populations. However, future direct imaging mis-
sions should contend with the possibility that a large fraction of
observable exo-Earths could have substantial hydrogen/helium
atmospheres.

7. Results and Discussion

We have shown the need to evaluate planet formation
models in a framework that accounts for the current
observational biases in exoplanet surveys. This can be achieved
with epos both through direct comparisons with parametric
distributions of planet properties and occurrence rates, as well
as through performing simulated observations of synthetic
planet populations.
The Bern planet population synthesis models make quanti-

tative predictions for the distribution of planet and planetary
system properties that we have evaluated with epos using the
Kepler exoplanet statistics. We generally find good agreement
between the models and data over a large range of planetary
(system) properties. The Bern population synthesis models
with multiple (20, 50, and 100) interacting seed planet cores
per protoplanetary disk form coplanar planetary systems of
sub-Neptunes at short orbital periods that are typical of the
Kepler “super-Earths.” In contrast, synthetic populations with
one seed planet core per disk produces many sharp features in
the planet period–radius diagram that are not seen in exoplanet
surveys. The smooth observed distributions indicate that
planets rarely form via the growth of isolated oligarchs, but
instead grow through the interactions of multiple protoplane-
tary bodies.
A quantitative comparison also reveals a number of key

differences that indicates parameters and processes that could
be refined in the model to provide a better match to the Kepler
database. These are as follows: increasing the formation
efficiency of mini-Neptunes, increasing the amount of gravita-
tional interactions between protoplanets, moving the planet trap
at the inner disk edge outward, and decreasing the overall
occurrence of planets.

7.1. Formation Efficiency of Mini-Neptunes

Simulated surveys of the Bern models where one in five stars
have planetary systems drawn from the synthetic population
provide roughly the right proportion of detectable hot Jupiters
(∼1%), warm giants (∼10%), and hot Earths (∼50%). The
Bern models underpredict the occurrence rate of mini-Neptunes
(∼10% simulated versus ∼60% observed) compared to rocky
planets and warm giants. This indicates that a larger fraction of
planetary cores needs to accrete gaseous envelopes than in the
current models, but without triggering more runaway growth
into giant planets. A better understanding of gas accretion is
needed and a more efficient formation channel for planets with
substantial gaseous envelopes has to be incorporated in the
synthesis model to match the Kepler planets. A similar trend is
seen in microlensing surveys that probe larger planet–star
separations, where the Bern model underpredicts the occur-
rence of intermediate-mass planets (Suzuki et al. 2018).

7.2. Dynamical Excitation of Planetary Orbits

While the period ratio distribution of the 100-seed core
model matches closely with the observed distribution, too
many planets are in orbital resonances. This may be indicative

Figure 9. Mass–radius relation of simulated planets in the conservative
habitable zone (Kopparapu et al. 2013). The dimensionless planet occurrence

rate of Earth-sized planets, G =Å
d N

d R d Pln ln

2
, is Γ⊕=18% for all planets but

only 7% when only rocky planets are included.

11

The Astrophysical Journal, 887:157 (14pp), 2019 December 20 Mulders et al.



• EPOS is a framework for estimating exoplanet distributions from 
biased surveys (e.g. Kepler)


• In the absence of reliable planet candidates, eta_earth can only be 
estimated by extrapolation


• Presence of stripped cores at short periods leads to overestimate of 
eta_earth


• Occurrence of habitable zone rocky planets may be smaller than 
eta_earth (!)

Summary


