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ABSTRACT

Context. This is the second paper in a series of papers showing the results of extrasolar planet population synthesis calculations using
our extended core accretion model. In the companion paper (Paper I), we presented in detail the methods we use. In subsequent papers,
we shall discuss the eﬀect of the host star’s mass on the planetary population and the influence of various properties of protoplanetary
disks.
Aims. In this second paper, we focus on planets orbiting solar-like stars. The goal is to use the main characteristics of the actually
observed extrasolar planet population to derive in a statistical manner constraints on the planet formation models.
Methods. Drawing initial conditions for our models at random from probability distributions derived as closely as possible from
observations, we synthesize a number of planetary populations. By applying an observational detection bias appropriate for radial
velocity surveys, we identify the potentially detectable synthetic planets. The properties of these planets are compared in quantitative
statistical tests with the properties of a carefully selected sub-population of actually observed extrasolar planets.
Results. We use a two dimensional Kolmogorov-Smirnov test to compare the mass-distance distributions of synthetic and observed
planets, as well as the one dimensional version of the test to compare the M sin i, the semimajor axis and the [Fe/H] distribution. We
find that while many combinations of parameters lead to unacceptable distributions, a number of models can account to a reasonable
degree of statistical significance for most of the properties of the observed sample. We concurrently account for many other observed
features, e.g. the “metallicity eﬀect”. This gives us confidence that our model captures several essential features of giant planet
formation. In addition, the fact that many parameter combinations could be rejected indicates that planet population synthesis is
indeed a promising approach to constrain formation models. Our simulations allow us also to extract a number of properties of the
underlying exoplanet population that are not yet directly detectable. For example, we have derived the planetary initial mass function
(PIMF) and have been led to conclude that the planets detected so far represent only the tip of the iceberg (9%) of all the existing
planets. The PIMF can also be used to predict how the detectable extrasolar planet population will change as the instrumental precision
of radial velocity surveys improves from ∼10 m/s to ∼1 m/s, or even to an extreme precision of 0.1 m/s.
Key words. planetary systems – planetary systems: formation – planetary systems: protoplanetary disks –
planets and satellites: formation – solar system: formation

1. Introduction
In the first paper of this series (Mordasini et al. 2009, hereafter
Paper I), we have presented our methods to synthesize populations of extrasolar planets. We have explained how we use our
extended core accretion model (Alibert et al. 2005a) to generate synthetic planetary populations by varying in a Monte Carlo
fashion four key variables describing the initial conditions in our
planet formation model. As shown in Paper I, we have tried in
deriving the probability distribution of these four variables to
stay as close as possible to actual observations.
We have found that the large spread of initial conditions
resulting from the variation of the characteristics of the protoplanetary disk (abundance of heavy elements, mass and lifetime) and their relative probability of occurrence leads to the
formation of a synthetic population of planets characterized
by a large diversity. Hence, we argued that, within the core
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accretion paradigm, the observed diversity of exoplanets is a natural consequence of the diversity of disk properties.
In Paper I, we also identified a number of typical phases
planets undergo during their formation, and found that these
phases lead to characteristic planetary formation tracks. These
tracks determine the final position of each planet in the distance to star versus planetary mass diagram (a–M) and therefore
can be used in order to interpret the corresponding observational
diagram.
Unfortunately, not all model parameters can be constrained
by observation of proto-stellar disks. To circumvent this problem, we present in this paper an approach that consists of comparing statistically the overall characteristics of our synthetic
planets with those of a carefully selected sub-population of actually detected exoplanets. This approach has been made possible
by the large number of exoplanets that have been detected in recent years which has allowed us to go beyond the characteristics
of individual objects and define the characteristics of the ensemble population. Many studies have discussed from an observational point of view the statistical properties of the extrasolar
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planets, analyzing various distributions and correlations in order
to address the following (and many more) issues, as reviewed by
Udry & Santos (2007):
(1) Before the detection of 51 Peg b, 13 years ago, by Mayor
& Queloz (1995) it was not clear if planets outside our own
Solar System existed, although from a theoretical point of
view, there was no reason to doubt it. Nowadays we know
that roughly 5–10% (e.g. Marcy et al. 2005; Cumming et al.
2008) of solar-like stars in the solar neighborhood harbor a
giant planet within a few AU in distance.
(2) Detection biases still hinder the exploration of the full planetary mass domain. It is however clear that the mass distribution increases towards small mass planets (e.g. Butler et al.
2006; Jorissen et al. 2001), which points towards the existence of a large number of yet undetected low mass planets. It is also known that there are very few objects with
masses larger than ∼15 Jupiter masses inside a few AU (e.g.
Marcy & Butler 2000), defining the “brown dwarf desert”.
With the detection of smaller and smaller mass planets, new,
finer structures in the mass distribution, like a bimodal shape
at very low masses (Mayor et al. 2009), have recently been
suggested.
(3) The distribution of semimajor axes consists of a pile up of
Hot Jupiters at about 0.03 AU, followed by a relative depletion (the “period valley”) and finally an increase in frequency
further out at about 1 AU (e.g. Udry et al. 2003). Outside a
few AU the limited time duration of the surveys does not
allow definitive statements yet.
(4) The combination of mass and distance has shown that there
is an absence of massive planets at small orbital distances
(e.g. Zucker & Mazeh 2002), and a positive correlation of
planetary mass and distance (e.g. Jiang et al. 2007). Low
mass, Neptunian planets seem to be characterized by a different distribution to giant planets (Udry & Santos 2007).
(5) Soon after the first discoveries of extrasolar planets, it
was noticed that the detection probability of giant planets increases with stellar metallicity (Gonzalez 1997). This
“metallicity eﬀect” is now very well established (e.g. Fischer
& Valenti 2005; Santos et al. 2003). Also correlations between stellar metallicity and the planetary semimajor axis
have been discussed (e.g. Sozzetti 2004), but no definitive
conclusions can be drawn at this time. The stellar mass certainly also plays a role in planet formation. Observations of
stellar types other than FGK have certain complications, but
a positive correlation between stellar mass and frequency of
massive planets seems now to be clear (e.g. Lovis & Mayor
2007).
(6) It was found that planets in relatively tight binary systems
have statistically diﬀerent properties (e.g. Eggenberger et al.
2004; Desidera & Barbieri 2007). For example, stars in binaries have close-in very massive planets, absent around single
stars (e.g. Zucker & Mazeh 2002). This points toward a possible role of the environment in planet formation.
(7) The observed population is now known to have an eccentricity distribution that is similar to that of stellar binaries, although a group of long period, low eccentricity giant extrasolar planets, more similar to our giants, exists (e.g. Halbwachs
et al. 2005).
In this work, we address points 1 to 5, while the remaining ones
are for the moment beyond the capabilities of our model. In particular we wanted to investigate if by varying the otherwise unconstrained model parameters over a reasonable range of values,
it is possible to reproduce, in a statistically significant manner,

as many as possible of the characteristics of the observed exoplanet population listed above. To do so requires the ability to
“observe” the synthetic planets with the same detection biases
as actual observations in order to extract the directly comparable
sub-population. Since we use as the observational comparison
sample planets that have been detected by radial velocity (RV)
methods, we have used the detection biases relevant for this
type of planet searches with diﬀerent intrinsic instrumental precisions. A similar approach can be used for any type of detection
biases relevant to diﬀerent detection techniques (transits, lensing, astrometry, direct imaging). Since these other techniques are
sensitive to other planet characteristics than RV techniques, such
comparisons would provide additional and independent checks
of the model, which we intend to carry out in future work. A
first such example is shown in Sect. 5.9.4 where we compare
the amount of heavy elements of close-in synthetic planets with
that derived from internal structure modeling of transiting Hot
Jupiters (Guillot 2008).
Another distinct advantage of population synthesis calculations is that they allow us to study the global consequences of
a certain physical mechanism, as shown by Ida & Lin (2008b)
for the example of “dead zones”. In this paper, as we concentrate on the comparison with the observed population, we only
discuss two such eﬀects, namely the absence of solids inside a
given semimajor axis and type I migration, and postpone further
studies to subsequent publications.
The outline of the paper is as follows: In Sect. 2 we summarize briefly the methods described in Paper I that we use to obtain the planetary populations. Section 3 describes the procedure
to identify the detectable synthetic planets in the whole population using a synthetic observational bias. The Sect. 4 shows how
we have statistically compared this sub-population with the real
exoplanets. The results concerning this comparison are given in
Sect. 5, while those concerning the predictions for an extremely
precise radial velocity survey are given in Sect. 6. The conclusions are drawn in Sect. 7.

2. Methods
In Paper I, we described in detail the six step method we use to
synthesize extrasolar planet populations. We described in particular the (small) changes we made to our extended core accretion
model that was presented in Alibert et al. (2005a), necessary to
allow for the very large number of calculations occurring in population synthesis. In our model we solve, as in classical core accretion models (e.g. Pollack et al. 1996), the internal structure
equations for the forming giant planet, but at the same time we
include disk evolution (using the α formalism, see Papaloizou &
Terquem 1999) and type I and II planetary migration.
We then described the four Monte Carlo variables that describe the varying initial conditions for planet formation, explaining in particular how we have derived their probability distributions from observations of (mainly) circumstellar disks. The
random variables are: (1) the dust-to-gas ratio fD/G which is constrained by observed stellar metallicities [Fe/H] (Murray et al.
2001; Santos et al. 2003); (2) the initial gas surface density Σ0
at a0 = 5.2 AU which is constrained by observed disk masses
(Beckwith & Sargent 1996); (3) the rate at which photoevaporation occurs Ṁw , which determines, together with α, the disk lifetime, and is therefore constrained by the observations of Haisch
et al. (2001); and (4) the starting position of the embryo astart .
Planetary seeds are allowed to start only in those parts of the
disk where the isolation mass Miso is higher than the initial embryo mass Memb,0 = 0.6M⊕ and where the starting time tstart of
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an embryo, which is the time needed to build up such an object,
is shorter than the disk lifetime.
Each population is also characterized by a number of parameters that are kept constant for all planets. The most important
(and most poorly constrained) parameters of the model are the
viscosity parameter α for the gas disk and the eﬃciency factor
for type I migration fI . By synthesizing populations using various combinations of α and fI (Sect. 5.9), and comparing them
to the observed population, we have found that the model with
α = 7 × 10−3 and fI = 0.001 provides the overall best statistical results. We define this model as the nominal model. This
population was presented and discussed in Paper I.
For each planet we record the full time evolution from the
seed embryo to its final mass and position (cf. planetary formation tracks in Paper I). For the statistical analysis presented
here, we only use the final characteristics of the planets: The final semimajor axis a, the total mass of accreted planetesimals
Mheavy , the mass of the envelope Menv , the total mass M, and the
formation time of the planet. Note however that we also have
the fractions of icy and rocky material that were accreted during
the formation, which allows us to study certain objects such as
GJ 436 b in detail (Figueira et al. 2009). To be able to compare
quantitatively with radial velocity observations we also compute
projected masses M sin i for which we assume a random orientation of extrasolar planetary orbits relative to the Earth.

3. Detection biases
To statistically compare the characteristics of the synthetic
population to the actually observed one, we need to go one step
further. We must identify which subgroup of synthetic planets actually could be detected in an observational survey. For
this purpose, it is necessary to understand and quantify the various detection biases entering into the observational process
and apply them to the synthetic set. Such biases are technique, instrument- and very likely also observer-dependent. In this
work, we have considered only the biases aﬀecting the radial velocity (RV) technique, as so far the large majority of exoplanets
has been detected using this technique. However, our approach
can be applied to any observational technique for which a detection probability can be calculated as a function of semimajor
axis and mass or planetary radius.
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Fig. 1. The detection probability as a function of semimajor axis a for
five diﬀerent planetary masses between 100 and 3000 M⊕ and an instrumental accuracy of RV = 10 m/s, as used for our synthetic RV survey.
The stellar mass is 1 M , and it is assumed that the observations completely cover at least one orbital period.

function of semimajor axis for a choice of five planetary masses
between 100 M⊕ and 3000 M⊕ . We see, for example, that planets
with a mass higher than about five times the mass of Jupiter M
(∼1500 M⊕ ) can be detected with very high probability out to
a distance of about five AU. For a planet of about one M , the
detection probability falls below 50% outside roughly 2.5 AU.
Note also the stroboscopic eﬀects at orbital periods of one and
two years, leading to a reduction of the detection probability at
the corresponding semimajor axes.
To decide if a synthetic planet would have been detected,
we first determine its detection probability by interpolation in
the detection probability grid, and then draw a random number
between 0 and 1. If the latter is smaller than the detection probability, the planet counts as one of the Nobssynt detectable synthetic
planet and will be used for the statistical tests (Sect. 4).
3.2. Synthetic RV survey

3.1. Synthetic RV bias

To first order, the planet detection probability based on RV measurements increases with increasing planetary mass and decreasing distance. The instrumental precision RV then determines
whether the planet can be detected or not. But in fact, a large
number of other quantities also aﬀect the detection probability:
The magnitude of the star, its rotation rate, the orbital eccentricity of the planet, the actual measurement schedule, stellar jitter and more. Using the method originally developed by Naef
et al. (2004, 2005) for the spectrograph ELODIE, we determine
by a χ2 analysis in a two dimensional grid in planetary period
(1 ≤ P ≤ 40 000 days) and mass (1 ≤ M ≤ 12 720 M⊕ ) on each,
out of a total of 5612 grid points, the fraction of 50 000 randomly chosen planetary orbits that can actually be detected by a
spectrograph of a given precision RV , taking into account all the
eﬀects mentioned above (see Naef et al. in prep. for a detailed
description). This fraction represents the detection probability
corresponding to a given planetary period and mass.
The results of these calculations for RV = 10 m/s are illustrated in Fig. 1. The graph shows the detection probability as a

With the synthetic RV detection bias at hand, we can construct a
synthetic RV survey by “observing” the planet population coming out of the model. To do so, we have to specify two quantities that characterize our MC survey: First its instrumental precision RV,MC , and second its temporal duration τRV,MC. As we
want to statistically compare the subgroup of detectable synthetic planets with the real observations, these two quantities
should represent a time and instrument average over the real
RV surveys conducted by various teams using various instruments over the last several years. Defining such averages is not
trivial, as the instrumental accuracy has changed from typically
10 m/s at the time of the discovery of 51 Peg b (Mayor & Queloz
1995) down to less than 1 m/s with HARPS (Pepe et al. 2004).
This would have the eﬀect that at smaller semimajor axes, planets of a smaller mass are known, so that RV,MC also should be
a function of time, and weighted by the contributions of the different observer teams. For simplicity we have assumed for our
synthetic MC survey a constant RV,MC = 10 m/s and a survey duration of τRV,MC = 10 years. The latter is needed since
generally planet discoveries are only announced when one full
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orbital period has been covered with observations (Cumming
et al. 2008). Therefore, our subgroup of potentially detectable
synthetic planets contains only planets with an orbital period
smaller than τRV,MC = 10 yrs, corresponding to a semimajor axis
of about 4.6 AU.
In Sect. 6 we have studied the eﬀects of changing RV,MC
and τRV,MC, for which we have recalculated our bias tables for
RV,MC = 1 m/s and 0.1 m/s.

less frequent around M dwarfs. Ongoing dedicated M dwarf
surveys e.g. with HARPS (Bonfils et al. 2005) will help to
constrain this issue further from an observational point of
view. On the other hand, intermediate mass stars (1.5 
M∗ /M  4) seem to have more numerous and more massive
giant planets (Lovis & Mayor 2007). Due to this reasoning,
we only include planets of stars with 0.7 < M∗ /M < 1.3 in
our comparison.
(5) Many extrasolar planets have high, sometimes even very
high eccentricities. In our model, in contrast, synthetic planets can only have circular orbits (Paper I). Even though
3.3. Observational comparison sample
planet-disk interactions can pump eccentricity under cerOf the more than 300 currently known extrasolar planets, not
tain circumstances too (Goldreich & Sari 2003), the high
all can be used for quantitative comparisons with our model,
eccentricities have been interpreted as mainly the result of
as some planets conflict with the fundamental assumptions on
gravitational interactions between (proto-)planets in initially
which the model is based (Alibert et al. 2005a; Paper I). We
more crowded systems (e.g. Rasio & Ford 1996; Adams &
therefore have to isolate the ones appropriate for the statistical
Laughlin 2003; Veras & Armitage 2006). Thus, even if there
test. In particular, we select extrasolar planets based on the folis only one highly eccentric planet left today orbiting a cerlowing criteria:
tain star, its high eccentricity could be an indication that the
number of planets might have been larger during the formation epoch, and that planet-planet interactions have been im3.3.1. Sample selection criteria
portant in the system. Hence, planets with a high eccentricity
are more likely than low eccentricity planets to have con(1) The evolution of a planet may be significantly altered by the
flicted with our criterion (1) during their formation. We have
presence of another (massive) planet (Alibert et al. 2005b,
therefore excluded planets with an eccentricity larger than
2006; Thommes et al. 2008). In contrast, we follow the evoemax = 0.3.
lution of just one embryo per disk (Paper I), and therefore do
(6)
In
the last few years, the accuracy of RV measurements has
not use any exoplanet that is a member of a known extrasolar
improved significantly, bringing the detection limit down to
planetary system. It is clear that many single extrasolar planless than 1 m/s in some cases (Mayor et al. 2009). Our synets could in fact be members of multiple systems, with the
thetic RV survey has in contrast a precision RV,MC = 10 m/s.
small planets not detectable today. In this case, we argue that
We therefore use the same synthetic bias as for the synthetic
these small planets did not significantly aﬀect the evolution
planets (Sect. 3.1) to identify also these known exoplanets
of the massive planet known today.
that could have been detected by our synthetic survey i.e.
(2) As explained in Paper I, our model does not adequately dewe only consider real exoplanets with a period of less than
scribe planets that migrate closer to the star than atouch ≈
10 years and a suﬃciently large mass to be detectable by our
0.1 AU. For qualitative comparisons, we thus have to exsynthetic bias.
clude all observed planets that fall into this a − M domain.
This especially means that Hot Jupiters are excluded, reducing significantly the number of comparison planets. The rate Additionally, we only include planets detected by the radial
of occurrence of Hot Jupiters is however too important a velocity method, as other methods have a diﬀerent detection
constraint on migration to ignore it, so we still take it into bias. For the comparison sample of actual extrasolar planets,
we use the compilation of observational data available online
account separately, as described in Sect. 5.6.
1
(3) Planets in binary or multiple stellar systems have diﬀer- at J. Schneider’s Extrasolar Planet Encyclopedia .
After
applying
the
six
criteria
mentioned
above,
there are
ent statistical properties than planets orbiting single stars
(Eggenberger et al. 2004; Desidera & Barbieri 2007). only Nobsreal = 32 known extrasolar planets left. A larger number
This could be due to diﬀerent migration mechanisms would obviously be very desirable, which shows the importance
(Eggenberger et al. 2004). We therefore do not consider plan- of persistent unbiased observational campaigns.
ets in stellar systems with a binary separation of less than
300 AU. Binaries with a wider separation than ∼300 AU
3.3.2. Representativity of the sample
have planets that exhibit no significant statistical diﬀerences
from those around single stars (Desidera & Barbieri 2007).
The low number also makes one wonder whether or not this
(4) In all simulations presented here, the stellar mass M∗ is fixed small sub-sample well represents the overall sample of all known
to 1 M . For stars with masses not too diﬀerent from the so- exoplanets. Our selection criteria in particular exclude planets
lar mass which are the primary targets of RV surveys, say for which probably underwent strong planet-planet interactions (criFGK stars which have masses between 0.7  M∗ /M  1.3, teria 1 and 5). Thommes et al. (2008) have shown that disks
no evident correlation between M∗ and planetary properties which lead to the formation of just one giant gaseous planet
have been found to date (Udry & Santos 2007). For example, might only represent a very specific class of all planet-forming
Fischer & Valenti (2005), hereafter FV05 do not see a cor- disks, namely those near the threshold for giant planet formation.
relation between stellar mass and formation probability of When the mass of the disk is well above the threshold, prolific gigas giant planets for this small domain of primary masses. ant planet formation could, in contrast, occur. This could in turn
However, for stars with significantly diﬀerent masses e.g. be reflected in the final properties of the planets. It is therefore
M dwarfs, theoretical studies (Laughlin et al. 2004; Ida & also interesting from this perspective to compare our 32 planet
Lin 2005) indicate planetary populations with significantly sample with a larger set of exoplanets.
diﬀerent properties, containing for example fewer giant planets. Indeed, observations also indicate that giant planets are 1 http://exoplanet.eu
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To do so, we disregarded criterion 1 or 5, or both together
and studied if the associated a − M, M, a and [Fe/H] distributions are significantly diﬀerent from the Nobsreal = 32 case. We
find that this is in general not the case. We also find that for the
diﬀerences that do occur, the eccentricity criterion is more important than the multiplicity criterion alone. The only diﬀerence
that is probably significant occurs for the mass distribution, with
the more eccentric planets being more massive. Such a correlation among the known extrasolar planets was already pointed
out some time ago by Marcy et al. (2005), and can indeed be explained by planet-planet interactions: More massive disks produce more massive planets, and in higher numbers, leading to
stronger scattering and therefore higher eccentricities, a behavior that is seen in the simulations of Thommes et al. (2008). This
eﬀect is even strengthened by the fact that in planet-planet interactions, the less massive bodies tend to be ejected. The visual impression that the two distributions are however not extremely diﬀerent is confirmed by a Kolmogorov-Smirnov test
(cf. the next section below) indicating a significance still of 37%
that the two samples are identical. Considering the semimajor
axis distribution, our 32 planet sample seems to contain slightly
more planets at smaller distances (a  1 AU). This diﬀerence
is however clearly not statistically significant. For the metallicity, no clear trends are visible either. One can see an absence of
very high eccentricity (0.6) planets at low [Fe/H]  −0.1. But
the KS significances are always higher than 85% (as for a) that
the samples are identical, so this correlation is, with the still low
number of planets, not significant. The general lack of significant
correlations between a, e and [Fe/H] has been found elsewhere
(FV05; Udry & Santos 2007).
We conclude that in general our comparison sample, despite
being small, represents quite well the overall giant planet population around solar like stars, except for a likely shift to somewhat smaller masses. This result could indicate that at least for
giant planets, our one-embryo-per-disk approach (see Paper I)
in a statistical sense does not lead to completely diﬀerent results than the real multi-body formation process (Thommes et al.
2008). For smaller mass planets, such a generalization might
however be less well-founded.

4. Statistical analysis
To assess the statistical significance of our results we perform
four Kolmogorov-Smirnov (KS) tests in which we compare the
distributions of the most important properties of the potentially
detectable synthetic and the real planets. The null hypothesis is
that the synthetic potentially detectable planets and the real planets are drawn from the same parent distribution. Small values of
the significance level S returned by the test show that this null
hypothesis has to be rejected with a high probability of 1 − S . In
particular, we perform three 1-dimensional tests (for the distributions of M sin i, a and [Fe/H]), and one 2-dimensional KS test
in the a − M sin i plane.
In the 1-D case, we run standard two sided KS tests (Press
et al. 1992), comparing the sub-population of Nobssynt detectable
synthetic planets with the observational comparison sample containing Nobsreal = 32 real extrasolar planets. In 1-D it is possible
to directly calculate the significance level S once the KS distance
dKS is known (Press et al. 1992) as
Nobsreal Nobssynt
Nobsreal + Nobssynt
√
√
x = ( Ne + 0.12 + 0.11/ Ne) × dKS

Ne =

(1)
(2)

S (x) = 2

∞


(−1) j−1 exp(−2 j2 x2 ).
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(3)

j=1

In 2-D, the distribution of the KS distances dKS for the null hypothesis is not independent of the shape of the distributions that
are being examined (Press et al. 1992), and thus the analytical
transformation of the dKS values to the significance S is not accurate in all cases. Therefore, we have proceeded as described by
Press et al. (1992) in order to determine the significance directly.
After having generated a large number of detectable synthetic
planets (Nobssynt ) that serve as the synthetic comparison population, we generate another Nsamp samples of synthetic detectable
planets, each one containing the same number of synthetic planets Nobsreal = 32 as the real observational comparison sample.
For each of these synthetic bootstrap samples we compute their
KS distance dKS to the Nobssynt planets of the detectable synthetic
sub-population. Finally we also compute the KS distance of the
real observations, and calculate the fraction of cases of Nsamp
where these synthetic dKS exceed the dKS from the real data. This
fraction is then the significance S .
For each bootstrap sample we also compute as a check the
three KS distances dKS for the 1-D tests with this procedure, so
that we also get the three significances for M sin i, a and [Fe/H]
in this direct way without using the equations above that link dKS
and S . As expected for the 1-D case, the two methods always
yield very similar results.
4.1. Defining observational constraints on the results

One of our main goals is to test if it is possible to reproduce all
(or at least the most important) observational characteristics at
the same time with one single synthetic population. We considered the following six observational characteristics as constraints
to the model: (1) A high statistical KS significance S a−M for the
two dimensional distribution in the a − M sin i plane (Sect. 5.2),
idem for the one dimensional distributions of (2) the mass S M
(Sect. 5.3); (3) the semimajor axis S a (Sect. 5.4); and (4) the
metallicity S [Fe/H] (Sect. 5.5); then (5) a Hot Jupiter fraction FFV
which is compatible with observation (Sect. 5.6); and (6) a correct reproduction of the “metallicity eﬀect”, i.e. the increase of
the detection probability with stellar metallicity (Sect. 5.7).
We also compared the overall detection probability P of our
synthetic survey (fraction of embryos that grew to become detectable planets) with the actual values, but we should bear in
mind that our Monte Carlo simulations yield strictly speaking
a diﬀerent result than the observations due to the one-embryoper-disk simplification: We can calculate the probability that one
specific embryo with a given astart and tstart becomes detectable,
whereas observations yield the fraction of stars for which any
of the initially numerous embryos in the disk finally became a
detectable (giant) planet.
To see if we can fulfill the observational constraints, we have
generated several populations, keeping the probability distributions which are constrained by observations fixed, but varying
some parameters (mainly α and fI ). The varied parameters are
listed in Table 4, and their influence is discussed in Sect. 5.9.
Typically, we were confronted with the fact that changing one
parameter had multiple eﬀects, bringing our results closer to one
observational constraint, while at the same time the results for
another deteriorated. However, many combinations resulted in
populations that were clearly not compatible with observations.
These negative results provide, in some sense, as much useful
information regarding planet formation models as the positive
ones.
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Table 1. Basic results of the population synthesis.
Feature
Duration of synthetic survey (τRV,MC ) [yr]
RV-precision of synthetic survey (RV,MC ) [m/s]
Nb. of initial conditions (Ninit )
Nb. of calculated synthetic planets (Nsynt )
Nb. of initial conditions without calculations (Nnocalc )
Nb. of detectable synthetic planets (Nobssynt )
Nb. of synth. planets migrating to atouch (Nhot )
Synth. detection probability w/o Nhot (P) [%]
Synth. detection probability w. Nhot (Pwhot ) [%]
Nb. of actual planets in obs. comp. sample (Nobsreal )
Nb. of KS bootstrap samples (Nsamp )
Significance KS a − M sin i (S a−M ) [%]
Significance KS M sin i (S M ) [%]
Significance KS a (S a ) [%]
Significance KS [Fe/H] (S [Fe/H] ) [%]

Value
10
10
70 000
50 204
19 796
6075
1386
8.7
10.7
32
180
87.7
95.6
63.9
21.7

the other extreme case, namely that all Nhot planets became detectable (regardless of their actual mass when they reach the
“feeding limit” at the inner border of our computational disk at
atouch ≈ 0.1 AU), leads to a Pwhot = (6075 + 1386)/70 000 =
10.7%. These two values could be seen as bracketing the value
of the real detection probability unless the eﬀect of the oneembryo-per-disk approach changes the picture too dramatically
(cf. Sect. 4.1).
Nevertheless, we notice that the overall detection probability from the synthetic survey agrees surprisingly well with often
quoted actual yields of 5–10%, such as for example the 6.6%
given by Marcy et al. (2005) for giant planets with a  5 AU as
in our simulation. Cumming et al. (2008) find an extrapolated occurrence rate of planets with 0.3 < M sin i/M < 15 of 8.5 ± 1.3
or 11 ±1.7% out to a semimajor axis of 3 and 5 AU, respectively.
For the KS tests, the number of bootstrap samples Nsamp is
180. The specific KS results for a − M sin i, M sin i, a and [Fe/H]
are discussed below.

5. Comparison with observation
5.1. Statistical assessment

In Table 1, the basic results for the nominal population i.e. the
population with the overall best results when compared to the
actual population are summarized. The total number of initial
conditions that were drawn is Ninit = 70 000. However, contrary
to what may happen in real systems, we only start a formation
calculation if the initial conditions are such that somewhere in
the disk a suﬃciently massive body (Memb,0 = 0.6) can form
during the disk’s lifetime (see Paper I for an explanation).
The later conditions is fulfilled in Nsynt = 50204 (≈72%) of
all disks. The corresponding Nsynt planets constitute what we refer to as the “full population” despite the fact that it is incomplete
at low masses (see below). In the remaining Nnocalc = 19796
disks, a low fD/G coincided with a low Σ0 so that the isolation
mass in the disk is <0.6 M⊕ everywhere, and/or the disk lifetime
is so short (high Ṁw together with a low Σ0 ) that the disk disappears before such an embryo can form. For such disks, which are
hostile to planet formation in general and to giant planet formation in particular, we do not explicitly calculate the formation of
a planet, as we have found that detectable synthetic planets can
form only if the disk lifetime is at least ∼0.5 Myr (Sect. 5.8) and
the isolation mass is larger than about 3 Earth masses (usually
it is of the order of 8 M⊕ or larger). Therefore, detectable synthetic planets cannot form in the Nnocalc disks. Thus, the fact that
Nnocalc disks/initial conditions are discarded has no influence on
the statistical analysis of the detectable sub-populations, which
is our primary interest in this paper.
Qualitatively we expect that in the Nnocalc disks planets will
also form. Most likely, a system of very low mass planets (less
than a few M⊕ ) will eventually emerge. However, as their formation is likely to occur on timescales significantly longer than the
gas disk lifetime, these planets will not be able to accrete nebular gas. The resulting incompleteness of our model at low masses
should be kept in mind when considering our predictions regarding the full population, for example in the initial mass function
(Fig. 3).
Within the τRV,MC = 10 yr survey length and with the
RV,MC = 10 m/s instrumental precision, 6075 planets with
a > atouch are classified as detectable in our synthetic RV survey.
Nhot = 1386 planets migrated to atouch . We call such cases “Hot”
planets (see Sect. 5.6). Assuming that all Nhot planets were swallowed by their host star, the synthetic survey has thus an overall
detection probability of P = 6075/70 000 = 8.7 %. Assuming

5.2. Mass-distance diagram

The KS test for the two dimensional distribution in the massdistance plane actually checks whether planets of the correct
mass are found at the correct distance. It is the observational
constraint that we weighted highest, as the mass-distance diagram is of similar importance for planet formation and evolution
as the Hertzsprung-Russell diagram for stars (Ida & Lin 2004a).
The reason for this is that it contains a lot of information about
the planetary formation process, as described in Paper I.
When comparing our synthetic results with the observed distribution, one should bear in mind that our model shows the
mass-distance distribution at the time when the gaseous disk disappears. Later on, it can be modified by evolutionary eﬀects such
as evaporation or N-body interactions in initially more crowded
systems. For the statistical comparison, we have tried to minimize those eﬀects by carefully choosing the observational comparison sample, as described in Sect. 3.3.
5.2.1. Full population

In Fig. 2, panel (A), the projected mass versus distance diagram of the full synthetic population is plotted. In the companion Paper I, we have thoroughly discussed this figure, so that we
only summarize these findings here.
One first notes that the variation of initial conditions within
the observed boundaries results in a synthetic planet population
with large diversity. We conclude that the observed diversity of
extrasolar planets is a consequence of the diversity of protoplanetary disks. Inside the envelope covered by the planets, various
sub-structures like concentration, clumps, bars or depletions can
be identified.
The most prominent concentration can be seen near the lower
mass boundary. There is a vast sub-population of core dominated
low mass planets (M ≈ Miso  5−10 M⊕ ). We call this group the
“failed cores”, in the sense that these planets did not manage
to grow large enough within the lifetime of the gaseous disk to
accrete a significant amount of gas. These “failed core” planets are however not identical to the final population of terrestrial
planets. They rather represent an earlier state in the formation
of terrestrial planets and more massive icy counterparts beyond
the iceline. That is to say they show the state of such planets at
the moment when the gas disk disappears. Growth beyond isolation, where terrestrial planets obtain their final mass, occurs
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Fig. 2. Panel (A): projected mass M sin i versus distance a of the full synthetic population. The feeding limit at atouch is plotted as a dotted line.
Planets migrating into the feeding limit have been set at 0.1 AU. Various sub-populations which have been discussed in Paper I can be distinguished,
namely the “failed cores”, the “horizontal branch”, the “main clump”, and the “outer group”. As expected, the eﬀect of sin i is to blur slightly these
structures. Panel (B): the remaining sub-population of Nobssynt = 6075 actually detectable synthetic planets after applying the RV,MC = 10 m/s
synthetic RV bias (small dots). The sharp cutoﬀ at about 4.6 AU corresponds to an orbital period of 10 years, the assumed observational baseline
τRV,MC . The observational comparison sample with Nobsreal = 32 real extrasolar planets is overplotted as large dots.

through a series of giant impacts among protoplanets of comparable size (i.e. “failed cores”) after the gaseous disk has disappeared in a final, post-oligarchic phase (Goldreich et al. 2004).
Then, all “failed cores” in one disk (of which we however model
only one) start to interact gravitationally, leading to a rearrangement through scattering and ejections and to mass growth by giant impacts (Ford & Chiang 2007). Such a behavior can be seen
in the simulations of Thommes et al. (2008), where planetary
systems with a number (of order 10) of low mass planets are the
typical simulation outcome for low mass disks.
At semimajor axes between the feeding limit at roughly
0.1 AU and approximately 5 AU, and masses of 10  M/M⊕ ≤
30, a “horizontal branch” of subcritical (Menv /Mheavy  1) cores
is visible. Their seeds usually started outside the iceline. While
some planets are found at intermediate semimajor axes at the
moment when the disk disappears, the “horizontal branch” also
also acts as the “conveyor belt” by which many low mass planets
are transported close to the star (<0.1 AU). Observed examples
of the “horizontal branch” might be the Neptune-mass planets
around HD 69830 (Lovis et al. 2006).
While migrating along the “horizontal branch”, some planets become supercritical for gas runaway accretion and leave the
branch upwards towards higher masses (cf. the formation tracks
in Paper I). This leads to a concentration of giant gaseous planets at distances from the star of roughly 0.3 to 2 AU and masses
of 100  M/M⊕  1000. We call this concentration the “main
clump”.
We find that once gas runaway is triggered, the planetary gas
accretion rate becomes quickly limited by the gas accretion rate
in the disk and the planetary mass grows larger than the local
disk mass. As explained in Paper I, limiting the planetary gas
accretion rate by the disk accretion rate has the consequence
that we find a clearly less pronounced depletion of planets of

intermediate masses than is the case for the “planetary desert”
found first by Ida & Lin (2004a). A certain depletion of planets with masses between ∼30–100 M⊕ is however visible in the
mass-orbit diagram of our synthetic population also, as well as
in the planetary IMF, Fig. 3, as it is a typical feature of core
accretion. The second eﬀect (a higher planetary mass than the
local disk gas mass) has as a consequence that the migration
mode changes from the disk dominated regime into the slower
planet dominated type II mode (Paper I; Edgar 2007). This slowing down prevents the planets from migrating too quickly towards the star. It also naturally causes an absence of very massive planets at small distances from the star, as observed (Zucker
& Mazeh 2002).
Planetary seeds with a large starting position astart (between
4–7 and 20 AU), and a disk environment with a high solid surface density (high fD/G and/or Σ0 ) can grow supercritical for
gas runaway accretion in-situ and become giant planets, without
the need to pass first though the “horizontal branch” to collect
enough solids. This leads to the formation of another concentration of giant planets, the “outer group” with 2  a  5 AU and
1  M/M  20. Some of the planets in this group are thus
so massive that they fall in the interesting category of deuterium
burning planets (Baraﬀe et al. 2008).
The mass-orbit diagram also shows a second depletion of
planets at semimajor axes inside 2 AU between the “failed core”
planets and those in the “horizontal branch”, i.e. at masses between ∼3 and 10 M⊕ . At small semimajor axes (0.3 AU) it is
particularly clear. The reason is the following: “Failed cores”,
which only migrate in the strongly reduced type I mode in the
nominal case, grow only up to a mass approximately equal to
the isolation mass Miso . For the most metal rich disks considered here (Σ0 = 1000 g/cm2 , fD/G = 0.13), Miso at 0.1 AU is
about 3 M⊕ . Planets in the “horizontal branch” have in contrast
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Fig. 3. Planetary initial mass function, corresponding to the moment in
time when the gaseous protoplanetary disk disappears. Several mechanisms can subsequently modify the distribution. The largest changes
are expected to occur at low masses (below ∼10−20 M⊕ ). The planetary IMF (or PIMF) has a complex structure with several minima and
maxima (see text).

accreted most of the solids in the inner part of the disk once they
reach small semimajor axes, so that they have a minimal mass of
the order of 10 M⊕ at 0.1 AU. Note that the faster the type I migration, the lower this mass limit is (Paper I, Sect. 5.9.2). Growth
beyond the isolation mass to final masses by giant impacts between diﬀerent “failed cores” would tend to fill the depleted region. We can roughly estimate the mass to which Super Earth
planets could grow by this process in-situ. If all solids originally present are incorporated into the planets, and their final
relative spacing is of the order of Δa ∼ a/3, as in the solar system (Goldreich et al. 2004), then planets as massive as 10 Earth
masses could form at 0.1 AU in the most metal rich disk, which
would, at least partially, fill the depleted region.
This second depletion, which is also in visible in the planetary mass spectrum (Sect. 5.3.1), is therefore not a robust prediction of the model, and could in principle disappear once planet
growth after disk dispersion is included in the model. Note that
for the statistical comparison of the detectable synthetic planets with our comparison sample of actual known exoplanets, this
does not constitute a problem.
5.2.2. Detectable sub-population

Panel (B) in Fig. 2 shows the sub-population of the potentially
detectable synthetic planets which remains after applying the
RV,MC = 10 m/s synthetic bias of Sect. 3.1. The sharp cutoﬀ at
about 4.6 AU corresponds to a 10 year period of the assumed observational baseline τRV,MC . The observational comparison sample with Nobsreal = 32 real extrasolar planets is overplotted as
large dots. The most striking feature is that our synthetic MC survey is able to detect just a small fraction of the underlying full
planet population, between 8.7% to 10.7% of all synthetic planets (Table 1). As expected, the planets detectable at 10 m/s are
Saturn to Super Jupiter class planets, plus a handful of planets
with intermediate masses (∼50 M⊕ ) close to the star. Even if

radial velocities measurement in the last few years have reached
a precision much better than 10 m/s (see Sect. 6.2 for the detectable sub-population at RV,MC = 1 or 0.1 m/s), we still can
conclude that the currently known extrasolar planets are just the
tip of the iceberg of the real underlying population, as discoveries at the 1 m/s level still require a large investment of observational time and are restricted to small semimajor axes. At the
high mass end, we see that the “outer group” represents a significant reservoir of very massive planets at larger semimajor axes.
We note that Cumming et al. (2008, their Fig. 5) have shown that
in the Keck Planet search program, a group of very massive candidates (M sin i  20 M ) at periods 2000 d (a  3 AU) exists
which have not yet been announced. Such very massive objects
are virtually absent in the model at smaller semimajor axes (and
especially do not reach the feeding limit), in agreement with observations (Udry et al. 2003).
In the statistical comparison of the detectable sub-population
with the observational comparison sample we find with the two
dimensional KS test of the a − M sin i distribution a significance
of 87.7% that the two populations come from the same parent
population. To our knowledge, this is the first time that it is
shown that a theoretical formation model is able to reproduce
in a quantitative way the observed mass-distance distribution of
an adequate comparison sample of extrasolar giant planets.
Even if we have determined the two most important parameters of the model, α and fI , by fitting the detected planet population, getting an agreement for any combination of parameters
is a nontrivial result. First, a certain number of elements were
given, such as the formation model itself and the probability distributions for fD/G , Σ0 , and Ṁw , which were derived from observations. Second, the number of observational constraints that
must be reproduced concurrently with one population is large
(Sect. 4.1), while the number of free parameters is small. Third,
at least one of the parameters, α, can only be varied within
about one order of magnitude as observational constraints exist (King et al. 2007). Finally, varying parameters has complex
consequences on the characteristics of the population, thereby
limiting the possibility of forcing the system in a particular direction. We therefore interpret this result together with the others
of this section as an indication that the core accretion mechanism
as described here, while still being extremely rudimentary, must
successfully reproduce several essential aspects of giant planet
formation.
5.3. Mass M sin i

The second distribution we have compared statistically is the
mass distribution. It is clear that good results in the 2D a−M sin i
distribution imply to some extent good results for the 1D distributions of M sin i and a separately (whereas the opposite is not
true). It is nevertheless worth studying these important distributions separately, as they have been discussed extensively from
both an observational and theoretical point of view (e.g. Udry
& Santos 2007; Ida & Lin 2004b), and because it is simpler in
this way to gain insights into the diﬀerences between model and
observation than in the 2D case.
5.3.1. Planetary IMF

Before comparing the detectable sub-population with the real
observations, it is interesting to have a look at the underlying,
unbiased mass distribution of the full synthetic population, as
this can have important implications for future planet search
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Table 2. Percentage of various planet types.
Type [%]
d

Not calculated
Super Earth
Neptunian
Intermediate
Jovian
Super Jupiter
DBPe

Range [M⊕ ]

Inita

Obssyntb

Obsrealc

–
<7
7–30
30–100
100–1000
1000–4323
>4323

28.3
41.4
11.8
4.2
10.4
3.5
0.4

–
0
0
2.4
66.6
28.1
2.9

–
0
0
6.3 ± 4.4
68.8 ± 14.7
24.9 ± 8.8
0

a
Percentage of all Ninit = 70 000 initial conditions; b percentage of
the Nobssynt = 6075 detectable synthetic planets; c percentage of the
Nobsreal = 32 planets of the observational comparison sample. Poisson
errors are assumed. For “Init”, the true mass M is used, for the other
two cases the projected mass, M sin i; d “not calculated” corresponds to
the Nnocalc = 19 796 initial conditions where no 0.6 M⊕ seed could form
during the disk lifetime; e “DBP” stands for deuterium burning planets.

campaigns. Figure 3 shows the predicted planetary initial mass
function (PIMF) of synthetic planets around 1 M stars in the
one-embryo-per-disk approximation. One should keep in mind
that this PIMF shows the planetary mass spectrum at the moment when the disk disappears. Subsequent modifications due to
evaporation, planetary merging and ejection by N-body interactions and especially the formation of low mass planets on long
timescales are not included in our model.
At the largest masses, the PIMF shows a smooth decrease
with increasing mass through the Super Jupiter (M  3 M )
and the deuterium burning planets mass domain (M  13.6 M ,
cf. below in this section). While this tail contains only a small
percentage of the full population (Table 2), it is obviously of primary interests for several detection techniques such as astrometry or direct imaging. Planets in this domain are mainly formed
in disks with a lifetime above average (high Σ0 and low Ṁw ),
in which the planet has plenty of time to accrete all nebular gas
that is not photoevaporated and that viscously flows towards its
position.
At lower masses, in the Jovian mass domain (100  M/M⊕ 
1000), the mass distribution is approximatively flat, although a
shallow local maximum near 1–2 Jupiter mass can be seen, as
observed (e.g. Jiang et al. 2007).
Decreasing further in mass to intermediate sized planets with
no equivalence in the Solar System (30  M/M⊕  100), we see
a smooth decrease of the PIMF. It falls to a local minimum at
about 30–40 M⊕ . This minimum is a consequence of the same
eﬀect that causes the “planetary desert” (Ida & Lin 2004a), i.e.
that once gas runaway starts, it quickly leads to a significant increase in mass, so that the probability for a planet to have a final
mass just slightly larger than the one needed for runaway accretion is small because it is unlikely that disk dispersion cuts
the gas supply exactly at this moment. This minimum can therefore be seen as the transition between low mass, solid dominated
planets, and gas dominated giant planets.
This eﬀect, which is very characteristic of the core accretion mechanism, is clearly visible as a minimum in the PIMF.
Its location at a total planetary mass of about 30 Earth masses is
expected, as this is the typical total mass when gas runaway accretion sets in near the crossover mass, i.e. when Mcore ≈ Menv ≈
15 M⊕ (e.g. Pollack et al. 1996). An observational confirmation
of the minimum at about 30 M⊕ (which becomes visible at an RV
precision of 1 m/s, see Fig. 15) indeed seems to have occurred
very recently (Mayor & Udry 2008). This would be a strong indication in favor of core accretion as the dominant giant planet
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formation channel, and its location would be a direct measurement of the mass at which runaway accretion typically begins.
Note that the intermediate mass domain (30–100 M⊕ ) is still
quite populated in our calculations (the PIMF shows that there
are about 2.5 times less planets in the intermediate mass than in
the Jovian mass domain, see Table 2). Radial velocity surveys
have only now started to carry out observations with the precision required to detect planets in this mass range at a significant
fraction of an AU (Lovis et al. 2006). High precision RV measurements over a long time baseline will be very helpful in observationally characterizing this part of the PIMF from which the
characteristic timescale for runaway gas accretion could be derived, since the latter determines how populated this intermediate mass range will be. This would in turn provide important information for formation models. For example Miguel & Brunini
(2008) recently showed that they find a minimum in the planetary mass spectrum at 100–1000 M⊕ if they use a formation
model similar to Ida & Lin (2004a) but couple it to solid and gas
accretion rates which fit the results of Fortier et al. (2007), rather
than a minimum at 10–100 M⊕ as in Ida & Lin (2004a).
At masses below 30–40 M⊕ , the PIMF raises rapidly again
with decreasing mass to reach a well defined local maximum
in the Neptunian mass domain (7–30 M⊕ ). The maximum at
about 15 Earth masses is caused by the planets in the “horizontal
branch” in the a−M sin i diagram, i.e. of subcritical cores migrating in the disk dominated type II migration and collecting solids
(Paper I). These planets have properties similar to the ice giants
of our own planetary system with 0.01  Menv /Mcore  0.4.
The next local minimum occurs at about 7 M⊕ . It marks the
boundary between “failed cores” and planets in the “horizontal
branch”. The reason for this minimum is clear as well. In order to best reproduce the observed population of giant extrasolar planets, especially the semimajor axis distribution, we found
that very small type I migration eﬃciency factors are needed
(see Sect. 5.9.2). With such low type I migration rates, isolation
phenomena in which the planet almost completely empties its
feeding zone of solids at its starting position become important.
This results in the quenching of the embryo’s growth at a mass of
roughly 5 M⊕ , which approximately corresponds to the maximal mass to which a “failed core” can grow in a disk with a
mean solid surface density just beyond the iceline. Type II migration is in contrast calculated at its nominal rate. Therefore,
as soon as the migration mode switches from type I to type II,
the core moves quickly into new, undisturbed regions of the disk
with a large supply of new planetesimals to accrete and therefore
resumes its growth to reach masses of the order of M ∼ 20 M⊕ ,
which is the typical mass an embryo reaches after it has swept
through significant parts of the inner regions of the disk while
migrating through the “horizontal branch”. Hence, except for unlikely timing eﬀects, embryos with a final mass between the two
values mentioned above are not as frequent as the others.
Finally, the PIMF begins to rise very quickly in the Super
Earth mass domain, indicative of the large population of low
mass “failed core” planets already seen in the mass-distance diagram.
The quantitative characteristics of the planetary IMF at such
low masses (i.e. below 10–20 Earth masses) predicted by our
model should be considered with great caution. As we have already mentioned, our model is essentially a giant planet formation model and is therefore significantly incomplete at the low
mass end (see also Paper I). For example, the minimum at 7 M⊕
between Super Earth and Neptunian planets might be an artifact
resulting from not having considered the merging of the “failed
core” after disk dispersal, as well as planetary formation in the
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Fig. 4. Statistical test of the mass distribution. Panel (A): histogram of the projected
mass M sin i of the sub-population of the
Nobssynt = 6075 detectable synthetic planets
(solid line) and the observational comparison
sample of Nobsreal = 32 planets (dotted line).
Panel (B): cumulative distribution function corresponding to (A), showing that the two distributions are very similar.

Nnocalc solid-poor disks. Despite this caution, we nevertheless believe that a strong rise of the PIMF below ∼10–20 M⊕ is a real
feature reflecting the fact that the vast majority of embryos are
located in disks that do not allow the formation of massive cores.
Forming Jovian planets is in contrast only possible when initial conditions are, by chance, planet formation friendly, which
corresponds to a disk with significant amounts of solids and gas.
The Sun is in the low metallicity tail of planet host stars (Udry
& Santos 2007). Under these favorable conditions, the tip of the
iceberg of the full planetary population is formed, the one we
detect with radial velocity techniques at a precision of 10 m/s.
Usually, our attention is focused on stars that do have detectable
(giant) planets. But the finding that 90% of the stars in RV surveys do not appear to have detectable giant planets is an important result as well and is in full agreement with our PIMF.
From consideration of the PIMF, we compute the fractions
of diﬀerent types of synthetic planets in Table 2. The numbers
for the lowest mass bins must very likely be seen as lower limits. For example, many of the Nnocalc initial conditions for which
we did not calculate the formation of a planet, as no 0.6 M⊕ seed
could be formed during the lifetime of the gas disk, may eventually lead to the formation of planets with masses below 7 M⊕ . If
this were to be the case, this mass bin would eventually contain
69.7% of all initial conditions.
It is clear that the exact value of the masses defining the various bins in Table 2 are somewhat arbitrary but are nevertheless
based on the various features of the PIMF. Note that the maxima
of the PIMF correspond roughly to planetary masses occurring
in our solar system.
The core accretion mechanism is able (under certain assumptions, see Paper I) to produce planets which lie in a mass domain where, at least in the absence of a solid core, deuterium fusion occurs (M  0.012−0.013 M ≈ 12.6−13.6 M , Chabrier
& Baraﬀe 2000). Therefore, we simply call all planets with a
mass larger than 13.6 M “deuterium burning planets” (DBP,
see Baraﬀe et al. 2008). Such massive planets are however rare
objects: only 0.4% of all disks produce a planet larger than
13.6 M , and just 11 out of 70 000 initial conditions produce an
object more massive than 30 M . The existence of the “brown
dwarf desert” is therefore not in disagreement with these findings. For example, Marcy & Butler (2000) have estimated a frequency of brown dwarfs within 3 AU of 0.5%. The overall
largest synthetic planet has a mass of 38 M , which lies in the
middle of the desert (Lovis & Mayor 2007).

5.3.2. Observed mass distribution

In Fig. 4, the two panels illustrate the results of the statistical comparison of the M sin i distribution of the detectable
sub-populations with the observational comparison sample.
Panel (A) of Fig. 4 shows the mass histogram of the subpopulation of the detectable synthetic planets, together with the
observational comparison sample. Both distributions peak at
about 2 M . The decrease at high masses simply reflects the
decrease in the unbiased PIMF in the Super Jupiter and DBP
domain. The decrease at low masses is mainly an eﬀect of the
observational detection limit of 10 m/s, but not entirely, because
the underlying distribution also decreases below ∼1 M .
Panel (B) shows the corresponding cumulative distribution
functions. The plots make it obvious that the two distributions
are very similar. Some diﬀerences exists at the low and high
mass end. At the high mass end this could be related to the fact
that the Nobsreal = 32 observational comparison sample only includes companions if their mass is smaller than 20 M , while we
do not use such a criterion, so that we should add some brown
dwarf candidates, as suggested by Lovis & Mayor (2007).
Applying the KS test results in a high significance that both
the observed and the synthetic population are drawn from the
same parent distribution. The bootstrap method leads to S M =
95.6%, while using Eqs. (1) to (3) leads to 96.8%. We have found
that it is possible to obtain good, or at least non-zero statistical
significance for the mass distribution, even if some parameters
were changed (cf. Sect. 5.9), in contrast to S a−M or S a , that often
fall to virtually zero. These surprisingly good results for the mass
distribution have led us to conclude that gas accretion by a core
may be relatively well understood as compared to, for example,
its migration.
The good agreement with observational data is also visible
in Fig. 5, where the mass distribution of the detectable subpopulation is compared in linear bins to Marcy’s et al. (2005)
power law dN/dM ∝ M −1.05 inferred from the Keck, Lick &
AAT observational data (See Udry & Santos 2007 for an updated
version of this plot.). Similarly to the observational result, this
power law gives a good representation of the mass distribution
in the Jovian planet regime. This is due to the approximatively
flat part (in logarithmic units) of the PIMF in the Jovian mass domain discussed above. At masses much larger than one Jupiter
mass (7 M ), and especially in the DBP domain, the number of
planets is clearly lower than inferred from the dN/dM ∝ M −1.05
law, again in good agreement with Marcy et al. (2005) or Butler
et al. (2006). This is due to the decrease of the PIMF in the Super
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Fig. 5. Histogram of M sin i of the 6075 detectable synthetic planets
compared to the observationally inferred dN/dM ∝ M −1.05 power law
of Marcy et al. (2005).

Jupiter and DBP tail. From the complex shape of the unbiased
PIMF in Fig. 3 it is however also clear that one power law cannot be used to describe the full domain of planetary masses, as
already noted by Mayor & Udry (2008).
5.4. Semi-major axis a

The third distribution we have compared with the observations
is the semimajor axis. In the comparison, the “Hot” synthetic
planets that reach the inner boundary of the computational disk
at atouch are again not included, as the structure of the disk closer
than ∼0.1 AU to the star is likely to be more complicated than
described in the model, and probably causes particular eﬀects,
like stopping planetary migration. Correspondingly, observed
Hot Jupiters are not included (Sect. 3.3). The constraints these
planets put on the model are treated in Sect. 5.6.
In Fig. 6, panel (A), the distributions of the semimajor axes
of the detectable synthetic planets and the Nobsreal = 32 observational comparison sample is plotted. Although the two histograms are similar (an approximately flat distribution at smaller
distances followed by a sharp upturn at larger distances), two
diﬀerences exist. First, among the synthetic population there are
more detectable planets inside ∼1 AU than in the observational
sample, and second, the upturn occurs in the model at a larger
distance (∼2 AU) instead of about 1 AU as in the observational
comparison sample, or as e.g. also shown in Marcy et al. (2005).
In the model, the inner flat part is populated by giant planets
of the “main clump” which first migrate through the “horizontal
branch” to collect solids (Paper I), while the upturn at ∼2 AU
is caused by “outer group” planets, which grow supercritical for
gas runaway accretion in-situ.
Giant planets at smaller distances thus have a diﬀerent, more
complicated formation and especially migration history than
those further away. The number of giant planets inside ∼1 AU
is thus dependent on the eﬃciency with which migrating cores
can accrete planetesimals, or the solid surface density profile below 1 AU. Both these factors are described only roughly in the
model as the accretion rate is the same for a migrating as for
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a non migrating planet, and we use a simple ∝r−3/2 law for the
solid surface density, which could be modified for example by
planetesimal drift due to gas drag, which occurs on the fastest
timescales at small distances (e.g. Chambers 2006). The location of the “outer group” and thus the upturn at about 2 AU is
dependent on the location of the iceline. In tests where we arbitrarily reduced the location of the iceline as obtained by our
α disk model (Paper I) by 1 AU, this lead to a inward shift of
the “outer group” also by approximately 1 AU, bringing it into
better agreement with the observational data.
Panel (B) shows the cumulative distribution functions corresponding to (A). The KS test leads to a significance of S a =
63.9% using the bootstrap samples, Eqs. (1) to (3) to 63.5%.
This confirms the visual impression that the observed and the
synthetic semimajor axis distributions diﬀer more than the mass
distributions, even if they are still statistically similar.
When comparing the semimajor axis distribution with the
observations, one should keep in mind that this distribution is
very likely more aﬀected by long timescale planet-planet interactions (e.g. Ford & Chiang 2007; Veras & Armitage 2004) than
the mass distribution because scattering and ejections are more
likely than collisions (Ford & Chiang 2007), so that it is not necessarily expected that our model can accurately reproduce the
observations. It would therefore be interesting to couple the outcome of a population synthesis calculations to such numerical
N-body scattering experiments, similar to the work of Thommes
et al. (2008).
5.5. Metallicity [Fe/H]

The fourth distribution we have statistically compared is the
metallicity distribution. The so called “metallicity eﬀect”, i.e.
the increase of the detection probability with stellar metallicity,
is discussed in Sect. 5.7.
It is clear that such a test only makes sense if one can assume
that the planets in the observational comparison sample originate from a search within a sample with a similar metallicity
distribution as the CORALIE sample. This is approximately the
case for the 1040 FGK stars in the Keck, Lick and AAT planet
search sample (FV05; Paper I). It is clearly not the case for detections coming from metallicity biased search programs. This is of
course also the case for all other distributions we have compared
statistically. As most planets in our observational comparison
sample have rather long periods (and are discoveries dating several years back), we assume that our statistical comparison sample is in that sense not “contaminated” by planets of a metallicity
biased search program (see Santos et al. 2005 for a discussion of
this point).
Panel (A) of Fig. 7 displays three distributions: The metallicity distribution of the synthetic detectable planets, the metallicity distribution of the observational comparison sample, and the
fit to the metallicity distribution of the CORALIE planet search
sample (Santos et al. 2003). This distribution is a Gaussian with
μ = −0.02 and σ = 0.22 and is the distribution from which we
drew [Fe/H] (Paper I), and thus represents the metallicity distribution of all the Ninit initial conditions.
It is an observationally very well established fact that planet
host stars have a clearly higher mean metallicity than the complete search sample. The oﬀset between the two distributions is
observationally found to be 0.1–0.25 dex (Santos et al. 2004b;
FV05). Panel (A) shows that our simulations reproduce this observational constraint. Here too, the detectable sub-population
is richer in metals than the full population. We find that the
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Fig. 6. Statistical test of the semi-major axis
distribution. Panel (A): distribution of the final semimajor axes of the detectable synthetic
planets outside the feeding limit (solid line) and
the observational comparison sample (dotted
line). Panel (B): cumulative distribution function corresponding to (A).

Fig. 7. Statistical test of the metallicity distribution. Panel (A): solid line: [Fe/H] histogram
of the detectable synthetic planets. Dotted line:
Distribution in the observational comparison
sample. Dashed line: Fit to the metallicity distribution in the CORALIE planet search sample, from which the Ninit initial conditions are
drawn. The distributions of both the synthetic
and actual detectable planets are shifted towards higher metallicities relative to this curve.
Panel (B): corresponding cumulative distribution functions of the synthetic and actual planets.

detectable sub-populations has a mean [Fe/H] of 0.09 i.e. we
find a relative shift of 0.11 dex.
The corresponding cumulative distributions in panel (B)
show that the distributions of the actual and synthetic detectable
planets are similar. The Nobsreal = 32 observational comparison
sample might be aﬀected by small number eﬀects, as indicated
by the bumpy structure of the histogram. It also seems that our
synthetic distribution suﬀers from a certain deficit of detectable
planets in the clearly subsolar metallicity regime, while we find
more planets at around [Fe/H] = 0, where a decrease in the observational data exists. This decrease is however very likely only
a small number eﬀect, as indicated by the comparison with a
less specific set of exoplanets (Sect. 3.3). The KS test returns
a clearly non-zero, but rather low significance for both samples
coming from the same parent distribution of 21.7% using the
bootstrap method. Using Eqs. (1) to (3) leads to 23.5%.
We plan to include in the future a self-consistent calculation
of the early solid surface density evolution, similar to the model
of Różyczka et al. (2004), as these authors have shown that this
is important to reproduce the observed metallicity distribution of
the extrasolar planets.
5.6. Observational constraints for the “Hot” planets

As explained in Paper I, due to possible eﬀects like Roche lobe
overflow to the star (Trilling et al. 1998), evaporation or partial
accretion of gas streaming past the planet onto the star, we do
not really know the fate of the “Hot” synthetic planets migrating
to atouch ≈ 0.1 AU.

Up to this point, “Hot” planets were therefore excluded from
the statistical analysis. However, Hot Jupiters represent an important feature of the actual population of extrasolar planets,
and therefore we still would like to use them to test our models. To be able to do this, we proceeded in the following way:
FV05 have published a list of 850 FGK stars that have enough
RV observations that every planet with a radial velocity semiamplitude K > 30 m/s and a period T shorter than 4 yr was
detected (uniform detectability criterion). Of the 850 stars, 47
have a planet (or several planets) detectable with this observational bias. Using the planetary orbital parameter from FV05,
we then calculated how many of the 47 stars with planets have
a companion (using the most massive one if there is more than
one planet) that would have been classified as a “Hot” planet
in our simulations, using the atouch criterion. This is the case
for 9 stars. We can use this to define a simple new constraint
in the following way. With a K > 30 m/s, T < 4 yr pass-fail
bias, the overall detection probability excluding the “Hot” planets PFV is 38/850 ∼ 4.5%. Including the “Hot” planets leads to
a PFV,whot = 47/850 ∼ 5.5%. The fraction of “Hot” detectable
planets of all detectable planets is FFV = 9/47 ∼ 19%. This last
figure is clearly the most important observational constraint, as
it is a ratio between detectable planets only, which is likely to
reduce possible unwanted consequences of the one-embryo-perdisk approach. We also note that the fraction of all stars with a
detectable “Hot” giant planet is 9/850 ∼ 1%, as in Marcy et al.
(2005) who find 1.3 ± 0.3%.
We then proceeded in the same way for the synthetic planets. We identified the subset of synthetic planets which have
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Table 3. Constraints on the “Hot” planets from Fischer & Valenti (2005) and results from the synthetic population.
Feature
Nb. of detectable synth. planets with the FV05 bias outside feeding limit
Detection probability with FV05 bias excluding “Hot” planets (PFV ) [%]
Nb. of “Hot” synth. planets detectable with the FV05 bias
Detection probability with FV05 bias including “Hot” planets (PFV,whot ) [%]
Fraction of ”Hot” detectable planets of all FV05 detectable planets (FFV ) [%]

0.1 AU 0.01 AU
3382
4.8
259
407
5.2
5.4
7.1
10.7

Obs. const. (FV05)
–
4.5 ± 0.7
–
≥5.5 ± 0.8
≥19 ± 6

The two columns 0.1 and 0.01 AU represent the results if such final semimajor axes for the synthetic “Hot” planets are assumed.

K > 30 m/s and T < 4 yr (“FV05 bias”). The radial velocity
semi-amplitude K and T are calculated as (Udry 2000)

G
M sin i
K = √
(4)
2
aM
∗
1−e


M sin i
a −0.5 m
(5)
≈ 0.09
1M⊕
1 AU
s

4π2 a3
T =
(6)
GM∗
 a 3/2
=
yr
(7)
1 AU
where the second lines apply for our special case of a circular
orbit and M∗ = 1 M .
Such a pass-fail detection criterion is much more rudimentary than the synthetic observational detection probability presented in Sect. 3.1, but we want to use a detection criterion as
similar as possible to FV05. For the “Hot” planets, whose real
final semimajor axis is unknown, we once calculated K assuming that their final semimajor axis is 0.1 AU, and once assuming
0.01 AU, but always using the mass when they arrive at the feeding limit at atouch . The smaller assumed final semimajor axis is,
of course, extremely close to the star (the radius of the sun is
about 0.005 AU). But in this way, we obtain an approximative
upper and lower boundary.
The results are as follows (Table 3): Outside the feeding
limit, 3382 synthetic planets are detected with the FV05 bias.
This results in a PFV of 3382/70 000 ∼ 4.8% for the synthetic
population, compatible with the observed value of 4.5±0.7%, assuming for the error that the observations follow Poisson statistics (as FV05). Among the “Hot” planets, 259 or 407 planets are
detected with the FV05 bias, for a = 0.1 or 0.01 AU, respectively. This gives us a synthetic PFV,whot of (259+3383)/70 000
to (407+3383)/70 000 corresponding to 5.2 to 5.4%, again compatible with the observations (5.5 ± 0.8%). For the most important constraint, the fraction of detectable “Hot” planets among
all planets detectable with the FV05 bias, we find for the synthetic population FFV = 7.1−10.7% for an assumed final semimajor axis of 0.1 and 0.01 AU, respectively. While the value
using 0.1 AU is too low, the upper limit is not too far from the
observed ratio of ≥19 ± 6%, given the large error bars. We note
that this result corresponds to an overall frequency of synthetic
Hot Jupiters of 259/70 000 = 0.37% and 407/70 000 = 0.58%
again for the lower and the upper limit, respectively.
We note that in contrast to our result, Ida & Lin (2004a) have
found that a much higher number of planets must have migrated
close to the star compared to what is observed today, which
would correspond to a significantly higher FFV . Such a higher
FFV is also in agreement with the observational constraint, as
planets may have perished by falling into the star or by evaporation. However, we have found in our calculations that we

cannot obtain synthetic populations with a higher FFV (as obtained when assuming a higher type I migration rate, Sect. 5.9.2)
without simultaneously increasing also the number of detectable
planets at a  1 AU but still outside the feeding limit. Since
the nominal model tends to already overestimate the number of
planets in this region, we conclude that it is not possible to increase FFV without degrading significantly the KS test result for
the semimajor axis. This is an example that illustrates clearly
that the model cannot be tweaked in a particular direction by
a suitable choice of parameters. For the moment, we can only
speculate that these diﬃculties are due to an incomplete description of migration, and/or that our simulations lack a mechanism
that “produces” Hot Jupiters without changing the semimajor
axis distribution at larger distances. Note that a simple stopping
mechanism is not a solution since we actually have kept all planets migrating to these short distances. A mechanism that is controlled by the thermodynamic structure of the disk that could
have such an eﬀect is presented in Sect. 5.9.5. Alternatively, one
could also imagine that the very strong instrumental (and very
likely also strong observer) bias to find Hot Jupiters is not completely corrected for in the observational comparison data.
Indeed, other surveys have found a rather lower rate of occurrence of Hot Jupiters (less than 1%), which we reproduce better
with our simulations (0.4–0.6%): Naef et al. (2005) find for the
ELODIE planet search campaign that a fraction of 0.7 ± 0.5% of
stars have a giant planet with a period of less than 5 days and a
mass larger than 0.42 M . Cumming et al. (2008) find a similar
result of 0.65 ± 0.4%. Fressin et al. (2007) find that a fraction of
1/215 = 0.47% of late main-sequence stars are orbited by a giant
planet with a period between 1–5 days, using combined results
from radial-velocity and photometric transit surveys.
5.7. Metallicity effect

The strong correlation between stellar metallicity, and the likelihood of finding giant planets, the so called “metallicity eﬀect”,
is possibly the best established observational constraint (e.g.
Gonzales 1997; Santos et al. 2004b; Fischer & Valenti 2005).
Even though the role of metallicity in planet formation will be
discussed in detail in a forthcoming publication, we check here
if our synthetic population presents the same eﬀect as other giant
planet formation models (Ida & Lin 2004b; Kornet et al. 2005;
Robinson et al. 2006; Matsuo et al. 2007). In Sect. 5.5 we have
already compared the [Fe/H] distribution of the synthetic and the
actual planets. But as explained there, these distributions depend
on the metallicity distribution of the planet search sample. By
dividing the [Fe/H] distribution of the planet host stars by the
one of the full sample we can correct for that.
To do so, we use the sub-population of 3641 (respectively 3789) planets detectable with the FV05 bias described in
the last section and assigned them to the same bins in metallicity 0.1 dex wide as FV05. We then normalize by dividing the
number in each bin by the total number of initial conditions in
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Fig. 8. Fraction of embryos that become giant planets detectable with
K > 30 m/s and T < 4 yrs as a function of metallicity for the synthetic
and actual surveys. The solid line assumes that the “Hot” synthetic planets stop at 0.01 AU, the dashed one that they do so at 0.1 AU. The
dotted lines are the observationally determined values and error bars
taken from Fischer & Valenti (2005). The dashed-dotted line is the averaged result from the CORALIE and Lick-Keck-AAT samples (Udry
& Santos 2007). The smooth solid curve is given as 0.05 × 10[Fe/H] i.e.
∝Z, which approximately fits our results, while the smooth dotted curve
is the 0.03 × 102.0×[Fe/H] i.e. ∝Z 2 fit from Marcy et al. (2005).

the corresponding bin. With this procedure, both synthetic and
observed data have been binned in an identical manner, which
allows for an accurate comparison.
Figure 8 shows the results of this comparison. It can be seen
that the synthetic population reproduces the observed positive
correlation between metallicity and the detection probability of
giant planets. Even quantitatively it agrees with the observational
constraint from FV05 within the error bars in all bins except two
at 0.1–0.2 dex. Note that we have not additionally normalized the
distribution in any bin. The fact that we also reproduce the absolute numbers well means that our single embryo is obviously a
good representative of the large number of all nascent embryos.
Figure 8 shows that the detection probability as a function
of [Fe/H] in the model and the observational data are not identical. At largely supersolar metallicities, our predicted fractions
are below the observed values (but still within the Poisson error given by FV05) while at mildly supersolar values we find
slightly higher fractions than FV05. We find that the increase of
the detection probability scales approximately as ∝ Z (Z being
the stellar mass fraction of heavy elements), while observational
data rather indicate a quadratic dependence on Z (Marcy et al.
2005), or two diﬀerent regimes for metallicities larger (respectively smaller) than 0.0 dex, with no dependence on [Fe/H] in the
subsolar regime (Santos et al. 2004b; Udry & Santos 2007). Our
theoretical predictions seem to follow approximately the same
dependence on [Fe/H] over the entire domain, which is the also
the case for Ida & Lin (2004b, 2008b).
The reasons for this diﬀerence in slope could be metallicity eﬀects that are not included in the model. At the moment,
the only quantity where fD/G enters is the solid surface density. Metallicity eﬀects that are not included are for example
changes in disk and envelope opacity, or a change in relevant

Fig. 9. Distribution of the disk lifetimes in which detectable synthetic
planets are formed, which are upper limits for the formation timescales
of the detectable (giant) synthetic planets themselves. Detectable planets originate from disks that are on average somewhat longer living than
average disks, but giant planets can also form in disks that have a lifetime as short as 1–2 Myr.

planetesimal size and consequent radial distribution. This last effect was found by Kornet et al. (2005) to increase the detectable
fraction, especially at low [Fe/H].
It is apparent that the synthetic population does quite well
when it comes to reproducing the “metallicity eﬀect”. The fact
that this happens concurrently with all other observational constraints is the critical point in this study. We thus confirm the result of parameterized core accretion models (Matsuo et al. 2007)
that the core accretion paradigm seems to be capable of explaining the vast majority of known extrasolar giant planets.
A closer look at the population reveals that the metallicity
eﬀect is due to the combination of two eﬀects: First, metal rich
systems favor the formation of massive planets, as one would intuitively expect from the core accretion theory, as for metal rich
disks the core reaches the critical mass for runaway gas accretion earlier, therefore allowing more gas to be accreted before
the disappearance of the disk. The second is simply the fact that
the RV technique discovers massive planets more easily (Fig. 1).
However it does not imply an absence of other types of planets
(not Jovian) at low metallicity.
With the metallicity eﬀect, we have treated all six observational constraints mentioned in Sect. 4.1. In the next section, we
address an observational constraint that is not posed by the extrasolar planet population itself, but by the protoplanetary disk
they are formed in.
5.8. Formation timescales

Early core accretion models (e.g. Pollack et al. 1996) suﬀered
from the so called timescale problem. The predicted formation
timescales for giant planets were comparable to, or even longer
than typically observed disk dispersion timescales. This lead to
the hypothesis that a faster formation mechanism is needed to
form Jovian planets, namely the gravitational instability model
(Boss 2001; Mayer et al. 2004).
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Later extensions and improvements of the core accretion
model, such as the inclusion of planetary migration and concurrent disk evolution (Alibert et al. 2004, 2005a) or the use of
modified grain opacities in the envelope (Podolak 2003; Hubickj
et al. 2005), showed that the core accretion mechanism is able
to form giant gaseous planets well within the timescale limit
imposed by the observations. On the other hand, Fortier et al.
(2007) have recently shown that when they employ a core accretion rate based on the calculations by Thommes et al. (2003)
for the oligarchic growth regime, they find for identical initial
conditions a formation time for Jupiter about one order of magnitude larger than Pollack et al. (1996), so that this question is
not yet settled (see Paper I). In the population synthesis calculations presented here, which use the same (faster) accretion rates
of solids as Pollack et al. (1996), the formation timescales of
giant planets are by construction compatible with the observed
disk lifetimes, as the distribution of the photoevaporation rate
Ṁw was adjusted to reproduce the observed disk lifetime distribution (Paper I), and disk lifetimes are obviously upper limits for
the formation timescales of gaseous planets (as we neglect any
formation after the gas disk dispersion, the disk lifetimes are in
fact an upper limit for the formation timescales of all planets in
the model).
A posteriori, the Monte Carlo simulations yield the distribution of lifetimes of those disks which eventually produced a
giant planet in the detectable sub-population. Figure 9 shows
this distribution. We find that giant planets form in disks with
a mean lifetime that is about one Myr longer than the mean lifetimes of the disks of all Nsynt planets (mean lifetimes of 3.50 and
2.49 Myr, respectively). Some giant planets (∼14.5%) were however also formed in short-lived disks (<2 Myr). This provides a
hint that from the disk lifetime aspect alone, giant planet formation is not completely inhibited (albeit less likely) in a dense stellar environment in which circumstellar disk dispersion is rapid.
However, for this to occur, high amounts of solids are required:
The mean metallicity of the disks in which giant planets form
within 2 Myr is 0.18 dex, twice as large as the mean metallicity of all detectable giant planets (0.09 dex, as mentioned in
Sect. 5.5).
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Table 4. Important parameters for the simulations.
Feature
Type I migration eﬃciency factor fI
Viscosity parameter α
Initial gas disk profile Σ(a, t = 0)
Rockline included
Iceline included
Photoevaporation included
fD/G,
Distribution for Σ0
Host star mass
Initial embryo mass Memb,0

Values
0.001, 0.01, 0.1, 1
0.001, 0.005, 0.007, 0.01
∝ a−3/2
yes, no
yes
yes, no
0.016, 0.02 0.04, 0.05
Taurus, Ophiuchus
1 M
0.1, 0.3, 0.6 M⊕

If several parameters were tested, the value for the nominal case which
gives the best results in the statistical analysis is printed in italic letters.

μ = −1.66, σ = 0.74, cf. Paper I) instead of Ophiuchus for Σ0
does not have a marked influence on our results. In the KS tests,
values of 65, 85, 58 and 50% are found for S a−M , S M , S a and
S [Fe/H] , respectively. The reason for these rather small changes
is partially linked to the fact that we kept the range of possible Σ0
values constant (50–1000 g/cm2 ), so that in both cases a rather
limited part of the full distribution is covered (Paper I).
We have also synthesized a population with Memb,0 = 0.3
instead of 0.6 M⊕ . As the starting mass has been chosen arbitrarily, changing it within certain limits should not have a significant
influence on the final results. A diﬀerent Memb,0 changes the distributions of astart (via the isolation mass criterion) and naturally
also tstart . In addition lowering Memb,0 increases the number of
disks that can form such embryos within their lifetime. The fraction of initial conditions Nnocalc /Ninit drops from 28% to 21%.
Qualitatively, the diﬀerences from the nominal case are very
small concerning the structure of the mass-distance diagram. As
for the KS tests, the largest diﬀerence is obtained in the mass
distribution (S M = 47% instead of 95.6%). At first glance, this
seems to be a large change and shows that the KS tests are quite
sensitive, and large diﬀerences can occur while “by eye“ changes
appear quite small. In many other cases however, the KS significance was found to drop much more e.g. to 0.1%. The other KS
results are 53, 57 and 37% for S a−M , S a and S [Fe/H] , respectively.

5.9. Influence of parameters

The results presented up to this point relate to the nominal population. This nominal population was defined as the population
that provided an overall best match to all the tests described
above from a large set of populations that were obtained from
varying parameters. Table 4 summarizes the values of some parameters and distributions that were used to explore the space
available. The synthetic populations obtained with these diﬀerent parameters were compared to the actual exoplanets using the
same statistical methods as discussed above.
In this section, we briefly discuss some outcomes of varying various free parameters. Our main focus rests on determining the influence of changing the type I migration eﬃciency factor fI since this has the largest influence on the sub-population
of “Hot” planets.
5.9.1. Varying Σ0 and Memb,0

In all cases mentioned here, only one parameter at a time was
changed from its default value .
Using the disk mass distribution derived from observational data of the Taurus-Auriga star forming region (with

5.9.2. Varying fI

The current knowledge about type I migration which embedded
low mass planets undergo is rather poor. For example, Nelson
& Papaloizou (2004) have shown that migration of low mass
planets in a disc with magnetohydrodynamic turbulence occurs
in the form of a random walk, and that averaged torques do not
converge to well-defined values for low mass planets. Menou
& Goodman (2003) have found a strong sensitivity of local migration rates to the background disk structure such as opacity
transitions. Paardekooper & Mellema (2006) and Baruteau &
Masset (2008) have also shown that depending on specific local thermodynamic disk properties, the net torque can also be
positive, i.e. causing outward migration. In addition, poorly ionized “dead zones” in the gaseous disk with a very low eﬀective
viscosity may also play an important role (Ida & Lin 2008b). For
example, they allow much smaller planets to open a gap and to
migrate in type II migration characterized by very low α values,
rather than type I (Matsumura et al. 2007).
In summary, it seems increasingly likely that type I migration rates found in laminar, isothermal disks (Tanaka et al.
2002) might not be the whole story and that the true migration
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Fig. 10. Semimajor axis a versus projected mass M sin i for four synthetic populations diﬀering in the type I migration rate eﬃciency factor fI .
In all cases, 20 000 synthetic planets are plotted. The dotted line is the feeding limit at atouch . Planets migrating to this limit have been plotted at
0.1 AU. The fI = 0.001 case (top left), is the nominal case i.e. the plotted planets are a subset of those in Fig. 2, panel A.

rate of small mass planets might be much more complicated.
Nevertheless, short of a better description, we use the rates given
by Tanaka et al. (2002) and multiply them by an arbitrary eﬃciency factor fI . We do not claim that this factor captures the
true type I migration rate. It merely provides a convenient way
to investigate the changes in the characteristics of the synthetic
planet population with changing migration rate (see also Ida &
Lin 2008a).
We have synthesized three populations which diﬀer from the
nominal case with fI = 0.001 by the magnitude of the type I
eﬃciency factor fI , for which we use values of 0.01, 0.1, and
1.0. In Paper I, planetary formation tracks for two diﬀerent fI
cases were shown (0.001 and 0.1), and some eﬀects on the the
planetary populations were discussed. Figure 10 shows the final positions of 20 000 planets in the a − M sin i plane for the
population with fI = 0.001, 0.01, 0.1 and 1.0.
When generating initial conditions, we do not include planetary migration, as explained in Paper I. This implicitly means
that we neglect the radial drift of the embryos at masses below Memb,0 = 0.6 M⊕ . For low values of the eﬃciency factor

fI (0.001–0.1), this is justified, as the type I migration rate increases linearly with planet mass (e.g. Alibert et al. 2005a), so
that the extent of migration a seed would undergo while its mass
is below Memb,0 is small. This can be seen in the formation tracks
in Paper I. For fI = 1.0, however, this approximation is no longer
correct, as illustrated by the results of Ida & Lin (2008a). In order to attenuate the artificial reduction of type I migration we
have therefore synthesized the fI = 1 population with an initial
mass of the seed of 0.1 instead of 0.6 M⊕ .
At fI = 0.01 (top right panel), the synthetic population
is in general similar to the 0.001 case. A separation between
the “main clump” and the “outer group” has, however, become
visible, and the close-in very low mass planets (a  1 AU,
m  4 M⊕ ), for which the eﬀects of type I migration are the
most severe (see also Ida & Lin 2008a), have started to migrate
and grow beyond the isolation mass, and sometimes also have
reached the feeding limit.
At fI = 0.1 (bottom left panel) the eﬀects of the type I migration start to become clearly visible compared to the nominal
case. The sub-population of “failed cores” is clearly reduced at
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Table 5. Statistical comparison of synthetic populations calculated with diﬀerent type I migration eﬃciency factors fI .
Feature
Detection probability w/o Nhot (P) [%]
Detection probability w. Nhot (Pwhot ) [%]
Fraction of cases migrating to atouch (Nhot /Ninit ) [%]
Significance KS a − M sin i (S a−M ) [%]
Significance KS M sin i (S M ) [%]
Significance KS a (S a ) [%]
Significance KS [Fe/H] (S [Fe/H] ) [%]
Detect. prob. with FV05 bias excluding “Hot” planets (PFV ) [%]
Detect. prob. with FV05 bias including “Hot” planets (PFV,whot ) [%]
Fract. of “Hot” detectable planets of all FV05 detectable planets(FFV ) [%]

fI = 0.001
8.7
10.7
2.0
87.7
95.6
63.9
21.7
4.8
5.2–5.4
7.1–10.7

0.01
9.4
14.0
4.7
35.2
93.6
18.4
40.8
5.3
6.0–6.3
11.4–16.4

0.1
8.8
28.7
19.9
7.8
57.3
6.7
28.0
5.5
7.5–8.4
26.4–34.8

1.0
3.1
48.0
45.0
0.3
5.0
0.2
10.0
2.2
4.1–5.5
47.1–60.5

Obs.
∼5–10
≥7.3 ± 1.5
–
–
–
–
–
4.5 ± 0.7
≥5.5 ± 0.8
≥19 ± 6

All other parameters are kept constant, except that for the fI = 1.0 the seed mass is 0.1 instead of 0.6 M⊕ . The quantities are the same as in Table 1
and 3. Where possible, observational constraints are also given (Naef et al. 2005; FV05).

large distances. Most embryos starting inside the iceline have
fallen into the feeding limit, and only “failed cores” starting late
and beyond the iceline are retained. Nevertheless, some features
of the nominal populations like the “outer group” and the “horizontal branch” are visible also at this higher migration rate (by
a factor of 100). The inner boundary of the “main clump” is
shifted inwards and reaches the inner border of the computational domain. A significant number of planets with masses up
to 20 M have now migrated to the feeding limit. The presence
of these massive planets is one of the reasons for which we rejected high values of fI , since these objects should have been
easily detected. In fact, such planets have only been detected orbiting host stars that are members of multiple stellar systems, but
not around single host stars (Udry et al. 2003; Eggenberger et al.
2004).
The faster type I migration also, as expected, has consequences for the low mass planets reaching the feeding limit. In
particular, with increasing fI , smaller and smaller mass planets
migrate and eventually reach 0.1 AU, For example, 6 and 2 M⊕
planets reach 0.1 AU for fI = 0.1 and 1.0, respectively. In the
case of the nominal population, only planets with a mass larger
than about 10 M⊕ reach the inner boundary of the computational
disk. In addition, the nominal model shows a depletion of planets in the region between the “failed cores”, which virtually do
not migrate, and those in the “horizontal branch” as discussed in
Sect. 5.2. This depletion disappears at higher values of fI .
Finally, we note that even for fI = 1.0, giant planets can
form (Thommes & Murray 2006), but only at a reduced number
(Table 5). The sub-population of “failed cores”, which was very
numerous just beyond the iceline at small type I rates, has almost completely migrated inside 1–2 AU or even into the feeding limit. This has strongly populated a part of the a − M sin i
plane (M sin i ∼ 4 M⊕ , a  0.3 AU) which is depleted at low fI .
The presence or absence of essentially gas-free, close-in icy
or “ocean” planets (Léger et al. 2004) with masses below 10 M⊕ ,
for which we can exclude that they have lost a significant primordial atmosphere, could be used as a strong indicator of the
eﬃciency of type I migration. Indeed we find in the model that
planets that are: (1) mainly icy (>50% of the accreted solids are
icy); (2) have a mass smaller than 10 M⊕ ; (3) a Menv /Mcore that
is much less than 0.1; and (4) which migrate from beyond the
iceline to a  0.1 AU only exist if fI = 1. At fI = 0.001 we
also find planets in the feeding limit that have a mainly icy core,
but these planets have a mass of at least 20 M⊕ , and have more
massive envelopes 0.1  Menv /Mcore  1.0, i.e. they are of a
Neptunian nature. Hence, the discovery in large numbers of low
mass “ocean” planets would indicate that the type I migration as

described in our model is not correct because the existence of
such planets requires a high eﬃciency for this migration, while
the more massive and distant planets call for a sharply reduced
rate.
We have statistically compared all diﬀerent fI populations
with the observational comparison sample. Table 5 gives an
overview of the results of the KS tests.
The inspection of Table 5 shows that both the results for
fI = 0.001 and fI = 0.01 are all in at least fair agreement with
the observations, with the nominal, slower migration case having somewhat better results for S a−M and S a , and the population with fI = 0.01 reproducing better the constraints derived
for the “Hot” planets, and the metallicity distribution, S [Fe/H] . At
fI = 0.1 the mass is still fairly well reproduced, but the significances for a − M sin i and a are clearly reduced. At fI = 1.0,
all KS results have fallen to low or very low values, in particular for the semimajor axis distribution. The main reason for this
is, as mentioned, that too many giant planets end up at distances
1 AU when the type I migration rate is high. Additionally, the
period/semimajor axis gap between the “main clump” and the
“outer group”, which opens up at larger fI , is not compatible
with the observations either. The gap opens because the seeds
that start inside the iceline in metal rich disks and which later
become giant planets now end up at smaller final semimajor
axes than in the slow type I case, where they populate the region
around 1 AU. Therefore, the comparison of the synthetic populations with giant planets found by rather low precision (10 m/s)
RV surveys constrain the eﬀective type I migration rate to be
1/100 of the Tanaka et al. (2002) result, although also a reduction factor of 1/10 probably can not be completely rejected.
Table 5 shows that the detection probability P that does not
include the planets that reach the feeding limit is nearly independent of fI between 0.001 and 0.1, and only decreases by a
factor of about 3 for fI = 1. It is then at 3.1%, which is a factor 2–3 lower than the observationally determined percentage.
For the detection probability using the simpler FV05 bias (PFV ),
the same behavior is found. This is due to the fact that higher
migration rates have two partially compensating eﬀects: While
a high type I rate drains seeds into the feeding limit (which reduces the detection probability), it also facilitates their growth,
because they move more quickly into regions where new planetesimals can be accreted (which increases the detection probability). The results here show that for a large span of values of
fI , the two eﬀects approximately compensate each other. Only
for the population with fI = 1.0 does the first eﬀect dominate.
Note that this prediction is in contrast with Ida & Lin (2008a)
who have found that the fraction of stars with giant planets is a
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monotonically decreasing function of the type I migration speed,
unless the eﬀect of an enhancement of the solid and gas surface
density near the iceline due to a “dead zone” is included (Ida &
Lin 2008b).
The detection probability where we have assumed that all
embryos that reach the inner border of the computational disk
become detectable, regardless of their mass, as it would be
the case for a “perfect” detection technique (Pwhot ), increases
strongly with fI , because the fraction of initial conditions which
ultimately lead to a planet migrating to atouch also increases
rapidly with fI . For the nominal population Nhot /Ninit is just
2.0%, but at fI = 1.0 45% of all seed embryos fall into the feeding limit i.e. roughly 20 times more. The fraction of Hot Jupiters
detectable with the FV05 bias i.e. massive planets in the feeding limit, in contrast, changes only by a factor ∼5 with fI . It is
0.4–0.6, 0.7–1.0, 2.0–2.9, 1.9–3.3, for fI = 0.001, 0.01, 0.1 and
1.0, respectively, where the two values again assume a stopping
distance of 0.1 or 0.01 AU. This means that a high type I migration rate increases significantly the number of close-in low mass
planets (Hot Super Earth and Hot Neptunes), but not that much
the number of close-in giant (Hot Jupiters) planets, as we expect.
To quantify this, we study below the initial mass distribution of
the “Hot” planets.
We note that even if our results favor a low type I migration rate, a non-reduced type I migration rate does not prevent
the formation of all giant planets, as mentioned before. This result could appear at odds with some of our former results (e.g.
Alibert et al. 2005a), where a reduced type I migration was a
pre-requisite for the retention of giant planets. However, in the
aforementioned calculations, the embryos were introduced in the
protoplanetary disk at tstart = 0, neglecting their formation time,
which led to a phase of rapid migration during the early evolution phases of the disk. In the present models, such an initial
phase of type I migration is avoided, since embryos are introduced in the disk after a few Myr, when the disk surface density,
and therefore the type I migration rate, have decreased. This is
in line with the results of Thommes & Murray (2006).
5.9.3. The IMF of the “Hot” planets

From the mass-distance plots for the four type I migration rates,
and the considerations made before, one already guesses that
the mass histogram of the planets reaching the feeding limit at
≈0.1 AU must be significantly diﬀerent for the four fI cases. As
the sub-population of planets close to the parent star (including
also very low mass objects) is the one that will become accessible to observations (both high accuracy RV and transit surveys
from space as CoRoT or Kepler) more quickly than planets further away, it is of interest to study the IMF of these planets. We
again express the caveat that when comparing the synthetic mass
spectra with the results of upcoming surveys, one must keep in
mind the many uncertainties aﬀecting the “Hot” planets mentioned in Paper I, in particular those of small mass. For example,
we neglect subsequent evaporation, and only address one (inward migration) of several other possible formation channels for
low mass, close-in planets like in-situ formation or shepherding by giant planet migration. See Raymond et al. (2008) for an
overview, and also Kennedy & Kenyon (2008).
Note also that here no observational bias has been applied
and that the stellar mass is still fixed to 1 M . These points will
be addressed in a later work. Nevertheless, the mass spectrum
of the “Hot” planets could be a good tool to better understand
type I migration.

Fig. 11. Distributions of the projected mass of the “Hot” planets (i.e.
those that migrate to the inner border of the computational disk), for
three diﬀerent populations: The solid line is the nominal population
with fI = 0.001. The dotted line is for fI = 1.0. The dashed line finally
is for fI =0.001 too, but with the eﬀect of the rockline included (see
Sect. 5.9.5). The mass spectra show the result of only one (inward migration) of several other possible formation scenarios for close-in planets like in-situ formation, which are not included in the model.

In Fig. 11 the distributions of M sin i of the “Hot” planets
are plotted for fI = 0.001 and 1.0. The other two fI cases lie
between these curves. The third curve in the figure is discussed
in Sect. 5.9.5. In both cases a peak at low masses is seen, which
corresponds to the Neptunian peak found in the overall (all semimajor axes) IMF (Fig. 3). It is the result of planets migrating
inwards in the “horizontal branch”. The exact location and the
smallest mass inside the feeding limit systematically varies with
fI : The higher fI , the more the mass peak is shifted to lower
masses and the more it broadens. The higher fI also, the lower
the mass of the lowest mass planet in the “Hot” population. At
fI = 0.001, the peak of the distribution lies at about 20 M⊕ ,
and few planets smaller than ∼10 M⊕ have been brought in. For
the fast type I migration case, the peak lies at about 5 M⊕ , and
the smallest planet brought into the feeding limit has a projected
mass below 1 M⊕ .
Figure 11 also shows that the ratio of massive Hot Jupiters to
small Hot Neptune and Hot Super Earth planets changes systematically with fI , as mentioned in the previous section. To study
this, we separate the “Hot” planets in a high and a low mass bin,
using as in Table 2 a separating (projected) mass of 30 M⊕ , as we
have identified a local minimum of the overall IMF at approximately this mass2 . We then find that there are 2.0, 3.2, 5.1 and
11.4 times more planets in the low mass than in the high mass
bin for fI = 0.001, 0.01, 0.1 and 1.0. This clear dependence, as
well as the dependence of the absolute number of close-in low
mass planets on fI discussed in the previous section, will soon
be observationally determined. Recent observational results
2
Also the IMF of the “Hot” planets has a local minimum between the
planets which do (respectively do not) undergo gas runaway accretion
and is thus bimodal. It lies for the nominal population at a slightly larger
mass than in the overall IMF, namely at M ∼ 40 M⊕ .
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indicate that close-in low mass planets are very common (Mayor
et al. 2009).
5.9.4. Heavy element content of “Hot” planets

The combined measurements of the mass and radius of planets
transiting their host star allow us, at least within certain limits,
to determine the relative fraction of hydrogen and helium and of
heavy elements in their interior, which can for example be used
to deduce constraints on the formation of the transiting planet
(Figueira et al. 2009).
As the number of transiting exoplanets is growing rapidly,
it is interesting to check if there are statistical correlations between stellar properties and the planetary composition. Indeed,
as shown by Guillot et al. (2006), and confirmed by Burrows
et al. (2007) and Guillot (2008), internal structure models indicate that there is a positive correlation between the total amount
of heavy elements in a planet MZ,tot and the host star metallicity,
provided that some “missing physics” (which can be a modification of the equation of state, a higher opacity or an additional
energy source) are assumed to be at work in a similar way in all
transiting giant planets.
Our results for the composition of the synthetic planets of the
nominal population ( fI = 0.001) reaching the feeding limit are
as follows: There is no correlation of [Fe/H] and the maximal total mass (envelope and heavy elements) M or the maximal mass
of accreted planetesimals Mheavy . But, as shown by Fig. 12, there
is a positive correlation of the total maximal mass of heavy elements MZ,tot (mass of accreted planetesimals plus mass of heavy
elements accreted with the gas). This is shown by an absence of
empty circles representing “Hot” planets with M > 100 M⊕ (as
a first order approximation of the detection bias towards massive
planets) with a high MZ,tot at low [Fe/H]. This is similar to the
results obtained by Guillot (2008) shown with large black circles for the scenario of an additional energy source deep in the
planet’s interior. These observed planets also have masses larger
than 100 M⊕ . A scenario with increased opacities gives qualitatively similar results. The synthetic population also reproduces
the general finding of internal structure modeling that some transiting planets contain high amounts (100 M⊕ ) of heavy elements. Note that the host stars in the sample of Guillot (2008)
have masses between 0.8 and 1.3 M , while we have a fixed
M∗ = 1 M .
The models of Guillot (2008) assume a concentration of the
heavy elements in the core surrounded by an envelope with solar composition. Our results of a higher MZ,tot at high [Fe/H] is
however due to higher amounts of heavy elements in the envelope, and not in the core. It could therefore seem questionable if
a comparison can be made, as in general the repartition can have
an important influence on the radius (Baraﬀe et al. 2008). The
“Hot” synthetic giant planets of primary interest here however
have a MZ,tot /M  0.3 (typically ∼0.1 as Jupiter and Saturn)
so that the influence of the repartition of the heavy elements
only has minor influence on the radius predictions (Baraﬀe et al.
2008).
The small filled circles in Fig. 12 represent the abundant
sub-population of Hot Neptunes discussed earlier. They typically
have 0.7  MZ,tot /M  1. The only currently known transiting
planet around a solar-like star of this type (HAT-P-11 b, Bakos
et al. 2009, MZ,tot ∼ 23 M⊕ ) is also shown in the figure and falls
well in this sub-population where observational biases are still
very important.
In Fig. 12 we have excluded the handful of extremely high
mass planets (10 M ) in the feeding limit, which are quite

Fig. 12. Total mass of heavy elements of “Hot” planets as a function
of [Fe/H]. Large empty circles are synthetic planets at the feeding limit
with a total mass larger than 100 M⊕ . Small filled circles are synthetic
planets with a total mass below this limit. The large filled circles with error bars are taken from Guillot (2008) and show MZ,tot calculated for 16
currently known transiting exoplanets, assuming a kinetic energy mechanism. HAT-P-11-b was added at [Fe/H] = 0.31 and MZ,tot ∼ 23 M⊕
(Bakos et al. 2009).

well separated from the rest of the “Hot” giant planets (M 
3 M ) in the nominal population. The reason is that due to their
extreme mass, their atouch is very large (several tenths of an AU)
so that it is not clear if they can be classified as “Hot” planets.
These planets, which start their formation inside the iceline in
extremely metal rich disks ([Fe/H]  0.4 and Σ0  800 g/cm2),
are also extreme in terms of composition: They typically have a
Mheavy of 100–200 M⊕ and MZ,tot of 200–800 M⊕ , reminiscent
of the internal composition deduced by Baraﬀe et al. (2008) for
HD 147506 b (aka HAT-P-2b, Bakos et al. 2007) where a higher
disk mass (due to the higher primary mass) could compensate
for the lower [Fe/H].
5.9.5. The “rockline effect”

In Fig. 11 we plotted the mass histogram of the planets in the
feeding limit for another population which is identical to the
nominal case (i.e. fI = 0.001), except that we have included
the rockline (Paper I). The corresponding population is plotted
in Fig. 13. It illustrates how population synthesis can be used
to study the global consequences of a given theoretical description of some physical mechanism, and to reject it if it leads to a
population that is in disagreement with the observed planets.
In this simulation, it is thus assumed that at distances where
the disk midplane temperature is higher than 1600 K at t = 0 (the
moment where the disk evolution starts), no planetesimals exist.
This means that inside the rockline arock , the solid surface density drops to zero. This aﬀects both the generation of the initial
conditions, as well as the formation of some planets later on. For
the initial conditions, it means that the minimal distance from
which embryos can start must be larger than the rockline.
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Fig. 13. Planetary population obtained assuming that no planetesimals
exist inside the parts of the disk where the initial temperature is higher
than 1600 K. The “rockline eﬀect” leads to the formation of many Hot
Jupiters, but almost completely eliminates Hot Neptunes, which leads
to a completely diﬀerent IMF of the “Hot” planets.

During the formation of the planets, on the other hand, the
following interesting mechanism is observed, as predicted by
Papaloizou & Terquem (1999): Subcritical planets of the “horizontal branch” migrating in planet dominated type II reach the
rockline, where they suddenly become supercritical, as the solid
accretion rate drops to zero (Pollack et al. 1996; Alibert et al.
2005b). This leads to a rapid accretion of gas, and therefore to a
completely diﬀerent mass histogram of the “Hot” planets, with
a strong peak at about 1–2 M , but almost no Hot Neptunes.
At the small distance of a few 0.1 AU, the mass of the rapidly
growing planet quickly overcomes the local disk mass (Paper I),
so that the migration rate enters the increasingly slow, planet
dominated mode, which prevents many planets from migrating
further in. An inner hole in the solid surface density therefore
leads automatically to a pile up of Jupiter mass planets at a distance which lies somewhere inside the position of the rockline
arock as seen by the migrating planet. This is seen in Fig. 13
where the “horizontal branch” bends upwards at a distance of
about 0.4 AU, the location of the rockline for mean disk masses
(Paper I). The “rockline eﬀect” could therefore be a disk thermodynamics controlled, coupled formation and also stopping
mechanism for the observed Hot Jupiter population. Note that
the “rockline eﬀect” leads to a mass-distance (anti-)correlation
(the mass decreases with increasing distance), qualitatively reminiscent of the observed correlation pointed out by Mazeh et al.
(2005).
The diﬃculty is to specify the relevant location (for the planetary formation process) of the rockline, as the disk temperature
profile so close to the star changes very rapidly at the beginning of the evolution of the disk. The rockline initially moves
quickly inwards, at least in an α disk without irradiation, like the
one we employ in our model, so that defining the location of the
rockline at t = 0, as done for this test, likely overestimates the
importance of the eﬀect. Observations indeed indicate smaller
inner dust disk truncation radii (Eisner et al. 2005), which would
shift the “rockline eﬀect” closer in. This overestimation is also

supported by the fact that the population obtained in this way
has so many more close-in Hot Jupiters than Hot Neptunes that
it seems incompatible with the recent detections of several Hot
Neptune and Super Earth planets (e.g. Udry et al. 2006). The
HARPS high precision program indicates that there are many
more low mass, close-in planets than Hot Jupiters (Mayor et al.
2009), and also in the Keck data many such (not yet announced)
candidates exist (Cumming et al. 2008). Indeed, when we again
separate the “Hot” planets of this special population into two
mass bins as in the previous section, we find that now there are
15 times more massive planets than planets with a mass less than
30 M⊕ , which is inconsistent with these observations. We therefore conclude that modeling the possible absence of solids close
to the star in the mentioned way is inappropriate, and must be
replaced by a diﬀerent theoretical description.
In reality, planetesimals drift inwards due to gas drag and
thus might follow the instantaneous location of the rockline, depending on the timescales of planetesimal drift versus rockline
recession, an eﬀect that we do not include in the model. The
question of whether the “rockline eﬀect” can occur in nature
thus depends on how the timescales of disk temperature evolution, planetesimal drag, and embryo arrival at small distances
compare to each other. The mass histogram of the “Hot” planets
(as the CoRoT and Kepler mission will provide) can tell us much
about migration mechanisms, but also about the thermodynamic
structure of the disk in proximity to the star.

6. Predictions for extremely precise RV surveys
Here we return to the nominal synthetic population and use it to
make predictions for the results of radial velocity surveys with
extreme precision. This also serves as an illustration of how theoretical population synthesis calculations can be used to estimate
the impact of certain instrumental properties of a given detection
technique.
6.1. RV measurements at the 1 m/s and the 0.1 level

Up to this point, we always used a radial velocity precision of
RV,MC = 10 m/s and a survey length of τRV,MC = 10 years as
an appropriate mean representation of past real extrasolar planet
search programs. In the last few years, however, detections made
mainly with the HARPS spectrometer (Pepe et al. 2004) made it
clear that an RV precision of 1 m/s or even better has become
possible, and that 0.1 m/s should be possible too in the future,
even though some issues such as the intrinsic oscillations of stars
must be overcome.
These improvement have allowed us to start to explore new,
exciting parts of the planetary IMF in the Neptunian and Super
Earth mass domain (e.g. Santos et al. 2004a; McArthur et al.
2004; Lovis et al. 2006; Udry et al. 2007; Mayor et al. 2009).
Here we study how the properties of the detectable extrasolar
population change if RV decreases to 1 m/s or even 0.1 m/s.
6.2. Detectable sub-population

In Fig. 14 we have plotted the a − M sin i diagram for RV precisions of the synthetic survey of 10 m/s (same as panel B in
Fig. 2), 1 m/s and 0.1 m/s. The survey duration τRV,MC is in all
cases 10 years. Note that the synthetic detection bias, which uses
real data from the ELODIE survey, leads to a reduction of the
detection probability already at an induced radial velocity amplitude that is larger than the detection threshold, but with a low
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Fig. 14. The detectable sub-population for an assumed instrumental precision RV,MC of 10, 1 and 0.1 m/s. In all cases, the survey duration τRV,MC
is 10 years. It is likely that the population of Earth mass planets appearing at 0.1 m/s is in reality more abundant than shown in the plot, where the
number of such planets at small distances is just given by the fraction of disks with an isolation mass larger than Memb,0 inside the iceline. Even so,
the plot illustrates very well how many extrasolar planet remain to be discovered.

probability also allows the detection of planets below it. This is
particularly clearly visible in the 0.1 m/s case, where many low
mass planets with an amplitude of the order of 0.1 m/s exist.
Figure 14 makes it obvious that the lower RV,MC , the closer the
detectable population gets to the underlying full population.
At each level of precision, new types of planets that have become detectable place new constraints on planet formation theories.
At 10 m/s, mainly Jovian planets are detected. Their frequency allows us to extract constraints on the timescales on
which suﬃciently massive cores must be built. Hot Jupiters and
other giant planets at intermediate distances show that planetary
migration is an important process which must be included in
formation models. The “metallicity eﬀect” among these Jovian
planets is a strong indication that core accretion is the dominant giant gaseous planet production channel, as this trend is
naturally reproduced by many formation models based on this
paradigm (Sect. 5.7). The diversity of giant planets can be interpreted as the consequence of disk properties. The dependence of
the overall maximal mass at a given semimajor axis constrains
disk structures and stopping mechanisms, especially if a very
large number of stars (Ge 2007) is observed over several years.
At 1 m/s, the detection of many Neptunian planets in the upper part of the “horizontal branch” out to several AU becomes
possible, as well as the discovery of some Super Earth planets at
distances below 1 AU. It also becomes possible to observationally determine the amount of depletion in the “planetary desert”.
This constrains the timescale of gas runaway accretion, and/or
the exact eﬃciency with which gas accretion continues after a
gap has been opened by a planet. The upper boundary of the
“horizontal branch” indicates the mass where planets go into gas
runaway accretion (30–40 M⊕ ).
At 0.1 m/s, almost the complete planetary population, especially also Super Earth and terrestrial planets of 1 M⊕ at 1 AU
will become detectable. The possibly most fundamental implication of the calculations presented here, namely that almost
all stars with no (giant) planet detectable today should harbor
low mass planets instead (Table 2), will be observationally put
to the test. Additionally, at such a precision, the lower part of the
population of subcritical Neptunian planets migrating inwards in

Fig. 15. Distribution of M sin i. Solid line: Full population. Dashed, dotted, dash-dotted lines: Detectable sub-populations of a 10 year RV survey at 10, 1 and 0.1 m/s, respectively. All curves are normalized by the
number of planets Nsynt in the full population. Note how the distribution
becomes bimodal at a precision of 1 m/s.

the “horizontal branch” also becomes easily detectable, and will
give interesting hints to the criteria for planets to migrate in disk
dominated type II migration (planetary mass, disk scale height,
gap opening criteria). It also becomes possible to determine if
the planetary IMF is indeed trimodal or if this is changed by late
time growth. Finally, the abundance of planets with a mass of
a few M⊕ inside 0.3 AU will help to constrain type I migration
rates (Sect. 5.9.2).
Figure 15 shows the distribution of the projected masses
of the full planetary population (corresponding to the IMF in
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Fig. 3) together with the mass histogram of the detectable subpopulations in Fig. 14 at 10, 1 and 0.1 m/s. The distribution at
10 m/s was compared to the observational comparison sample in
Fig. 4. At 10 m/s, the mass distribution has only one maximum,
and a relatively simple shape. At 1 m/s, in contrast, the minimum
in the IMF at 30–40 M⊕ and the maximum at 10−20 M⊕ become
visible, making the distribution bimodal. Interestingly, very recent discoveries at a precision of 1 m/s (Mayor et al. 2009;
Mayor & Udry 2008) also indicate such a shape of the mass
function at the lowest masses we can currently detect. The comparison with the results presented here must however be done
very carefully, as eﬀects of the primary mass (many very low
mass planets orbit around M stars) and of planetary multiplicity (most such very low mass planets are in multiple planetary
systems) could be at work, too.
Compared to the distribution at 10 m/s we see that the
1 m/s distribution carries much more information (and thus constraints) on the planetary formation process, such as seen here
on the eﬀect of gas runaway accretion (Sect. 5.3.1). The 0.1 m/s
curve should be interpreted keeping in mind all the caveats concerning the incompleteness of the model at very low masses.
This applies for example to the predicted trimodal shape of the
distribution. A solid prediction of the model remains however
that many Super Earth planets should be detected: At 0.1 m/s,
planets with a mass less than 7 M⊕ make up ∼25% of all detected planets, and ∼52% have a mass less than 30 M⊕ .
Note that in Fig. 15, the histogram for e.g. 0.1 m/s still
lies below the distribution of the full population, even at large
masses. This is simply due to planets with a period longer than
10 years.
6.3. Survey detection threshold

After varying RV,MC only, we can also ask how the overall detection probability of the synthetic survey changes as a function of
its duration τRV,MC. In Fig. 16, the overall detection probabilities
without and with “Hot” planets (P and Pwhot , respectively) are
plotted as a function of the synthetic survey’s duration, again for
RV,MC = 10, 1 and 0.1 m/s. These fractions can be used as an
estimation for the detection yield of real surveys, although the
one-embryo-per-disk limitation (Sect. 4.1) is likely to artificially
lower the number of detectable planets. If we can use the Solar
System with its four terrestrial planets as a guideline, then the
eﬀect should be particularly pronounced at low masses.
In general, as expected, the longer the survey, and the better the instrumental precision, the higher the number of detected planets. First, the detection probability increases rapidly
with ongoing observations, as the semimajor axis up to which
planets are found increases. After some time (≈10, 20 yr for
RV,MC = 10, 0.1 m/s, respectively), only a few new detections
occur and the curve flattens out. This can be understood by inspection of the a − M sin i diagram: For RV,MC = 10 m/s, it is
mainly the fact that beyond ∼3 AU, the maximal planet mass
starts to decrease again. For RV,MC = 0.1 m/s, the reason is the
paucity of planets outside ∼7 AU.
The level at which the detection threshold stalls is ∼9–11%
for 10 m/s. At 1 m/s precision, the detection rate flattens out
at around 19–20%. For the 0.1 m/s accuracy, planets are found
around 34–36% of the observed stars after 20 years of observation, and the saturation is not yet completely reached. These values, and to a smaller extent also the 1 m/s predictions, are lower
limits only. The fact that we nevertheless find that it should be
possible at 0.1 m/s to detect extrasolar planets around at least
every third star is promising for future extreme RV precision

Fig. 16. Overall detection probabilities, i.e. the fraction of embryos that
become detectable planets, for the synthetic survey as a function of its
time duration τRV,MC for three diﬀerent precisions RV,MC . The solid line
assumes that all planets reaching atouch fall into the star (P), while the
dotted line assumes that the get detectable, regardless of their actual
mass at atouch (Pwhot ). The curves for 0.1 m/s and to a lesser extent also
the one for 1 m/s must be considered as lower limits.

instruments like ESPRESSO or CODEX (Pepe & Lovis 2008;
Cristiani et al. 2007). Note that the yield of such an extreme precision RV survey should already start at high values (∼20% after
3 years).
It is interesting to compare the synthetic results with some
predictions based on observed data and extrapolation to longer
periods: Marcy et al. (2005) have extrapolated the total rate of
occurrence of giant planets to be roughly 12%, which is consistent with the number of long term radial velocity drifts in
their data. Naef et al. (2005), by inverting the detection probability map of the ELODIE survey, deduce a fraction of stars
with planets larger than 0.47 M and a period smaller than 3900
d of 7.3 ± 1.5%. We find a somewhat larger fraction of 11.4%
of synthetic planets fulfilling these criteria. In a similar study,
Cumming et al. (2008) find an occurrence rate of planets with
masses 0.3 < M sin i/M < 15 of ∼14 ± 2% inside 10 AU, using a flat extrapolation to larger semimajor axes. In the synthetic
population, 9172/70 000 = 13.1% of the planets fall in this category, in good agreement. Outside 10 AU, however, we predict
that the occurrence rate does no longer increase much, as can
be deduced from the unbiased IMF (Table 2): The three highest mass bins (M > 100 M⊕ ) make up 14.3% of all planets.
The reason for this is that in our nominal model (a − M plot in
Fig. 2), the highest mass that planets can reach at ∼10 AU is
Mmax ∼ 10 M , but rapidly decreases to ∼100 M⊕ at ∼20 AU.
In Paper I, a number of possibilities were discussed that could
influence the behavior of Mmax (a). Future observations, possibly
with techniques especially adapted to detect massive planets at
large distances, such as astrometry (e.g. Unwin et al. 2008) or
direct imaging (e.g. SPHERE, Beuzit et al. 2007), will provide
important insights and help to make our understanding of planet
formation more complete.
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Developing reliable synthetic observational biases for these
two techniques, as well as for transit measurements, which can
then be coupled to synthetic planetary populations as demonstrated here for the RV technique, will give very important stimulus to better understanding planet formation, as diﬀerent detection techniques often have the ability to constrain diﬀerent
aspects of the planetary formation process in a complementary
fashion. This is the case for the microlensing technique (Cassan
& Kubas 2007) which has already demonstrated its ability to detect very low mass planets (Beaulieu et al. 2006) in a part of the
mass-orbit plane which is not accessible to current RV surveys.
Here we note that these discoveries fit well into our predictions
that many very low mass planets exist at intermediate semimajor
axes out to ∼10 AU.

7. Summary and conclusions
We have used our extended core accretion model to synthesize populations of extrasolar planets orbiting solar type stars.
We have identified the subset of potentially detectable synthetic
planets and compared them with a sub-sample of 32 actual extrasolar giant planets selected to satisfy the model assumptions.
The subset of potentially detectable planets has been identified using an RV detection bias model that takes into account the
intrinsic instrumental precision as well as the duration of observational surveys. To keep the model tractable, we have adopted
a precision of 10 m/s and a survey length of 10 years as representative.
We find that the synthetic survey has an overall detection
probability of 8.7%, in good agreement with the actual result.
The total fraction of initial conditions that eventually lead to the
formation of a planet more massive than 100 M⊕ is 14.3%, again
in good agreement with the observationally extrapolated total
fraction of stars with a giant planet (Cumming et al. 2008).
We have then made several Kolmogorov-Smirnov tests to
compare the synthetic and observed distributions of some of the
most important characteristics of the known planetary population.
To compare whether observed and synthetic planets of similar masses are located at similar semimajor axes, we use a two
dimensional KS test in the mass-orbit plane. We find a significance of 87.8% that both the synthetic and the observed planets
are drawn from the same parent distribution. In particular, the
lack of massive planets at small semimajor axes in the observations (Zucker & Mazeh 2002) is found as well in the models.
The comparison of the mass distributions alone leads to a
high KS significance of 95.6 %. The distribution has a peak at
about 1–2 M . The decrease at higher masses corresponds to
a decrease in underlying, unbiased distribution, while the decrease towards lower masses is a combined consequence of the
decrease of the underlying population and the detection bias.
We have studied this underlying planetary IMF in detail,
which is characterized by several minima and maxima with
physical significance. The synthetic IMF has a global maximum
at the lowest mass (∼1 M⊕ ) that can occur in in our model, a
next local maximum at about 15 M⊕ , and a third at about 1–
2 M . The first minimum at ∼7 M⊕ corresponds to the transition between Super Earth and Neptunian planets. Note that since
our PIMF corresponds to the mass distribution at the time the
gaseous disk vanishes, it could be possible to fill-up this minimum by the merging of smaller mass planets. The next minimum
at 30 M⊕ is more robust and separates solid dominated planets
from giant gaseous planets that undergo runaway gas accretion
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(Ida & Lin 2004a). It is very characteristic of the core accretion mechanism. At high masses (1000 M⊕ ) the PIMF decrease
with increasing mass. However, a long tail, up to almost 40 M ,
exists.
The comparison of the semimajor axis leads to a KS significance of 63.9%. We also find an increase of the distribution after
an initially flat part in log(a), but in the model it occurs at about
2 AU, rather than at about 1 AU like in the observational data
(Udry & Santos 2007). We interpret the fact that we reproduce
the mass distribution better than the semimajor axis as an indication that we describe mass accretion in a less rudimentary
way than migration. It is also probable that the semimajor axis is
more aﬀected than the mass distribution by the consequences of
N-body interactions after disk dispersal, which are not included
in the model (Thommes et al. 2008).
Also, we have compared the metallicity distributions. We
find that, similar to observations (Santos et al. 2004a), the detectable synthetic planets are characterized by a metallicity distribution that is shifted towards larger [Fe/H] by about 0.1 dex
compared to the initial distribution. However, a rather low significance of about 22% is returned by the KS test. A reason for
this low significance could be the extremely simple planetesimal
disk model used in these calculations. Despite this, the “metallicity eﬀect”, which is the observed increase of the detection probability with stellar metallicity, is also present in the synthetic
population. Even if the increase of the detection probability in
the model seems to follow a slightly diﬀerent (weaker) dependence on [Fe/H], we satisfy the observational constraint within
its error bars (Fischer & Valenti 2005).
The next observational constraint we studied is the fraction
of stars with a Hot Jupiter in orbit. Planets inside 0.1 AU have
been excluded from the previous quantitative comparisons, as
our knowledge of the disk properties and processes close to the
star is very uncertain. Assuming for simplicity that the mass of
the planets remains constant once they have reached the inner
limit of our computational disk (∼0.1 AU), we find a rate of occurrence of Hot Jupiters of about 0.4–0.6%, compatible with observations (Fressin et al. 2007). For these “Hot” synthetic planets, there is a positive correlation between the stellar metallicity
and the maximum total amount of heavy elements they contain,
in agreement with internal structure modeling for transiting exoplanets (Guillot et al. 2008). We have thus satisfied constraints
coming from transit surveys, too. Our population synthesis also
shows that the formation timescales of giant planets (mean formation timescale of 3.5 Myr) are in agreement with observed
disk lifetimes, which is another important constraint coming
from the formation environment itself (Haisch et al. 2001).
Our conclusions from these comparisons is that the core accretion paradigm coupled with migration, even implemented in
a much simplified manner, can generate a planet population with
characteristics resembling those of the actually detected ones.
The crucial point for this conclusion is that the synthetic population can reproduce a large number of diﬀerent observational
constraints simultaneously.
This was not evident from the beginning, as a large number
of combinations of model parameters did not lead to acceptable
results. For example, the eﬃciency of type I migration needed
to be reduced considerably (10 to a 1000 times) from the linear
rate by Tanaka et al. (2002), otherwise it would have been impossible to reproduce the observed semimajor axis distribution
(but see also Ida & Lin 2008b). Another example concerns the
possible absence of solids inside the rockline, which would be
an eﬃcient mechanism to produce close-in giant planets, which
could explain the observed pile-up. We believe that such results
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and constraints are the major use of the population synthesis efforts presented here.
Finally, the nominal population allows us to make predictions about planets that currently cannot be detected. As an example, we have shown the impact of improving the precision
at which radial velocities can be measured. Our results indicate
that the observed mass distribution becomes bimodal at an RV
precision of 1 m/s. The latest discoveries indeed point to such a
feature (Mayor & Udry 2008). At a precision of even 0.1 m/s,
a large fraction of the underlying planetary population will become detectable (planets will be found around at least 30–40%
of all FGK stars), and the observed mass function traces the
characteristics of the underlying actual mass function. At a time
when new high precision instruments are in the planning stages,
this could be used to quantitatively define the instrument requirements need to achieve a specific science goal.
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