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Why bother about moons?

They tell us about the fine structure of planet formation.

(1) Earth and Moon formed after a giant collision (Hartmann & Davis 1975).

(3) The tilt of Uranian moon system suggests multiple giant impacts on
      the young Uranus (Morbidelli+ 2012).

(4) Neptune captured Triton from a minor body binary (Agnor & Hamilton 2006).

     Moons could outnumber planets in the stellar HZs (Heller & Barnes 2014).
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(2) The Galilean moons constrain the late stages in Jupiter’s accretion disk
      (Canup & Ward 2006).



Why bother about exomoons?

They could be detectable with Kepler and Plato 2.0.

• The “Hunt for Exomoons with Kepler” (Kipping et al. 2012) searches TTV and 
TDV of transiting planets.
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They could be detectable with Kepler and Plato 2.0.

• Ganymede-sized moons can be detected by Kepler and Plato 2.0 (Heller 2014).
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A CRIRES-like spectrograph at E-ELT can determine a moon’s sense of 
orbital motion via the Rossiter-McLaughlin effect.

A Giant Planet Imaged in the Disk
of the Young Star b Pictoris
A.-M. Lagrange,1* M. Bonnefoy,1 G. Chauvin,1 D. Apai,2 D. Ehrenreich,1 A. Boccaletti,3
D. Gratadour,3 D. Rouan,3 D. Mouillet,1 S. Lacour,3 M. Kasper4

Here, we show that the ~10-million-year-old b Pictoris system hosts a massive giant planet, b Pictoris b,
located 8 to 15 astronomical units from the star. This result confirms that gas giant planets form rapidly
within disks and validates the use of disk structures as fingerprints of embedded planets. Among the few
planets already imaged, b Pictoris b is the closest to its parent star. Its short period could allow for
recording of the full orbit within 17 years.

Gasgiant planets form from dusty gas-rich
disks that surround young stars through
processes that are not completely under-

stood. Two general mechanisms of such planets
have been identified (1): (i) disk fragmentation
and (ii) accretion of gas onto a solid, typically
with a 5 to 10 Earth-mass (MEarth) core. Cur-
rently, available models do not offer a detailed
description of all of the physical and dynamical
steps involved in these processes. The lifetime of
gas-rich disks limits the availability of nebular
gas and, thus, defines the time window in which
gas giant planets can form. Once formed, giant
planets are predicted to interact with the disk and
distort it, possibly leading to characteristic disk
structures that can be used to infer the presence of
planets and to constrain their orbits. Up to now,
most giant planets have been detected around
stars that are several orders of magnitude older
than the lifetime of gas-rich circumstellar disks,
preventing the validation of models of disk-planet
interactions and the final phases of giant planet
accretion.

The young [~12+8–4 million years (My)],
nearby to the Sun (and, consequently, to Earth)
(19.3 T 0.2 pc), 1.75-solar-mass (MSun) star b
Pictoris (2, 3) hosts a wide (several hundreds of
astronomical units), tenuous edge-on circum-
stellar dust disk (4). It is composed of dust
particles continuously replenished through colli-
sions of larger solid bodies (planetesimals,
comets) and is referred to as a debris disk (5, 6),
in contrast to more massive gas-rich counterparts
around younger (ages of a few million years)
stars. This disk has been studied in great detail
over the past 25 years. Observations at optical to

the thermal infrared wavelengths revealed mul-
tiple disk structures (7–9), as well as asymmetries
in disk size, scale height, and surface-brightness
distributions (10, 11).

Some of these structures and asymmetries
have been theoretically linked to the presence of
one or more massive planets. An inner warp in
the disk plane (12, 13), in particular, can be
reproduced by detailed models that include a
planetary-mass companion (13, 14). In addition,
spectroscopic observations over several years
revealed sporadic high-velocity infall of ionized
gas to the star, attributed to the evaporation of
cometlike bodies grazing the star (5, 15, 16). The
observed comet infall has been attributed to the
gravitational perturbations by a giant planet with-
in the disk (17). Taken together, these data and
models suggest that the b Pictoris disk is populated
by dust, gas, solid kilometer-sized bodies, and
possibly one or more planets.

Near-infrared images of b Pictoris obtained in
2003 (18) show a faint (apparent magnitude L′ =
11.2 mag) pointlike source at ~8 astronomical
units (AU) in projected separation from the star,
within the northeast side of the dust disk. How-
ever, these data were not sufficient to determine
whether this source was a gravitationally bound
companion or an unrelated background star,
whose projected position in the plane of the sky

happened to be close to b Pictoris. Further ob-
servations in January and February 2009 did not
detect the companion candidate (19, 20), an out-
come fully consistent with the proper motion of b
Pictoris with respect to a background star and
with the orbital motion of a physically bound
companion.

Here, we present high-contrast and high-
spatial–resolution near-infrared images obtained
in October, November, and December 2009 with
the European Southern Observatory’s Very Large
Telescope’s (VLT) Adaptive Optics NaCo instru-
ment (21, 22) [see the supporting online material
(SOM) for more details on the observations and
data reduction]. The images obtained in October
2009 (Fig. 1) show a faint point source southwest
of the star, with a brightness (DL = L* – L = 7.8 T
0.3 mag, where L* is the apparent L-band magni-
tude of the star and L is the apparent L-band mag-
nitude of the planet) comparable to that (DL= L* –
L = 7.7 T 0.3) of the source-detected northeast
side of b Pictoris in November 2003 (Fig. 1). The
source lies at a projected separation of 297.6 T
16.3 milli–arc second (mas) and at a position
angle (PA) of 210.6 T 3.6°. Within the error bars,
the source is located in the plane of the disk. To
confirm the signal detected southwest of b
Pictoris in October 2009, we gathered further
data in November and December 2009. Together,
these data confirm the detection made in October
2009 (see SOM).

The images show that the source detected in
November 2003 could not have been a background
object (Fig. 2). If it was a background object, given
the star’s proper motion (table S1, SOM), the
November 2003 source would be located and
detectable 5.1 AU away, southeast (PA = 147.5°)
of b Pictoris in the fall of 2009. The data do not
show such a source (fig. S2). On the contrary, the
source position in fall 2009 is compatible with the
projected position in November 2003 if the source
is gravitationally bound to the star (see below).

Based on the system age, distance, and
apparent brightness of the companion, the widely
used Baraffe et al. (23) evolutionary models
predict a mass of ~9 T 3 Jupiter masses (MJup).

REPORTS

Fig. 1. b Pictoris imaged at L′ band (3.78 microns) with the VLT/NaCo instrument in November 2003
(left) and the fall of 2009 (right). We used images of the comparison star HR2435 to estimate and
remove the stellar halo (see SOM). Similar results are obtained when using angular differential imaging
(see SOM).
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(Lagrange et al. 2010, NaCo @ VLT) (Heller & Albrecht 2014, submitted)
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Why bother about exomoons?

beta Pic b



We trace H2O ice lines in accretion disks around super-Jovian planets
(Heller & Pudritz 2014, submitted).

• 2D semi-analytical model
in vertical hydrostatic balance
(based on Canup & Ward 2006;
Makalkin & Dorofeeva 2014;
Machida+ 2008; Mordasini 2013)

• rotationally symmetric
circumplanetary disk with
(1) planetary irradiation
(2) viscous heating
(3) accretional heating
(4) heating from the ambient stellar nebula

René Heller
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Can giant planets form giant moons?

FIGURE UNDER
PUBLICATION EMBARGO
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H2O ice lines around accreting super-Jovians

M13 =  Mordasini (2013) — Thanks Christoph!

FIGURE UNDER
PUBLICATION EMBARGO
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H2O ice lines around accreting super-Jovians

(Heller & Pudritz 2014, submitted)

FIGURE UNDER
PUBLICATION EMBARGO
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H2O ice lines around accreting super-Jovians

(Heller & Pudritz 2014, submitted)

We randomize disk opacities (κP) and shutdown accretion rates (Ṁshut).

Dust-to-mass ratio is X = 0.006, all planets are at 5.2 AU from a Sun. 

FIGURE UNDER
PUBLICATION EMBARGO
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H2O ice lines around accreting super-Jovians

FIGURE AND CONCLUSIONS 
UNDER

PUBLICATION EMBARGO
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H2O ice lines around accreting super-Jovians
C. Mordasini et al.: GlobalModels of Planet Formation and Evolution 3

40 III. Selected Research Areas 

Since hot Jupiters are much more easily detected by 
both the radial velocity and the transit method relative 
to low-mass (respectively small) planets, their number is 
still lower in Fig. III.1.1, which is not corrected for the 
observational biases. Two statistical distributions which 
are linked to the a – M diagram are the semimajor axis 
distribution and the planetary mass function, which is 
studied below.

The right panel shows the radius of the extrasolar 
planets and the planets of the Solar System as a function 
of mass. The most recent breakthrough in the observa-
tion of exoplanets is that it has become possible to not 
only detect exoplanets, but also to start characterizing 
them. In this context, the planetary mass-radius diagram 
is probably the most central representation. The impor-
tance of the M– R plot stems from its information con-
tent about the inner bulk composition of planets which 
is the first, very basic geophysical characterization of a 
planet. In the Solar System, we have three fundamental 
types of planets, namely terrestrial, gas giant and ice gi-
ant planets. The imprint of the bulk composition on the 
radius is indicated by theoretical lines. Two lines show 
the theoretical mass-radius relationship for solid planets 
made of silicates and iron, and of water, while the third 
line shows the M – R for giant planets consisting most-
ly of H/He. Being able to understand and reproduce in 
a model this second fundamental figure is another goal 
of planetary population synthesis. The reason for the im-
portance for formation theory stems from the fact that it 
contains additional constraints on the formation process, 
which we cannot derive from the mass-distance diagram 

alone. An example are the observational constraints 
coming from the M – R diagram on the extent of orbital 
migration. Efficient inward migration brings ice-dom-
inated, low-density planets from the outer parts of the 
disk close to the star. These planets can be distinguished 
from planets consisting only of silicates and iron, which 
have presumably formed in situ in the inner, hotter parts 
of the disk. In future, the atmospheric composition of 
exoplanets as measured by, e.g., the planned EChO mis-
sion will provide additional, important constraints.

Another important goal of population synthesis that 
goes beyond the purely planetary properties is to under-
stand the correlations between planetary and host star 
properties.

Population synthesis method

The general framework for population synthesis calcu-
lations is shown in Fig. III.1.2. With this framework, 
theoretical formation models can be tested how far 
they can reproduce the statistical properties of the en-
tire known population. The most important ingredient is 
the planet formation and evolution model which estab-
lishes the link between disk and planetary properties. It 
will be addressed below. The second central ingredients 
are sets of initial conditions. These sets are drawn in a 
Monte Carlo way from probability distributions. These 
probability distributions represent the different proper-
ties of protoplanetary disks and are derived as closely 
as possible from observational results regarding the 
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Fig. III.1.1: Two of the most important statistical observational 
constraints for planet formation theory. The left panel shows the 
semimajor axis – mass diagram of the extrasolar planets. The 
different colors indicate the observational detection technique. 
The right panel shows the observed mass-radius relationship 
of the extrasolar planets (red points), together with theoretical 

mass-radius lines for planets of different compositions. In both 
panels, the planets of the Solar System are also shown. Note 
that these figures are not corrected for the various observational 
biases, which favor for the radial velocity and the transit tech-
nique the detection of close-in, giant planets.
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Since hot Jupiters are much more easily detected by 
both the radial velocity and the transit method relative 
to low-mass (respectively small) planets, their number is 
still lower in Fig. III.1.1, which is not corrected for the 
observational biases. Two statistical distributions which 
are linked to the a – M diagram are the semimajor axis 
distribution and the planetary mass function, which is 
studied below.

The right panel shows the radius of the extrasolar 
planets and the planets of the Solar System as a function 
of mass. The most recent breakthrough in the observa-
tion of exoplanets is that it has become possible to not 
only detect exoplanets, but also to start characterizing 
them. In this context, the planetary mass-radius diagram 
is probably the most central representation. The impor-
tance of the M– R plot stems from its information con-
tent about the inner bulk composition of planets which 
is the first, very basic geophysical characterization of a 
planet. In the Solar System, we have three fundamental 
types of planets, namely terrestrial, gas giant and ice gi-
ant planets. The imprint of the bulk composition on the 
radius is indicated by theoretical lines. Two lines show 
the theoretical mass-radius relationship for solid planets 
made of silicates and iron, and of water, while the third 
line shows the M – R for giant planets consisting most-
ly of H/He. Being able to understand and reproduce in 
a model this second fundamental figure is another goal 
of planetary population synthesis. The reason for the im-
portance for formation theory stems from the fact that it 
contains additional constraints on the formation process, 
which we cannot derive from the mass-distance diagram 

alone. An example are the observational constraints 
coming from the M – R diagram on the extent of orbital 
migration. Efficient inward migration brings ice-dom-
inated, low-density planets from the outer parts of the 
disk close to the star. These planets can be distinguished 
from planets consisting only of silicates and iron, which 
have presumably formed in situ in the inner, hotter parts 
of the disk. In future, the atmospheric composition of 
exoplanets as measured by, e.g., the planned EChO mis-
sion will provide additional, important constraints.

Another important goal of population synthesis that 
goes beyond the purely planetary properties is to under-
stand the correlations between planetary and host star 
properties.

Population synthesis method

The general framework for population synthesis calcu-
lations is shown in Fig. III.1.2. With this framework, 
theoretical formation models can be tested how far 
they can reproduce the statistical properties of the en-
tire known population. The most important ingredient is 
the planet formation and evolution model which estab-
lishes the link between disk and planetary properties. It 
will be addressed below. The second central ingredients 
are sets of initial conditions. These sets are drawn in a 
Monte Carlo way from probability distributions. These 
probability distributions represent the different proper-
ties of protoplanetary disks and are derived as closely 
as possible from observational results regarding the 
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Fig. III.1.1: Two of the most important statistical observational 
constraints for planet formation theory. The left panel shows the 
semimajor axis – mass diagram of the extrasolar planets. The 
different colors indicate the observational detection technique. 
The right panel shows the observed mass-radius relationship 
of the extrasolar planets (red points), together with theoretical 

mass-radius lines for planets of different compositions. In both 
panels, the planets of the Solar System are also shown. Note 
that these figures are not corrected for the various observational 
biases, which favor for the radial velocity and the transit tech-
nique the detection of close-in, giant planets.
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Since hot Jupiters are much more easily detected by 
both the radial velocity and the transit method relative 
to low-mass (respectively small) planets, their number is 
still lower in Fig. III.1.1, which is not corrected for the 
observational biases. Two statistical distributions which 
are linked to the a – M diagram are the semimajor axis 
distribution and the planetary mass function, which is 
studied below.

The right panel shows the radius of the extrasolar 
planets and the planets of the Solar System as a function 
of mass. The most recent breakthrough in the observa-
tion of exoplanets is that it has become possible to not 
only detect exoplanets, but also to start characterizing 
them. In this context, the planetary mass-radius diagram 
is probably the most central representation. The impor-
tance of the M– R plot stems from its information con-
tent about the inner bulk composition of planets which 
is the first, very basic geophysical characterization of a 
planet. In the Solar System, we have three fundamental 
types of planets, namely terrestrial, gas giant and ice gi-
ant planets. The imprint of the bulk composition on the 
radius is indicated by theoretical lines. Two lines show 
the theoretical mass-radius relationship for solid planets 
made of silicates and iron, and of water, while the third 
line shows the M – R for giant planets consisting most-
ly of H/He. Being able to understand and reproduce in 
a model this second fundamental figure is another goal 
of planetary population synthesis. The reason for the im-
portance for formation theory stems from the fact that it 
contains additional constraints on the formation process, 
which we cannot derive from the mass-distance diagram 

alone. An example are the observational constraints 
coming from the M – R diagram on the extent of orbital 
migration. Efficient inward migration brings ice-dom-
inated, low-density planets from the outer parts of the 
disk close to the star. These planets can be distinguished 
from planets consisting only of silicates and iron, which 
have presumably formed in situ in the inner, hotter parts 
of the disk. In future, the atmospheric composition of 
exoplanets as measured by, e.g., the planned EChO mis-
sion will provide additional, important constraints.

Another important goal of population synthesis that 
goes beyond the purely planetary properties is to under-
stand the correlations between planetary and host star 
properties.

Population synthesis method

The general framework for population synthesis calcu-
lations is shown in Fig. III.1.2. With this framework, 
theoretical formation models can be tested how far 
they can reproduce the statistical properties of the en-
tire known population. The most important ingredient is 
the planet formation and evolution model which estab-
lishes the link between disk and planetary properties. It 
will be addressed below. The second central ingredients 
are sets of initial conditions. These sets are drawn in a 
Monte Carlo way from probability distributions. These 
probability distributions represent the different proper-
ties of protoplanetary disks and are derived as closely 
as possible from observational results regarding the 
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biases, which favor for the radial velocity and the transit tech-
nique the detection of close-in, giant planets.

Cr
ed

it:
 C

. M
or

da
sin

i

Fig. 1. Semimajor axis - mass diagram of extrasolar plan-
ets. The colors show the observational technique that was
used for the detection. The figure is not corrected for the
various observational biases that favor for the radial veloc-
ity and the transit technique the detection of close-in, giant
planets. The planets of the Solar System are also shown
for comparison. Data from www.exoplanet.eu (Schneider
et al. 2011).

2.1. Semimajor axis - mass diagram

Figure 1 shows the planetary semimajor axis-mass (a-M)
diagram. It is a classical observational constraint for popu-
lation synthesis and is still one of the most important obser-
vational results. Explaining the structures seen in this plots
is one of the goals of planetary population synthesis. The
extreme diversity, but also the existence of certain struc-
tures in the a-M diagram is visible. For extrasolar planets,
the mass-distance diagram has become a representation
of similar importance as the Hertzsprung-Russell diagram
for stellar astrophysics (Ida & Lin 2004a).

In the plot, one can distinguish several groups of plan-
ets. There are, for example, massive close-in planets with-
out an equivalent in the Solar System. Such hot Jupiters are
found around approximately 1% of solar-like stars (Marcy
et al. 2005; Howard et al. 2010; Mayor et al. 2011). A class
of extrasolar planets that has only been detected in the last
few years thanks to the progress in the observational pre-
cision are low-mass planets with masses between 1 to 30
M� (Earth masses). These super-Earths and mini-Neptunes
seem to be very abundant, since every second FGK star is
found to have such a companion with a period of up to 100
days (Mayor et al. 2011). This result is at least in qualita-
tive agreement with the analysis derived from the Kepler
mission which also detects an extremely numerous popu-
lation of planets with small radii . 4R� (e.g., Howard et al.
2012; Fressin et al. 2013). Since hot Jupiters are much more
easily detected by both the radial velocity and the transit
method compared to low-mass (respectively small) plan-
ets, the number of such low-mass planet is underestimated
in Fig. 1 which is not corrected for observational biases.

If we further inspect Figure 1, we may ask whether it
points to a statistically significant deficit of planets with a
mass of approximately 40 Earth masses (so-called “plane-
tary desert”, Ida & Lin 2004b). This is, among many others,
a very interesting question from a theoretical point of view
that will be discussed later on (Sect. 6.1, see also Mordasini
et al. 2011).

The semimajor axis distribution and the planetary mass
function are two fundamental 1D statistical distributions
that are encoded into the a-M diagram. These distributions
are (besides of the radius distribution) of prime interest for
statistical studies (e.g., Ida & Lin 2004b; Thommes et al.
2008; Mordasini et al. 2009a) and can be compared to theo-
retical results with Kolmogorov-Smirnov tests (Mordasini
et al. 2009b). The planetary initial mass distribution is fur-
ther addressed in Sect. 6.1.

In the figure there are also planets that were discov-
ered by direct imaging. In this technique, one measures of
course not the mass, but the luminosity of a planet. The
conversion of luminosity into mass is model dependent
and uncertain as shown by Marley et al. (2007) or Spiegel
& Burrows (2012). In Mordasini (2013) a new aspect was
pointed out which is important for the conversion of lumi-
nosity into mass. It is found, perhaps surprisingly at first
sight, that the post-formation luminosity of giant planets
formed by core accretion depends significantly on the mass
of the solid core. We address this finding in Sect. 6.4.

2.2. Mass-radius diagram

Figure 2 shows the observed mass-radius diagram of the
extrasolar planets and compares it with three theoretical
mass-radius relationships for planets with di↵erent bulk
compositions (from Mordasini et al. 2012b). The combina-
tion of measurements of the radius of a transiting planet
(first by Henry et al. 2000 and Charbonneau et al. 2000) and
its mass (via radial velocity) makes it possible to derive the
mean density of the planet. In the past years, such com-
bined measurements were made for many exoplanets, so
that the planetary mass-radius diagram became known2.
It is an observational result of similar importance as the
semimajor axis-mass diagram. One notes that as in the a-M
diagram there is a large diversity, but that there are also
clear trends leading, e.g., to regions in the plot that are not
populated.

A surprising observational result was the discovery of
numerous “inflated” planets with radii much larger than
Jupiter which was not predicted from standard planet
evolution theory. It is now clear (Miller & Fortney 2011;
Demory & Seager 2011) that these bloated radii are re-
lated to the proximity of the planets to the host star (most
currently known transiting planets have small orbital dis-
tances of a few 0.1 AU or less due to the decreasing geo-
metrical transit probability with distance). The exact mech-
anism that leads to the large radii is still not completely
understood. Several possible explanations have been put

2 Note that the mass-radius relation is a function of time at
least for planets with a significant gaseous envelope because they
contract on Gyr timescales. The a-M is usually more static at late
times (several Gyrs after formation). But at early times (typically a
few 10-100 Myrs after the dissipation of the protoplanetary disk)
it also evolves due to giant impacts, gravitational interactions,
and atmospheric mass loss.

(Mordasini+ 2014)
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Since hot Jupiters are much more easily detected by 
both the radial velocity and the transit method relative 
to low-mass (respectively small) planets, their number is 
still lower in Fig. III.1.1, which is not corrected for the 
observational biases. Two statistical distributions which 
are linked to the a – M diagram are the semimajor axis 
distribution and the planetary mass function, which is 
studied below.

The right panel shows the radius of the extrasolar 
planets and the planets of the Solar System as a function 
of mass. The most recent breakthrough in the observa-
tion of exoplanets is that it has become possible to not 
only detect exoplanets, but also to start characterizing 
them. In this context, the planetary mass-radius diagram 
is probably the most central representation. The impor-
tance of the M– R plot stems from its information con-
tent about the inner bulk composition of planets which 
is the first, very basic geophysical characterization of a 
planet. In the Solar System, we have three fundamental 
types of planets, namely terrestrial, gas giant and ice gi-
ant planets. The imprint of the bulk composition on the 
radius is indicated by theoretical lines. Two lines show 
the theoretical mass-radius relationship for solid planets 
made of silicates and iron, and of water, while the third 
line shows the M – R for giant planets consisting most-
ly of H/He. Being able to understand and reproduce in 
a model this second fundamental figure is another goal 
of planetary population synthesis. The reason for the im-
portance for formation theory stems from the fact that it 
contains additional constraints on the formation process, 
which we cannot derive from the mass-distance diagram 

alone. An example are the observational constraints 
coming from the M – R diagram on the extent of orbital 
migration. Efficient inward migration brings ice-dom-
inated, low-density planets from the outer parts of the 
disk close to the star. These planets can be distinguished 
from planets consisting only of silicates and iron, which 
have presumably formed in situ in the inner, hotter parts 
of the disk. In future, the atmospheric composition of 
exoplanets as measured by, e.g., the planned EChO mis-
sion will provide additional, important constraints.

Another important goal of population synthesis that 
goes beyond the purely planetary properties is to under-
stand the correlations between planetary and host star 
properties.

Population synthesis method

The general framework for population synthesis calcu-
lations is shown in Fig. III.1.2. With this framework, 
theoretical formation models can be tested how far 
they can reproduce the statistical properties of the en-
tire known population. The most important ingredient is 
the planet formation and evolution model which estab-
lishes the link between disk and planetary properties. It 
will be addressed below. The second central ingredients 
are sets of initial conditions. These sets are drawn in a 
Monte Carlo way from probability distributions. These 
probability distributions represent the different proper-
ties of protoplanetary disks and are derived as closely 
as possible from observational results regarding the 
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mass-radius lines for planets of different compositions. In both 
panels, the planets of the Solar System are also shown. Note 
that these figures are not corrected for the various observational 
biases, which favor for the radial velocity and the transit tech-
nique the detection of close-in, giant planets.
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Since hot Jupiters are much more easily detected by 
both the radial velocity and the transit method relative 
to low-mass (respectively small) planets, their number is 
still lower in Fig. III.1.1, which is not corrected for the 
observational biases. Two statistical distributions which 
are linked to the a – M diagram are the semimajor axis 
distribution and the planetary mass function, which is 
studied below.

The right panel shows the radius of the extrasolar 
planets and the planets of the Solar System as a function 
of mass. The most recent breakthrough in the observa-
tion of exoplanets is that it has become possible to not 
only detect exoplanets, but also to start characterizing 
them. In this context, the planetary mass-radius diagram 
is probably the most central representation. The impor-
tance of the M– R plot stems from its information con-
tent about the inner bulk composition of planets which 
is the first, very basic geophysical characterization of a 
planet. In the Solar System, we have three fundamental 
types of planets, namely terrestrial, gas giant and ice gi-
ant planets. The imprint of the bulk composition on the 
radius is indicated by theoretical lines. Two lines show 
the theoretical mass-radius relationship for solid planets 
made of silicates and iron, and of water, while the third 
line shows the M – R for giant planets consisting most-
ly of H/He. Being able to understand and reproduce in 
a model this second fundamental figure is another goal 
of planetary population synthesis. The reason for the im-
portance for formation theory stems from the fact that it 
contains additional constraints on the formation process, 
which we cannot derive from the mass-distance diagram 

alone. An example are the observational constraints 
coming from the M – R diagram on the extent of orbital 
migration. Efficient inward migration brings ice-dom-
inated, low-density planets from the outer parts of the 
disk close to the star. These planets can be distinguished 
from planets consisting only of silicates and iron, which 
have presumably formed in situ in the inner, hotter parts 
of the disk. In future, the atmospheric composition of 
exoplanets as measured by, e.g., the planned EChO mis-
sion will provide additional, important constraints.

Another important goal of population synthesis that 
goes beyond the purely planetary properties is to under-
stand the correlations between planetary and host star 
properties.

Population synthesis method

The general framework for population synthesis calcu-
lations is shown in Fig. III.1.2. With this framework, 
theoretical formation models can be tested how far 
they can reproduce the statistical properties of the en-
tire known population. The most important ingredient is 
the planet formation and evolution model which estab-
lishes the link between disk and planetary properties. It 
will be addressed below. The second central ingredients 
are sets of initial conditions. These sets are drawn in a 
Monte Carlo way from probability distributions. These 
probability distributions represent the different proper-
ties of protoplanetary disks and are derived as closely 
as possible from observational results regarding the 
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Fig. III.1.1: Two of the most important statistical observational 
constraints for planet formation theory. The left panel shows the 
semimajor axis – mass diagram of the extrasolar planets. The 
different colors indicate the observational detection technique. 
The right panel shows the observed mass-radius relationship 
of the extrasolar planets (red points), together with theoretical 

mass-radius lines for planets of different compositions. In both 
panels, the planets of the Solar System are also shown. Note 
that these figures are not corrected for the various observational 
biases, which favor for the radial velocity and the transit tech-
nique the detection of close-in, giant planets.
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to low-mass (respectively small) planets, their number is 
still lower in Fig. III.1.1, which is not corrected for the 
observational biases. Two statistical distributions which 
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distribution and the planetary mass function, which is 
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is probably the most central representation. The impor-
tance of the M– R plot stems from its information con-
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radius is indicated by theoretical lines. Two lines show 
the theoretical mass-radius relationship for solid planets 
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ly of H/He. Being able to understand and reproduce in 
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contains additional constraints on the formation process, 
which we cannot derive from the mass-distance diagram 

alone. An example are the observational constraints 
coming from the M – R diagram on the extent of orbital 
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inated, low-density planets from the outer parts of the 
disk close to the star. These planets can be distinguished 
from planets consisting only of silicates and iron, which 
have presumably formed in situ in the inner, hotter parts 
of the disk. In future, the atmospheric composition of 
exoplanets as measured by, e.g., the planned EChO mis-
sion will provide additional, important constraints.

Another important goal of population synthesis that 
goes beyond the purely planetary properties is to under-
stand the correlations between planetary and host star 
properties.

Population synthesis method

The general framework for population synthesis calcu-
lations is shown in Fig. III.1.2. With this framework, 
theoretical formation models can be tested how far 
they can reproduce the statistical properties of the en-
tire known population. The most important ingredient is 
the planet formation and evolution model which estab-
lishes the link between disk and planetary properties. It 
will be addressed below. The second central ingredients 
are sets of initial conditions. These sets are drawn in a 
Monte Carlo way from probability distributions. These 
probability distributions represent the different proper-
ties of protoplanetary disks and are derived as closely 
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Fig. 1. Semimajor axis - mass diagram of extrasolar plan-
ets. The colors show the observational technique that was
used for the detection. The figure is not corrected for the
various observational biases that favor for the radial veloc-
ity and the transit technique the detection of close-in, giant
planets. The planets of the Solar System are also shown
for comparison. Data from www.exoplanet.eu (Schneider
et al. 2011).

2.1. Semimajor axis - mass diagram

Figure 1 shows the planetary semimajor axis-mass (a-M)
diagram. It is a classical observational constraint for popu-
lation synthesis and is still one of the most important obser-
vational results. Explaining the structures seen in this plots
is one of the goals of planetary population synthesis. The
extreme diversity, but also the existence of certain struc-
tures in the a-M diagram is visible. For extrasolar planets,
the mass-distance diagram has become a representation
of similar importance as the Hertzsprung-Russell diagram
for stellar astrophysics (Ida & Lin 2004a).

In the plot, one can distinguish several groups of plan-
ets. There are, for example, massive close-in planets with-
out an equivalent in the Solar System. Such hot Jupiters are
found around approximately 1% of solar-like stars (Marcy
et al. 2005; Howard et al. 2010; Mayor et al. 2011). A class
of extrasolar planets that has only been detected in the last
few years thanks to the progress in the observational pre-
cision are low-mass planets with masses between 1 to 30
M� (Earth masses). These super-Earths and mini-Neptunes
seem to be very abundant, since every second FGK star is
found to have such a companion with a period of up to 100
days (Mayor et al. 2011). This result is at least in qualita-
tive agreement with the analysis derived from the Kepler
mission which also detects an extremely numerous popu-
lation of planets with small radii . 4R� (e.g., Howard et al.
2012; Fressin et al. 2013). Since hot Jupiters are much more
easily detected by both the radial velocity and the transit
method compared to low-mass (respectively small) plan-
ets, the number of such low-mass planet is underestimated
in Fig. 1 which is not corrected for observational biases.

If we further inspect Figure 1, we may ask whether it
points to a statistically significant deficit of planets with a
mass of approximately 40 Earth masses (so-called “plane-
tary desert”, Ida & Lin 2004b). This is, among many others,
a very interesting question from a theoretical point of view
that will be discussed later on (Sect. 6.1, see also Mordasini
et al. 2011).

The semimajor axis distribution and the planetary mass
function are two fundamental 1D statistical distributions
that are encoded into the a-M diagram. These distributions
are (besides of the radius distribution) of prime interest for
statistical studies (e.g., Ida & Lin 2004b; Thommes et al.
2008; Mordasini et al. 2009a) and can be compared to theo-
retical results with Kolmogorov-Smirnov tests (Mordasini
et al. 2009b). The planetary initial mass distribution is fur-
ther addressed in Sect. 6.1.

In the figure there are also planets that were discov-
ered by direct imaging. In this technique, one measures of
course not the mass, but the luminosity of a planet. The
conversion of luminosity into mass is model dependent
and uncertain as shown by Marley et al. (2007) or Spiegel
& Burrows (2012). In Mordasini (2013) a new aspect was
pointed out which is important for the conversion of lumi-
nosity into mass. It is found, perhaps surprisingly at first
sight, that the post-formation luminosity of giant planets
formed by core accretion depends significantly on the mass
of the solid core. We address this finding in Sect. 6.4.

2.2. Mass-radius diagram

Figure 2 shows the observed mass-radius diagram of the
extrasolar planets and compares it with three theoretical
mass-radius relationships for planets with di↵erent bulk
compositions (from Mordasini et al. 2012b). The combina-
tion of measurements of the radius of a transiting planet
(first by Henry et al. 2000 and Charbonneau et al. 2000) and
its mass (via radial velocity) makes it possible to derive the
mean density of the planet. In the past years, such com-
bined measurements were made for many exoplanets, so
that the planetary mass-radius diagram became known2.
It is an observational result of similar importance as the
semimajor axis-mass diagram. One notes that as in the a-M
diagram there is a large diversity, but that there are also
clear trends leading, e.g., to regions in the plot that are not
populated.

A surprising observational result was the discovery of
numerous “inflated” planets with radii much larger than
Jupiter which was not predicted from standard planet
evolution theory. It is now clear (Miller & Fortney 2011;
Demory & Seager 2011) that these bloated radii are re-
lated to the proximity of the planets to the host star (most
currently known transiting planets have small orbital dis-
tances of a few 0.1 AU or less due to the decreasing geo-
metrical transit probability with distance). The exact mech-
anism that leads to the large radii is still not completely
understood. Several possible explanations have been put

2 Note that the mass-radius relation is a function of time at
least for planets with a significant gaseous envelope because they
contract on Gyr timescales. The a-M is usually more static at late
times (several Gyrs after formation). But at early times (typically a
few 10-100 Myrs after the dissipation of the protoplanetary disk)
it also evolves due to giant impacts, gravitational interactions,
and atmospheric mass loss.
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H2O ice lines around accreting super-Jovians

(Mordasini+ 2014)

These super-Jovians 
should be orbited by 
Mars-mass moons!
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