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1.
Introduction &
population 
synthesis method



Introduction

• Huge dynamical range in size/mass: grains to giant planets
• Multiple input physics: gravity, hydrodynamics, radiative transport, 

thermodynamics, magnetic fields, impact physics, material properties, ...
• Feedbacks and interactions (e.g. gas disk-planet: orbital migration)

Planet formation and evolution difficult to understand purely from first principles.

⇒ Theory needs observational guidance: comparison of observations 
and theoretical predictions 
⇒ Surveys (HARPS, Kepler, PLATO) yield large numbers of exoplanets: no 
more “just” single objects, but populations characterized by distributions
⇒ Statistical comparison: planetary population synthesis

Planet formation is a complex process

or exoplanet candidates 
like don likes to precise



Global formation & evolution model
Initial Conditions: Probability 
distributions & parameters

Disk gas mass
Disk dust mass
Disk lifetime

From 
observations

Draw and compute 
synthetic 
planet population

Apply observational
detection bias

Model 
solution 
foundMatchNo match: improve, 

change parameters
Match

Observable sub-population
- Distribution of semi-major axis
- Distribution of masses
- Distribution of luminosities
- Distribution of radii

Comparison:

Predictions
(going back to the full 
synthetic population)Observed 

population 

Population Synthesis Principle

Link disk properties ⇒ planet properties

 Ida & Lin 2004-2013, Thommes et al. 2008, Mordasini et al. 2009-2012, Miguel et al. 2011, Hellary & Nelson 2012



Global formation & evolution model
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Simple standard 
models but 
coupled together.Alibert, Mordasini, Benz 2004; Alibert et al. 2005, Mordasini et al. 2012, Foritier et al. 2013, Alibert et al. 2013

protoplanetary
disk evolution
+
Planet model
(gas & solid 
accretion, interior 
structure)
+
orbital migration
+
N-body

based on core
accretion 
paradigm



Example: Jupiter in situ formation
Model assumptions:
• Constant ambient T and P (no disk evolution)
• In situ formation (no migration)
• One planet only (no N-body)

Pollack et al 1996
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•Before gas runaway accretion: R≈RHill (attached)
•Gas runaway accret., detachment and collapse 
•Slow contraction during evolution at constant 
mass over Gyrs



•Small amount of H/He=> strong R increase
•M-R “inversion” for high gas fractions
•Degeneracy of possible compositions
•Temperature (distance) dependence

MRR: low-mass planets with H/He

icy core rocky core

Mordasini et al. 2012, cf Rogers et al. 2011



Synthesis: Formation tracks

1 Msun star - 100 planetary systems - 10 planets/system - nonisothermal type I
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Planetary initial mass function

2009 2013
1 embryo/disk
starting mass: 0.6 MEarth

10 embryos/disk (N-body)
starting mass: 0.01 MEarth

Mordasini et al. 2009

Ida &Lin 2008

Observed mass function (HARPS)

Initial mass function

M. Mayor et al.: The HARPS search for southern extra-solar planets
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Fig. 10. Observed mass histogram for the planets in the combined sam-
ple. Before any bias correction, we can already notice the importance
of the sub-population of low-mass planets. We also remark a gap in the
histogram between planets with masses above and below ⇥30 M�.
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Fig. 11. Same as Fig. 10 but for planets with periods smaller than
100 days. We see the dominance of low-mass planet with short orbital
periods.

our bias estimate and correction. We conclude that this feature
must be real.
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Fig. 12. Histograms of planetary masses, comparing the observed his-
togram (black line) and the equivalent histogram after correction for the
detection bias (red line).
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Fig. 13. Observed period distribution for low-mass planets (m2 sin i <
30 M�)

4.5. Orbital eccentricities of Super-Earth and Neptune-type
planets

Figure 15 displays the orbital eccentricities as a function of the
planetary mass. We can remark the very large scatter of orbital
eccentricities measured for gaseous giant planets, some of them
having eccentricities as large as 0.93. Such very large eccentric-
ities are not observed for planets with masses smaller than about
30 M� for which the most extrem values are limited around 0.45.

9

observed

bias corrected

Observed mass function

Mayor et al. 2011

Synthetic mass function

Mordasini et al. 2009

10 m/s (KS)
1m/s
0.1 m/s
Full Population

Monday 20 February 12

Mayor et al.  2011

Typical for core accretion. Constraint on Mcrit  & gas accretion rate (IL04).
Sudden increase

Alibert et al. 2013, Benz et al. PPVI

Many low-mass planet - much remains to be discovered.



2.
Population wide 
mass-radius 
relationship



Towards a first characterisation
Direct imaging

Microlensing

Radial velocity
& Transits
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•M-R: First geophys. 
characterisation:
 rocky, icy, gaseous

•General trends
•Large diversity
•Inflated giant planets
•Empty regions

•Constraints for formation 
theory beyond the a-M:
-migration (icy planets close-in?)
-efficiency of H/He accretion & loss
 (opacity? atmos. compositions?)

•Understandable with 
theoretical models? 

Mass M [Earth masses]



Formation of the M-R relationship
Mordasini et al. 2012, Molliere & Mordasini 2012

Rapid collapse at 
~0.2 MJ when Z≈ 0.5 
(runaway gas accretion)

After disk dispersal (T>10 
Myrs), slow contraction.

Fraction Z of solids 
(rest H/He)
Orange: Z ≤ 1%
Red: 1 < Z ≤ 5% 
Green: 5 < Z ≤ 20%  

Yellow: 80 < Z ≤ 95% 
Brown: 95 < Z ≤ 99% 
Black: Z > 99%

Blue: 20 < Z ≤ 40% 
Cyan: 40 < Z ≤ 60% 
Magenta: 60 < Z ≤ 80%

R≈RH=a(M/3M✷)1/3

Collapse

Degeneracy

D-fusion

Mstar=1 Msun. a>0.1AU. Non-isothermal type I. cold accretion. 1 embryo/disk, no special inflation mechanisms, no evap.



M-R: comparison with observation
All synt. planets and all planets with 
well known M-R outside 0.1 AU.

S-shape with forbidden zones
-low M ➱ high Z ➱ small R
-high M ➱ low Z ➱ large R

Imprint from core accretion & EOS
 

Comparison with observations fine 
except for KOI-423b. To be tested 
with future observation. Only pri-
mordial H/He.

Orange: Z ≤ 1%
Red: 1 < Z ≤ 5% 
Green: 5 < Z ≤ 20%  

Yellow: 80 < Z ≤ 95% 
Brown: 95 < Z ≤ 99% 
Black: Z > 99%

Blue: 20 < Z ≤ 40% 
Cyan: 40 < Z ≤ 60% 
Magenta: 60 < Z ≤ 80%

Mstar=1 Msun. a>0.1AU. Non-isothermal Type I. Cold accretion. 1 embryo/disk, no special inflation mechanisms, no. evap.



•Radius distribution is bimodal (also 
predicted by Ida & Lin, and Wuchterl)

•Peak at lowest radii. High detection 
rate for very precise transit missions. 

•Only primordial H2/He atmos: 
divergence at low radii expected. 

•Peak at ~ 1 RJ ➱ Giant planets have 
all approx. the same radius 
independent of mass (degeneracy!)

•Bimodality: prediction for PLATO 
(larger orbital periods). 

Planetary radius distribution

20 C. Mordasini et al.: Characterization of exoplanets from their formation II

Table 3. Derived fraction of heavy elements in planets with a >
0.1 AU. The value for the synthetic planet lying closest in the
M � R plane is given and the domain covered by the error bars.
An age of 5 Gyrs is assumed. The planets are approximatively
listed in increasing mass.

Name closest Z Z domain
Kepler-11f ⇠0.95 0.90-0.97
Kepler-11d 0.88 0.84-0.94
Kepler-20d ⇠0.96 >0.89
Kepler-11e ⇠0.78 0.76-0.79
Kepler-10c ⇠0.99 >0.95
Kepler-11c 0.98 >0.85
Uranus 0.88 -
Neptune 0.90 -
Kepler-18d ⇠0.50 0.43-0.52
Kepler-35b ⇠0.37 0.28-0.37
Kepler-9c 0.25 0.24-0.30
Kepler-34b 0.35 0.32-0.39
Kepler-9b 0.30 0.16-0.36
Saturn 0.27 -
Kepler-16b ⇠0.41 0.40-0.44
CoRoT-9b ⇠0.11 0.09-0.11
Jupiter 0.10 -
CoRoT-10b 0.17 0.08-0.18
HD17156b ⇠0.08 0.04-0.11
HD80606b 0.09 0.07-0.10
KOI-423 - (<0.05)

Fig. 13. Predicted radius distribution for planets with primordial
H2/He atmospheres and a radius R > 2R�. Synthetic planets at
all semimajor axes have been included. The age of the popula-
tion is 5 Gyrs.

The distribution has a very characteristic, bimodal shape: A
global maximum at the smallest radii, and a second lower local
maximum at a radius of about one Jovian radius. The increase to-
wards small radii is simply due to the increase of the underlying
mass distribution towards small masses, and that with decreasing

Table 4. Radius distribution for planets with a primordial H2/He
atmosphere and R > 2R�. The first two columns are the radius
bins, while the remaining three columns are the fraction of plan-
ets in the bin at ages of 1, 5, and 10 Gyrs.

R/R� R/RX 1 Gyr 5 Gyrs 10 Gyrs
2.11 0.19 0.134 0.219 0.202
2.31 0.21 0.157 0.137 0.134
2.54 0.23 0.134 0.113 0.135
2.78 0.25 0.101 0.105 0.088
3.05 0.27 0.082 0.077 0.060
3.34 0.30 0.078 0.055 0.053
3.66 0.33 0.059 0.047 0.052
4.02 0.36 0.050 0.037 0.039
4.41 0.39 0.037 0.026 0.027
4.83 0.43 0.023 0.019 0.022
5.30 0.47 0.017 0.016 0.019
5.81 0.52 0.014 0.017 0.020
6.37 0.57 0.014 0.013 0.013
6.98 0.62 0.009 0.009 0.010
7.66 0.68 0.008 0.007 0.008
8.39 0.75 0.007 0.009 0.011
9.20 0.82 0.008 0.009 0.012
10.09 0.90 0.009 0.018 0.022
11.07 0.99 0.022 0.041 0.056
12.13 1.08 0.039 0.024 0.017
13.30 1.19 0.000 0.000 0.000

mass, the fraction of heavy elements increases (Sect. ???). This
means that low-mass planets also have small radii. Note that it
is well possible that the increase towards small radii may even
stronger in reality than predicted by the model. This is due to
the fact that we only include (relatively large) primordial H2/He
envelopes and an initial embryo mass of 0.6 M�.

The second maximum at about a Jovian radius has a funda-
mental reason, too. It is due to the fact that in the giant planet
domain (M & 100M�), planets all have approximately the same
radius, independent of their mass. This is due to the funda-
mental property of matter to become degenerate for such mas-
sive objects, rendering the matter increasingly compressible (e.g.
Chabrier et al. ????). This makes that more massive planets do
not have larger radii, in contrast to the terrestrial or Neptunian
mass domain. This property of the EOS makes that a large num-
ber of planets covering a large range of masses all fall into the
same radius bin (radii between 0.9 and 1.1 RX), causing the max-
imum in the distribution. The local minimum of the distribution
occurs at a radius of 7 to 8 R�. As can been deduced from Fig.
???, this corresponds to masses between ⇠ 20 to ⇠ 200M�, with
a typical mass of ⇠ 70M�. This corresponds to the mass domain
of the “planetary desert” where several planet formation mod-
els (e.g. Ida & Lin ????, Mordasini et al ????) predict a lower
abundance of planets. This additional e↵ect makes the second
maximum even more prominent.

The figure shows the radius distribution at the specific age of
5 Gyrs. In reality, stars of a given sample will have a distribution
of ages. The evolution of the radii at late time (t & 1 Gyr) is,
however, very slow. We have verified that the distribution of the
radii in an age range between 1 to 10 Gyr indeed only changes
very slightly. As expected, there is still a slow contraction occur-
ring, which makes for instance that at an age of 1 Gyr instead of
5 Gyrs, the local maximum in the giant planet domain is shifted
by one bin to the left (i.e. by about 0.1 RX). But the general shape
remains very similar, as can also been seen from Table ????.

GJ12
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b

Mstar=1 Msun. a>0.1AU. Non-isothermal Type I. Cold accretion. 1 embryo/disk, no special inflation mechanisms, no evap.
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M-R conversion

Four parameter fit for the planetary 
MMR (Traub 2011). Determine 
parameters for synthetic population.

t=4.6 Gyr

Conversion R into M
Comparison with observations
Planets with primordial H/He
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Tables available (Mordasini et al. 2012b).

Statistics of the M-R relation Mean M(R)



3.
Impact of 
atmospheric 
escape



Envelope evaporation
Couple evolutionary model with mass loss due to atmospheric escape
(e.g.,Lammer et al. 2003, Baraffe et al. 2004, Erkaev et al. 2007, Murray-Clay et al. 2009, Lopez et al. 2013, Owen & Wu 2013)

UV flux from Ribas et al. 2005. 

FUV,0 from Lecavelier des Etangs 2007
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Figure 8. Summary of important scales in our wind solutions. For a planet
with properties inspired by HD 209458b, the τ = 1 surface to which UV
photons penetrate is located where the local pressure is measured in nanobars,
at about 1.1 times the radius of the 1 bar surface. Below this photoionization
base, the temperature is ∼103 K, close to the effective temperature, as befits an
atmosphere in radiative equilibrium with the incident stellar optical radiation
balancing the planet’s thermal emission. Molecular chemistry (which we do
not model) is important in this regime. Our model is valid above the τ = 1
surface, where the temperature is thermostated to ∼104 K by Lyα cooling. We
demonstrate in Appendix A that our standard wind solution is insensitive to
conditions below the τ = 1 surface, justifying our simple model which treats
only atomic and ionized hydrogen. The sonic point of our wind solutions lies at
2–4 planetary radii, with smaller sonic point distances corresponding to higher
UV fluxes. The Roche lobe radius of the planet at ∼4.5Rp is close enough to
the sonic point radius that tidal gravity is significant. Below the exobase, where
the mean free path to collisions equals the scale height of the atmosphere, the
gas behaves as a fluid. Because the exobase is well outside the sonic point of
our winds, mass loss from hot Jupiters takes the form of a hydrodynamic wind
rather than Jeans escape.

account of tidal gravity in (2) is adequate. There may be other
streamlines where the sonic point is outside the Roche lobe.
Jaritz et al. (2005) suggest that for such streamlines, mass loss
occurs via “geometrical blow-off,” and the Jeans escape criteria
of Lecavelier des Etangs et al. (2004) should be applied. We
disagree; even if the sonic point lies outside the Roche lobe, gas
pressure gradients inside the Roche lobe will drive an outflow,
and wherever the gas remains collisional, the flow must be
solved using the equations of hydrodynamics.

3.2. Energy-Limited Versus Radiation/Recombination-Limited

The two regimes for mass loss that our numerical solution
uncovered—Ṁ ∝ F 0.9

UV at low FUV and Ṁ ∝ F 0.6
UV at high FUV

(Figure 7)—can be understood simply.
At low FUV, the flow is largely “energy limited.” Most of the

energy deposited by photoionizations as heat, i.e., ∼επFUVR2
p ,

goes into PdV work, with little loss to radiation and internal
energy changes (the relative contributions to the energy budget
are given in Section 2.3.1). The PdV work lifts material out
of the planet’s gravitational potential well: measured per unit
mass, the work done is

P ∆V

ρR2
pH

∼
PR3

p

ρR2
pH

∼
ρgHR3

p

ρR2
pH

∼
GMp

Rp
.

Then the energy-limited mass loss rate is given by

Ṁe-lim ∼
επFUVR2

p

GMp/Rp

∼ 6 × 109
( ε

0.3

) (
Rp

1010 cm

)3 (
0.7MJ

Mp

)

(
FUV

450 erg cm−2 s−1

)
g s−1 , (19)

close to the result found numerically at low FUV (the factor of
5 difference in normalization between Equation (19) and the
curve shown in Figure 7 arises mostly because the latter takes
the substellar UV flux and applies it over all 4π steradians,
whereas the former averages the UV flux over the surface of the
planet—hence the factor of π in Equation (19)). Energy-limited
outflows were also found by Watson et al. (1981) who studied
mass loss in the highly conductive atmospheres of the terrestrial
planets.9

At high FUV, the flow is “radiation/recombination limited.”
As quantified in Section 2.3.2, the input UV power is largely
lost to cooling radiation. Radiative losses thermostat the gas
temperature to T ∼ 104 K. Under the approximation that the
wind is isothermal, Ṁ ∼ 4πρscsr

2
s at the sonic point, where

cs = [kT /(mH/2)]1/2 is the isothermal sound speed (the factor
of 2 accounts for the fact that the hydrogen is nearly completely
ionized), rs = GMp

/(
2c2

s

)
, and ρs is the sonic point density.10

Between the τ = 1 surface and the sonic point, the density
structure is nearly hydrostatic, so that

ρs ∼ ρbase exp
[
GMp

Rpc2
s

(
Rp

rs
− 1

)]
.

In the high flux case, the density ρbase at the τ = 1 photoioniza-
tion base is n+,basemH. That density is determined by ionization
equilibrium, which involves a balance between photoionizations
and radiative recombinations (Figure 6):

FUV

hν0
σν0n0,base ∼ n2

+,baseαrec ,

neglecting the order unity flux attenuation at the τ = 1
surface. The base neutral density n0,base ∼ 1/(σν0Hbase) ∼
mHg/(2σν0kT ). This neutral density is fairly insensitive to FUV
(see beginning of Section 2 and compare Figures 2 and 5), and so
we conclude that the radiation/recombination-limited mass-loss
rate is given by

Ṁrr-lim ∼ 4 × 1012
(

FUV

5 × 105 erg cm−2 s−1

)1/2

g s−1 , (20)

similar to the answer found numerically at high FUV.

3.3. Spherical Asymmetry: Day/Night and Tidal Gravity

The mass-loss rates given in all our plots are upper limits
because they take our one-dimensional solution for the substellar
streamline and apply it over 4π steradians. The mass flux is
maximized for the substellar streamline because the substellar

9 Note, however, that Watson et al. (1981) reserve the phrase “energy
limited” for use in another context. Nevertheless, their Equation (2) is
essentially the same as our Equation (19), the “energy-limited” mass-loss rate
in the sense that we use the phrase.
10 See, e.g., Lamers & Cassinelli (1999).

Flux

EUV
Loss
Rate FUV > ~104 erg/(cm2 s)

FUV < ~104 erg/(cm2 s) Energy limited

Radiation-recombination limited
(Murray-Clay et al. 2009)

X-ray
Loss
Rate

ṀX =
4✏XLXR3

p

3GMpa2K(⇠)
FUV < FUV,crit Owen & Jackson 2012

Jackson et al. 2012

Roche
lobe
effect
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critical EUV luminosity at which the ionization front is at the same radius as the sonic point

in the X-ray driven flow, and for EUV luminosity above this critical point the evaporation

would be in the EUV-driven regime. We adopt the criterion of the EUV luminosity for a

EUV driven flow given by Owen & Jackson (2012),

Φ∗ ≥ 1040 s−1
( a

0.1AU

)2
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ṁX

1012 g s−1
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1/3

)

×

(

β
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)(
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10R⊕

)−3

. (1)

where Φ∗ is the EUV luminosity (in photons per second) of the host star, A (typically ≈

1/3) is a geometry factor approximate the steepness of the density fall-off in the ionized part

of the X-ray heated flow (Johnstone et al. 1998), β is the ratio of the X-ray sonic surface

to planet radius and in this work we set it as 1.5, ṁX is the mass flux of the X-ray driven

flow that entering the ionization front. We use an energy limited model to calculate ṁX ,

assuming part of the received energy is converted to PdV work with an efficiency factor ε

(Jackson et al. 2012),

ṁX = ε
4LXR

3
P

3GMPa
2K(ξ)

(2)

where LX is the X-ray luminosity, ξ = Rroche/RP , and

K(ξ) = 1−
3

2ξ
+

1

2ξ3
(3)

accounts for the enhancement of mass-loss rate by a factor 1/K(ξ), because the Roche lobe

of a close-in planet can be fairly close to the planet surface (Erkaev et al. 2007).

Eq. 2 is also used in calculating the mass-loss rate in the X-ray driven evaporation

regime. We use the X-ray luminosity in the wavelength range from 1 to 20 Å as given by

Ribas et al. (2005). Since we could not get the X-ray opacity in our program, RP here

simply is set to planet radius at which τ (optical depth) = 2/3 calculated using Rossland

mean opacity. For comparison, the efficiency factor ε is set to 0.1 or 0.25 for two simulation

groups.

Based on the power of incoming EUV irradiation, the EUV driven gas evaporation could

be divided into two limits (Murray-Clay et al. 2009). If the EUV fluxes is low, evaporation

rate could be estimated by the energy limited model as in the X-ray driven regime. We

adopt the approximation given by Murray-Clay et al. (2009),

Ṁe−lim ∼
εEUV πFEUVR2

EUV

GMp/REUV

(4)

where FEUV is the EUV fluxes given by Ribas et al. (2005), REUV is the planet radius at

pressure ∼ nanobars (at where τ = 1 for UV photons). Here εEUV is the fraction of the
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Example: Super-Earth
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-completely evaporated in ~12 Myrs.
-a little bit of H/He increases the radius by a lot.
-fast decrease from ~2 REarth to R=Rcore when envelope totally lost.

a=0.05 AU
Mcore=4 MEarth
Menv=0.1 MEarth
1 Msun star

Linit=0.1 LJ (s0=7.5 kb/baryon)
Earth-like core (0.33 iron, 0.66 silicate)
X-rays & EUV evaporation
Solar-composition opacity

total radius w/ evap
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Envelope loss: comparisons
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Fig. 4.— Time evolution of the mass and semi-major axis distributions of ∼ 10000 synthetic
planets in the fiducial population, which uses a evaporation model that includes both the

X-ray and EUV driven evaporation mechanism. The color of each point shows the fraction
of lost envelope.
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Fig. 5.— Time evolution of the radius and semi-major axis distributions of the fiducial

population. The color of each point shows the fraction of lost envelope (Mlost/Minit). The
black points are those planets that lose all their initial envelopes.
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Fig. 5.— Time evolution of the radius and semi-major axis distributions of the fiducial
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Comparison with Kepler
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Fig. 5.| The panels show the radius (top panel) and mass (bot-
tom panel) evolution of a planet (20 M⊕) with an equilibrium
temperature of 1300K (∼0.05 AU around a solar type star) and
12: 5 M⊕ rock core, around a 1.5 M" star (dot-dashed), 1 M" star
(solid) & 0.5M" star (dashed). The solid lines are identical to the
solid lines in Figure 2.

∼ 3 M⊕ envelope remaining after 10 Gyrs.
We can go further and compare our evaporation thresh-

old found above for solar type stars to KOIs around other
types of host stars. Lower mass stars (e.g., M-dwarfs)
have higher X-ray  ux, when compared to their bolomet-
ric luminosities. They also remain choromospherically
active for longer periods. Figure 5 shows that, indeed, at
the same equilibrium temperature (measuring the bolo-
metric  ux), planets around lower mass stars are more
severely evaporated.
For a quantitative comparison, we determine the the-

oretical evaporation threshold by extracting a linear re-
lation between the maximum radii and equilibrium tem-
perature, for planets with an initial mass of 20 M⊕ and
a core mass in the range 10 − 15 M⊕, that are orbiting
around a solar-type star and have equilibrium tempera-
ture in the range of 500− 2000 K. Since the total mass
loss roughly scales linearly with the integrated X-ray  ux,
we expect the same radius threshold to apply to planets
around all spectral types, when we arrange them by their
X-ray exposure. This is shown in Figure 6, where the
planets are separated by the spectral type of their parent
star.2 In contrast, we show the same planet radii plotted
against their bolometric exposure. Planets satisfy the
same evaporation threshold only when one considers X-
ray exposure. This argues that the ionizing  ux, not the
bolometric  ux, is what determines the upper envelope.

4.2. Distribution of Radius

2 Since the evolution of the X-ray luminosity is poorly known
for stars < 0: 45 M", we approximate the X-ray evolution of these
stars with that of a 0.45 M" star.

Fig. 6.| The observed radii of KOIs are plotted against their
bolometric exposure (bolometric  ux received at surface integrated
over 10 Gyrs, left panels), and X-ray exposure (same but for X-ray
exposure, using Jackson et al. 2012 values, right panels). The ob-
jects are roughly separated into those around A/F stars (top pan-
els), G/K stars (middle-panels) and M-dwarfs (lower panels, the
red squares stand for the system KOI 961). KOI multis are shown
as open circles while KOI singles as small dots. As predicted by
our models of x-ray evaporation, planets around stars of different
spectral types, while having very different bolometric exposure,
have roughly the same maximum sizes at a given x-ray exposure.
The solid lines show the theoretical evaporation threshold derived
from a linear � t to the black evaporation curves shown in Figure 4.
The right panels demonstrate that planets around different types
of stars satisfy the same maximum radius/X-ray exposure relation
as that found around solar-type stars. One cannot perform the
same exercise in the left panels.
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Fig. 7.| The � nal radii of planets with an initial mass < 20M⊕,
as a function of separation from a sun-like star. Different colours
represent different core masses with blue standing for 15 M⊕ core,
red for 12.5 M⊕ core, black 10 M⊕, magenta 7.5 M⊕ & green
6.5 M⊕. We consider atmospheres as low in mass as one percent
of the core mass. For all models, there is a critical separation
within which the planets are evaporated down to bare cores. This
separation is larger for models with smaller core masses.

Owen & Wu 2013
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Our analysis in the previous sections suggest that the
observed radius cut-off in KOIs is related to the fact that
the most massive KOIs have masses not much exceeding
20M! and that their core masses are roughly half of their
total masses. Here, we investigate the nature of all KOIs
by studying the overall radius distribution.
In Figure 7, we present the � nal radii of multiple se-

quences of planet models with initial cooling times in the
range 3× 106 − 108 years. These have core masses from
6.5 M⊕ to 15 M⊕, and atmosphere masses from approx-
imately one percent of the core mass to much larger val-
ues. The total planet masses are restricted to < 20M⊕.
We do not consider atmospheres with masses below one
percent, motivated by the discussion below. The radii
are evaluated after 10 Gyrs of orbiting around a sun-like
star, though the values differ little if we instead evaluate
at 1 Gyrs (e.g. Lopez et al. 2012; Lammer et al. 2013).
Figure 9 shows the corresponding planet densities as a
function of separation and is discussed in Section 4.3.
The overall population show the general feature noted

previously, that the radius decreases with decreasing sep-
aration. One particularly interesting feature that ap-
pears is a gap in radius between planets that have gaseous
envelopes, and those that are bare cores. For instance,
for the 6.5 M⊕ core models, inward of ∼ 0 : 1 AU, all
planets have their atmospheres stripped away with their
� nal sizes re ecting that of their naked rocky cores; while
outside ∼ 0 : 1 AU, planets can retain atmospheres that
are at least a fraction of a percent in mass, consequently
they have sizes that are markedly larger. This bifurca-
tion generates a gap in planet radius. The orbital sep-
aration at which this gap appears is smaller for planets
that have bigger cores and stronger surface gravity. How-
ever, inside∼ 0 : 03AU there are no surviving planets with
gaseous envelopes.
The origin for this gap is easy to understand. As plan-

ets lose their hydrogen atmosphere, they become increas-
ingly compact and dense, which reduces the mass-loss
rate. However, there is also less hydrogen to lose. So
for planets inside the critical separation, the loss is to-
tal. While for planets just outside the critical separation,
there is a minimum atmosphere mass the planets need to
avoid complete stripping. Any thinner atmosphere will
be easily eroded. This mass is roughly 1% of the total
mass and corresponds to roughly an order unity modi� -
cation to the planet radius. So we expect to see a gap in
planet size. The presence of such a gap naturally arises
in evaporation models, but is not expected in other sce-
narios, for example planet mergers.
In Figure 8, we demonstrate that the radius distri-

bution of KOI multi-planet systems is bi-modal. Most
planets have sizes ∼ 1 : 5R⊕ or 2 : 5R⊕, with a de� cit of
objects at radius ∼ 2R⊕, indicating the presence of a
gap. To con� rm this suspicion, we divide the objects
by their X-ray exposure into a high X-ray group (corre-
sponding to < 0 : 1 AU around a solar-type star) and a
low X-ray group. Strikingly, objects with a high X-ray
exposure mostly have sizes below the gap, at ∼ 1 : 5R⊕,
while objects with a low X-ray exposure typically have
sizes above the gap, at ∼ 2 : 5R⊕. This argues that the
de� cit at 2R⊕ is physical and is associated with X-ray
exposure.
We believe such a connection is real and is not related

to various selection bias in the KOI catalogue. The same

Fig. 8.| The correlation between radii of KOI and their X-
ray exposures. In the left panel, we show the radii of KOIs in
multi-planet systems (in open circles) versus their integrated X-ray
exposure. The division between the red and the green population
corresponds to a distance of 0: 1 AU around a sun-like star. The
black histogram in the right panel is the size distribution of all KOI
multi-planet systems, while green that of the low X-ray group and
red the high X-ray group. The red and green objects have distinctly
different peak sizes, as is expected from our X-ray evaporation
models (Figure 7). While the green objects (with a peak size at
∼ 2: 5R⊕) manage to hold on to some of the hydrogen envelopes
they were born with, most of the red objects have been stripped
down to naked cores (with a peak size at ∼ 1: 5R⊕). The bimodal
size distribution of KOIs is naturally explained by their mass-loss
history (see text).

bi-modal behaviour appears when we consider only KOI
singles, the full KOI catalogue, or when we include only
bright KOI targets, or only dim KOI targets. We further
note that although the values for stellar radii (and there-
fore inferrred planet radii) may be erroneous for some
candidates, such errors are expected to diffuse any fea-
ture rather than to generate it. Better stellar determina-
tions may further sharpen the bimodal feature (see recent
work by Morton & Swift 2013)
The presence of this gap provides strong evidence that

evaporation not only sculpts the upper envelope of planet
sizes, it is also driving the evolution of the majority of
KOI objects, with ∼ 50% of Kepler planet candidates
having experienced signi� cant mass-loss during their life-
times. Comparing the gap location (0 : 1 AU around sun-
like star) against our theoretical calculations, we suggest
that the planet population have predominately low mass
cores ∼ 6 M⊕, and that most started out their lives with
Hydrogen/Helium envelopes of at least a few percent in
mass.
Figure 7 illustrates that the gap radius, as well as the

separation at which this gap appears, are direct probes
of the core properties. An improved investigation on core
composition and mass should be conducted when planet
radii are better determined.

4.3. Comparison of Planet Density

While the KOI catalogue only allows comparison of
planet radius, the small but growing sample of low-mass
planets with measured masses also provides another im-
portant comparison: planet density. In Figure 9, we il-
lustrate planet densities resulting from our integration.
In the density-separation plane, the upper envelope in
planet size is now translated into a lower envelope in
planet density. There is a gap in planet density, similar
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models (Figure 7). While the green objects (with a peak size at
∼ 2: 5R⊕) manage to hold on to some of the hydrogen envelopes
they were born with, most of the red objects have been stripped
down to naked cores (with a peak size at ∼ 1: 5R⊕). The bimodal
size distribution of KOIs is naturally explained by their mass-loss
history (see text).

bi-modal behaviour appears when we consider only KOI
singles, the full KOI catalogue, or when we include only
bright KOI targets, or only dim KOI targets. We further
note that although the values for stellar radii (and there-
fore inferrred planet radii) may be erroneous for some
candidates, such errors are expected to diffuse any fea-
ture rather than to generate it. Better stellar determina-
tions may further sharpen the bimodal feature (see recent
work by Morton & Swift 2013)
The presence of this gap provides strong evidence that

evaporation not only sculpts the upper envelope of planet
sizes, it is also driving the evolution of the majority of
KOI objects, with ∼ 50% of Kepler planet candidates
having experienced signi� cant mass-loss during their life-
times. Comparing the gap location (0 : 1 AU around sun-
like star) against our theoretical calculations, we suggest
that the planet population have predominately low mass
cores ∼ 6 M⊕, and that most started out their lives with
Hydrogen/Helium envelopes of at least a few percent in
mass.
Figure 7 illustrates that the gap radius, as well as the

separation at which this gap appears, are direct probes
of the core properties. An improved investigation on core
composition and mass should be conducted when planet
radii are better determined.

4.3. Comparison of Planet Density

While the KOI catalogue only allows comparison of
planet radius, the small but growing sample of low-mass
planets with measured masses also provides another im-
portant comparison: planet density. In Figure 9, we il-
lustrate planet densities resulting from our integration.
In the density-separation plane, the upper envelope in
planet size is now translated into a lower envelope in
planet density. There is a gap in planet density, similar

Owen & Wu 2013
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Conclusions
PLATO as a large survey with well defined detection bias 
yields quantitative statistical observational constraints that 
are crucial for planet formation and evolution theory.

Mass-radius (or mass-density) diagram is an observational 
result that contains information on several key processes: 
envelope accretion and loss, orbital migration, inflation...

Exoplanets show a large diversity. To still see the global 
trends (i.e., the fundamental physical processes), many 
very well defined M-R measurements are necessary.

Large numbers are also necessary because what we 
really want is a M-R-a-Mstar-[Fe/H]-t relation.

Tha
nks!




