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ABSTRACT

Context. Planetary population synthesis is a tool that is used to better understand the key processes of planet formation at the statistical
level.

Aims. We seek to quantify the fidelity with which modern population syntheses reproduce observations in view of their use as predic-
tive tools.

Methods. We compared synthetic populations from the Generation 3 Bern Model of Planet Formation and Evolution (core accretion,
solar-type host stars) and the HARPS/Coralie radial velocity sample. We biased the synthetic planet population according to the com-
pleteness of the observed data. We then performed quantitative statistical comparisons and systematically identified agreements and
differences.

Results. Our nominal population reproduces many of the main features of the HARPS planets, such as two main groups of planets
in the mass-distance diagram (close-in sub-Neptunes and distant giants), a bimodal mass function with a less populated ‘desert’, an
observed mean multiplicity of about 1.6, and several key correlations regarding the stellar metallicity dependency, the period ratio
distribution, and the eccentricity distribution. Considering that the model was not optimised beforehand to reproduce any particular
survey, this indicates that some of the important physical processes governing planetary formation could be captured. The remaining
discrepancies that can be quantified thanks to the population synthesis approach point to areas that are not fully captured in the model.
For instance, we find that the synthetic population has (1) in absolute terms too many planets by ~70%, (2) a ‘desert’ that is too deep
by ~60%, (3) a relative excess of giant planets by ~40%, (4) planet eccentricities that are on average too low by a factor of about two
(median of 0.07 versus 0.15), and (5) a metallicity effect that is too weak. Finally, the synthetic planets are overall too close to the
star compared to the HARPS sample. The differences allowed us to find model parameters that better reproduce the observed planet
masses, for which we computed additional synthetic populations. We find that decreasing the planet formation efficiency by increasing
the planetesimal size re-balances the number of sub-Neptunes versus giant planets. Changing the efficiency of gas-driven migration
also affects the sub-Neptune to giant planet ratio, with lower migration rates resulting in more giant planets and fewer sub-Neptunes.
Conclusions. However, only modifying the model parameters seems to be insufficient for the model to fully reproduce both the
observed mass and distance distributions at the same time. Instead, physical processes appear to be missing. Planets may originate
on wider orbits than our model predicts. Mechanisms leading to higher eccentricities and slower disc-limited gas accretion also seem
necessary. We also advocate that theoretical models should make a quantitative, rather than merely a qualitative, comparison between
the many current and future large surveys and theoretical results to better understand the origins of planetary systems.

Key words. methods: statistical — techniques: radial velocities — planets and satellites: formation

1. Introduction

The formation and evolution of planetary systems is far from
being understood. On the observational side, data exist for early
processes such as dust growth and radial drift (e.g. Trapman
et al. 2020; Manara et al. 2023, based on ALMA data). However,
direct observation of forming planets is difficult. Only a handful
of cases at most are known, such as the PDS 70 system, with
PDS 70b (Keppler et al. 2018; Miiller et al. 2018) and PDS 70c

* Corresponding author: alexandre . emsenhuber@unibe. ch

(Haffert et al. 2019), and AB Aurigae b (Currie et al. 2022).
Other recent studies have to date been unable to find additional
accreting planets (Cugno et al. 2019; Zurlo et al. 2020).

On the theoretical side, many mechanisms that are supposed
to take place during the later stages of planetary formation have
been proposed. This includes how solids grow from pebbles and
planetesimals to planets (Greenzweig & Lissauer 1992; Ida &
Makino 1993; Ohtsuki et al. 2002; Thommes et al. 2003; Ormel
& Klahr 2010; Alibert et al. 2018); how giant planets accrete
their envelope (Pollack et al. 1996; Bodenheimer et al. 2000;
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Ayliffe & Bate 2012; Mordasini et al. 2014; Valletta & Helled
2020; Schib et al. 2022; Nelson et al. 2023); and how plane-
tary migration affects the architecture of the systems (Baruteau
et al. 2016; Chrenko et al. 2022; Paardekooper et al. 2023; Weiss
et al. 2023). However, the lack of direct observations of these
processes makes it difficult to constrain them.

An alternative approach is to compare the end product from
theoretical models (namely the planetary systems) with obser-
vations. However, it is difficult to reproduce single exoplanetary
systems. While the models can predict many observables, there
are usually only a few quantities that have actually been observed
(the orbits, masses, or radii of each planet), and even less is
known about the initial conditions of a specific system (e.g.
the disc metallicity, which is likely related to the stellar value,
Gaéspdr et al. 2016).

Instead, one can leverage the thousands of discovered plan-
ets (Zhu & Dong 2021; Weiss et al. 2023) and protoplanetary
discs (Tripathi et al. 2017; Andrews et al. 2018; Tobin et al. 2020;
Manara et al. 2023) to perform a statistical comparison. For the
observational samples, it is best to use systematic surveys with
a large sample size, as they offer valuable information about the
demographics of exoplanets. This includes:

— the fractions of stars with detected planets and the multiplic-

ity of planetary systems;

— the distributions of planet properties, such as their masses,
periods, and eccentricities;

— correlations between these properties; and

— correlations between stellar and planet properties, such as the
increasing frequency of giant planets with stellar metallicity

(Gonzalez 1997; Santos et al. 2004; Fischer & Valenti 2005)

or the role of stellar mass and age.

For such an undertaking, one can perform planetary population
synthesis (Ida & Lin 2004; Mordasini et al. 2009a; Benz et al.
2014; Mordasini 2018; Emsenhuber et al. 2023) using a global
numerical model. This requires several ingredients: (1) initial
conditions that are representative of protoplanetary discs, (2) a
global formation and evolution model that is able to predict final
planetary system properties from the initial conditions, (3) an
observational sample, and (4) a synthetic detection bias to mimic
the detection capabilities of the survey in order to qualitatively
compare the synthetic and observed populations.

In Emsenhuber et al. (2021a, hereafter NGPPS 1), we pre-
sented the Generation III Bern model of planetary formation and
evolution. This model includes disc evolution concurrently with
accretion of both solids and gas by the protoplanets, planetary
interior structures, gas-driven migration, and dynamical inter-
actions. In addition, the model is able to predict many directly
observable planetary properties (such as orbital elements, mass,
radius, or magnitudes) from giant planets to compact terrestrial-
planet systems, provided the initial number of embryos is
sufficient.

Then in Emsenhuber et al. (2021b, hereafter NGPPS 1I),
we discussed the initial conditions for the model so that they
are representative of known protoplanetary discs and compared
different populations where we varied the initial number of
embryos per system, one of the free parameters of the model.
Some simple qualitative comparisons with the detected planets
were performed, which revealed that migration is likely too effi-
cient in the model. However, testing of these populations in a
rigorous quantitative manner against the known exoplanets is yet
to be conducted.

The ultimate goal of these synthetic populations is to com-
pare them with systematic surveys to determine if the character-
istics of the observed exoplanets population can be reproduced.
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Mismatches should lead to changes in the model or its param-
eters to provide better agreements (Mordasini et al. 2015;
Mordasini 2018) and ultimately improve our understanding of
planet formation. Synthetic populations that agree well with the
observed planets can then, at least in some aspects, be used
to make predictions about the not-yet-observed parts of the
population.

Such a comparison was already performed in Mordasini et al.
(2009b) for the first generation of the Bern model, but results
were limited by the number of exoplanets known at that time. In
Mulders et al. (2019), an earlier version of this model was com-
pared with the Kepler survey results (Thompson et al. 2018). The
outcome was that the synthetic and observed populations were
similar in multiplicity and inclinations, for instance, although the
synthetic population contained too many planets by a factor of
about five.

Here, we aim to compare the populations of NGPPS II
with the radial velocity (RV) technique of planetary detec-
tion. We chose to compare with the combined HARPS/Coralie
survey, whose results were presented in Mayor et al. (2011,
hereafter M11)'. The survey has both a baseline of more than
10 years, which allows the detection of planets at several astro-
nomical units, and a high sensitivity of about 1 ms~!. It is a
volume-limited sample for a representativity of stars (Udry et al.
2000).

However, the synthetic and observed exoplanet populations
cannot be directly compared, and observational biases need to
be accounted for when making the comparison. This means that
either the synthetic systems need to be treated as if they were
observed by the same technique as used for the detection of
the actual exoplanetary systems, which means that a synthetic
detection bias must be applied to the model systems, or the com-
pleteness of the survey must be taken into account to infer the
underlying distribution of the observed planets. Here, we take
the former approach. It is a key feature of our work that we do
not try to de-bias the observed population (and therefore extrap-
olate to non-detectable or poorly detectable regions) but bias the
synthetic population.

The organisation of this paper is as follows. We describe the
coupled formation and evolution model, the way we set the initial
conditions for our population synthesis, and how we applied an
observational bias in Sect. 2. The nominal population presented
in NGPPS 1II is compared with the HARPS/Coralie survey in
Sect. 3. Then, we investigate in Sect. 4 how to adapt some param-
eters of the formation model to better reproduce the observed
planets. A summary and the conclusions are given in Sect. 5.

2. Methods
2.1. Formation and evolution model

Our combined formation and evolution model, the Generation III
Bern model, was extensively described in NGPPS 1. We hence
provide only a brief overview here. This model derives from
the work of Alibert et al. (2004, 2005) for the single-embryo
formation (Generation I), Mordasini et al. (2012b) for the long-
term evolution part (Generation Ib), and Alibert et al. (2013)

! This paper has not (yet) been published in a refereed journal. The
reason is that at the time, 41 planets used in the statistical analysis had
not previously been announced in separate refereed detection papers.
In the meantime, almost all planets (except seven out of 169 in total
in the updated sample) have gone through this process. As the survey
continued between 2011 and 2015, new planets were detected around the
stars belonging to our sample. These new planets have been included in
the table (Appendix C).
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for the multi-embryo formation without long-term evolution
(Generation II).

Planet formation was modelled for a fixed time interval
(either 20 Myr or 100 Myr, see Sect. 2.2), during which gas
and planetesimal discs evolve together with the forming planets.
The planets accrete from both discs, migrate, and dynamically
interact, leading to scatterings, giant impacts, or capture into res-
onances. After the time elapsed, the evolution stage took place.
Here, the thermodynamical evolution (cooling and contraction)
of each planet was followed individually to 10 Gyr, along with
atmospheric escape and tidal migration.

At its basis, the formation model tracks the evolution of a
viscous accretion disc (Liist 1952; Lynden-Bell & Pringle 1974),
where the turbulent viscosity is provided by the standard «
parametrisation (Shakura & Sunyaev 1973). The disc midplane
temperature was estimated following Nakamoto & Nakagawa
(1994), including as sources stellar irradiation and viscous dis-
sipation. Internal (Clarke et al. 2001) and external (Matsuyama
et al. 2003) photoevaporation were included as well. The solid
component was represented by planetesimals, whose dynamical
state is governed by the drag from the gas and the stirring pro-
duced by the other planetesimals and the planets (Rafikov 2004;
Chambers 2006; Fortier et al. 2013).

The model assumes planets form by core accretion (Perri
& Cameron 1974; Mizuno 1980), by accreting planetesimals in
the oligarchic regime (Ida & Makino 1993; Ohtsuki et al. 2002;
Inaba & Tkoma 2003; Thommes et al. 2003; Fortier et al. 2013),
and by giant impacts (planet-planet collisions). The accretion
of gas is first constrained by the ability of the forming planets
to radiate away the binding energy released during this pro-
cess. The envelope mass is then obtained by solving the internal
structure equations (Bodenheimer & Pollack 1986). Once the
planet reaches the critical mass as found by solving the struc-
ture equations (usually on the order of 10 Mg; Stevenson 1982),
cooling becomes efficient and runaway gas accretion can occur.
When this happens, the envelope can no longer remain in equi-
librium with the surrounding gas disc and contracts instead
(Bodenheimer et al. 2000; Mordasini et al. 2012b,a). In that
phase, gas accretion is limited by the supply of the gas disc, while
the internal structure equations are used to determine the radius
and luminosity.

The protoplanets undergo gas-driven planetary migration.
For Type I migration, we adopted the prescription of Coleman
& Nelson (2014), while Type II migration was computed using
the fully suppressed prescription of Dittkrist et al. (2014), and the
transition between the two regimes was done according to Crida
et al. (2006). Multiple embryos could form concurrently in each
system, and the gravitational interactions were modelled using
the mercury N-body package (Chambers 1999).

After the formation stage is finished, the model switches
to the evolution stage, where the planets were evolved indi-
vidually to 10 Gyr following a procedure similar to Mordasini
et al. (2012b). This stage mainly tracks the cooling and con-
traction. It also includes atmospheric escape (Jin et al. 2014;
Jin & Mordasini 2018) and tidal migration (Ferraz-Mello et al.
2008; Jackson et al. 2009; Benitez-Llambay et al. 2011). How-
ever, since we are mostly interested in the planet masses in this
work, the relevance of the evolution stage is limited compared to
planet radii probed in transit surveys, for instance.

2.2. Population synthesis

The procedure to compute a full population was pre-
sented in NGPPS 1II, which represents an update from
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Fig. 1. Mass-distance of the (unbiased) NG76longshot population at
an age of 5 Gyr. Each point corresponds to one synthetic planet. The
population consists of 1000 synthetic planetary systems. Colours repre-
sent the bulk composition: red are planet where the H/He mass is larger
than the mass of solids (the core mass). Open circles are planets con-
taining H/He but with a core mass higher than the envelope mass. Filled
circles correspond to planets without H/He. Additionally, blue (green)
indicates that planets have accreted more (less) than 1% of their core
mass as ices. Horizontal bars reach from the peri- to the apoastron to
represent eccentricities. Finally, black crosses show the Solar System
for comparison.

Mordasini et al. (2009a). The model assumes that the systems
form around single stars, and we used observational data to
constrain the initial conditions of the formation and evolution
model. The initial conditions were the disc masses (Tychoniec
et al. 2018), disc sizes (Andrews et al. 2010), inner edge of the
disc (Venuti et al. 2017), protoplanetary disc lifetimes, and the
dust-to-gas ratio (from the observed stellar [Fe/H] as described
in Mordasini et al. 2009a, but with a solar reference value of
the dust-to-gas ratio of 0.0149, Lodders 2003, corresponding to
[Fe/H]= 0).

Other model parameters were kept constant in one popu-
lation, such as the parameter of the turbulent viscosity, @ =
2 x 1073 (to reproduce the relationship between disc masses
and stellar accretion rates, Mulders et al. 2017; Manara et al.
2019), and the initial slope of the solids’ surface density, which
is steeper than the one of the gas disc (Ansdell et al. 2018).

In line with our already-published results, we mainly analyse
the nominal synthetic planetary population that was presented in
NGPPS 11, called NG76. This population starts with 100 plane-
tary embryos per disc and was computed for a duration of the
formation stage (which includes the tracking of N-body interac-
tions) of 20 Myr. However, to take into account that dynamical
instabilities can take longer to occur (e.g. Izidoro et al. 2021),
we also analyse a population where the formation stage was
extended to 100 Myr. This population, called NG761longshot,
was already discussed in Emsenhuber et al. (2023) and Burn
et al. (2024). Finally, we also consider in Sect. 4 a third optimised
population, NG192, for which several model parameters were
varied to obtain a better agreement with the HARPS/Coralie
observations. The results presented in this work are based on the
state of the populations at 5 Gyr.

Figure 1 shows the (unbiased) mass-distance diagram of the
NG76longshot population. Compared to the situation in NG76
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Fig. 2. Unbiased mass function for planets within a < 3 at three
moments in time. The blue solid line shows the distribution at 100 Myr
(NG76longshot) while the black dotted one is at 20 Myr (NG76). The
red dashed line additionally shows the situation at the moment when
the gas disc disappears in the systems (corresponding to 3 Myr on aver-
age). The reduction of the number of low-mass (proto)planets of mainly
(sub-)Mars to Earth mass and the associated increase of more massive
super-Earth and (sub-)Neptunian planets is visible. It is a consequence
of giant impacts during the post-disc phase.

at 20 Myr (see NGPPS 1I), little change of the a — M diagram
occurs for Jovian and (sub)-Neptunian planets. However, there is
a clear reduction of the number of low-mass planets (<4 Mg) at
orbital distances of about less than 3 au. This is due to numer-
ous giant impacts involving (proto)planets with masses typically
between Mars and Earth. These impacts mainly occur in sys-
tems consisting only of low-mass planets that have not migrated
much (Class I systems according to the planetary system archi-
tecture classification of Emsenhuber et al. 2023). This evolution
is clearly seen in Fig. 2 which shows the unbiased planetary mass
function at three moment in time: at 74;5c Wwhen the gas disc disap-
pears (so 1-10 Myr with an average of about 3 Myr), at 20 Myr,
and at 100 Myr. One sees the strong reduction of the number
of low-mass (mainly sub-Earth) protoplanets occurring mainly
between T4 and 20 Myr but continuing also in the following
80 Myr. The associated mild increase in the number of more
massive super-Earth and (sub-)Neptunian planets is also visi-
ble. In the giant planet mass range, only minor evolution occurs
between 745 and 20 Myr, and even less occurs between 20 and
100 Myr. However, as becomes clear below, for the subject of
this paper which is the statistical comparison of NGPPS and the
HARPS/Coralie survey, the changes between 20 and 100 Myr
are of minor importance. The reason is that the survey is hardly
sensitive to the very low-mass planets where significant changes
occurs.

2.3. Observational bias

To compare our populations, we applied an observational bias
using a technique that is updated from Mordasini et al. (2009b).
The main changes relative to this work are: (1) accounting for
the relative inclinations of the planets with respect to the plane
of the disc, (2) an updated map of detection probabilities, and (3)
performing multiple observations of the same population to take
into account different orientations.
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Fig. 3. Average probability of planet detection from the HARPS/Coralie
survey as function of a planet’s period and minimum mass (Mayor et al.
2011).

For each observation of the full synthetic population, we
randomly selected 822 systems (the same as in the combined
HARPS/Coralie sample) without replacement from the popula-
tion of the 1000 systems and applied the following procedure.
For each system, we randomly determined the direction of the
observer with two angles, 8 and ¢, that represent the latitude and
longitude of the line of sight with respect the systems’ reference
frame, which is given by the unit vector 6. Then, for each planet
in the system, we computed the inclination i of the orbit with
respect to that vector. For this, we determined the unit vector
parallel to its orbital angular momentum h from its inclination to
the reference plane i, and longitude of the ascending node Qp.
The unit vectors are then

ey

cos ¢ sin 6 sin Qp sin ip
0=| singsinfd | and h=| —cosQpsinip |,
cosd CoS ip

and the inclination of the orbit with respect to the observer is the
angle between the vectors 6 and h. This permitted us to retrieve
the sin i value with

cosi=6-h and sini= VI - cos?i. 2)

It can be seen that in the case the planet orbits the star in the
reference plane (i.e. ip = 0), this method simplifies to the simple
case sini = |sin 4.

Then, it is possible to compute the effective mass of the
planet M sini (for clarity, we here refer to the planet mass as
M rather than Mpjae in NGPPS 1I). To retrieve its detection
probability, we use the probabilities derived by M11 for the full
HARPS/Coralie survey that depend on M sini and the orbital
period P. The detection probability is provided in Fig. 3 for ref-
erence. This synthetic detection bias was obtained by adding a
signal from a planet with the corresponding mass and circular
orbit with the prescribed period in the actual observations of the
star (with RV signals of detected planet removed) and with dif-
ferent phases, and then checking that the signal is larger than a
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corresponding 1% false alarm probability. Long-period planets
with incomplete coverage are treated in the same way. In this
work, we just made one adjustment from the detection proba-
bilities: If it is less than 1% (the white region in Fig. 3), we
unconditionally deemed the planet as not detected. This is to
avoid obtaining planets far from the usual detection region of
HARPS.

There are a couple of items that should be noted. First, the
bias used here was derived from the mean across the stars in
the HARPS/Coralie survey. It does not account for the vari-
ations between the individual stars and the planetary system
architecture. It also does not account for the planet eccentric-
ities. Second, it is possible for massive objects to appear with
planetary mass when sini ~ 0, a situation that the synthetic
populations cannot account for. However, such a scenario is sta-
tistically unlikely (Jorissen et al. 2001), and we therefore do not
account for it here.

2.4. Stars and planets from the HARPS/Coralie survey

The comparison dataset is provided by the High-Accuracy
Radial Velocity Planetary Searcher (HARPS, Mayor et al. 2003)
GTO (Guaranteed Time of Observation) survey (M11) which
was combined for the statistical results with the Coralie sur-
vey (Udry et al. 2000), as described in M11. The sample was
defined as volume-limited of FGK stars closer than 50 pc in
the southern sky, according to the distances known at the time.
The sample has not been revised based on more recent dis-
tance measurements, such as those of GAIA. Known visual
(detected companion with 6 arcseconds) and spectroscopic (RV
signal indicating a companion larger than 13 M, ) binaries were
excluded. This leaves a sample comprising 822 stars. The mean
stellar mass across the whole sample is 0.91 M, with a standard
deviation of 0.17 Mg. The full distribution of stellar masses is
provided in Appendix C. Concerning the metallicity, the mean
value is —0.11 with a standard deviation of 0.28.

The analysis was based on the data from M11, with the inclu-
sion of four more years of observations (2011 to 2015). The
other items were left as they were used in M11. This updated
analysis retrieved Ny,s = 169 planets and candidates around
105 host stars/planetary systems. Detailed parameters about the
survey along the list of planets are provided in Appendix C.

Among the detected planets, 24 of them in 20 systems are
in known binary systems. It was found that close binaries result
in smaller and shorter lived discs (e.g. Harris et al. 2012; Cox
et al. 2017). Recent studies find that discs become insensitive
to binary separation above a distance of about 140 au (Ricciardi
et al. 2025). Of the 20 systems, only three system are known to
be in a binary closer this limit: HD142 (Tokovinin & Kiyaeva
2016), HD4113 (Cheetham et al. 2018) and HD7449 (Rodigas
et al. 2016). Thus, the initial conditions of the synthetic popu-
lations, although nominally obtained for single stars, should also
be representative of binary systems except the three mentioned
here, out of 105. We believe this should have only a small effect
on the statistical comparison.

2.5. Statistical analysis

To assess whether the synthetic and observed populations are
different, we performed a series of statistical tests. The null
hypothesis of these tests is that the observed sample is one ran-
dom draw from the synthetic population with observational bias
applied. For this, we applied the procedure outlined in Sect. 2.3
to obtain 1000 samples that can be compared to detected sample.

For single-quantity comparisons, we performed a two-sided
Kolmogorov-Smirnov (KS) test between each pair of synthetic
and observed sample using the SciPy package (Virtanen et al.
2020). To compute the significance of the test, we followed Hope
(1968) and compute the KS distance at the significance level S
that we chose and compared this value to the expected distance
from the KS distribution. If the obtained distance is larger than
that of the KS distribution, then the null hypothesis is rejected.
This is also an improvement relative to Mordasini et al. (2009b),
who only computed one observed sample for the single-variable
comparison.

For the multi-variable comparisons (such as the mass-period
diagram), we proceed in the same way as Mordasini et al.
(2009b): we implement the algorithm of Press et al. (2002). We
generate 1000 samples with 169 synthetic planets each, which
are put together to form the comparison population. Then the dis-
tance between each of the sample as well as the HARPS/Coralie
sample against the comparison population is computed. This
enabled us to compute the significance of the 2D KS test directly.

3. Comparison of the nominal population

We based our results on two populations from previous works
(Sect. 2.2). First, the NG76 population from NGPPS II. This is the
one with initially 100 lunar-mass embryos per system; the high-
est number of embryos per system that was considered. Second,
we have the NG76longshot population where the formation
stage has been extended from 20 Myr (as in NG76) to 100 Myr
to allow for N-body interactions to capture later instabilities.

These synthetic populations were computed for a stellar mass
of M, = 1My, which is the most similar value that we have in
the synthetic populations to those in the sample (Sect. 2.4). Pop-
ulations around lower-mass stars are found in Burn et al. (2021,
NGPPS 1V). The distribution of disc metallicities (that we take
to be the same as stellar metallicity) is slightly higher than that
of the sample, as the mean value is —0.02 (Santos et al. 2005).
Nevertheless, the values are similar enough to provide for a good
comparison.

The analysis was performed on 1000 Monte Carlo samples
of the biased synthetic population, each containing 822 systems,
the same number of systems as in the HARPS/Coralie sample.
In each sample, the systems were selected without replacement
from the 1000 systems of the synthetic population. We used the
1000 samples to build a distribution and determine the con-
fidence intervals. Table 1 summarises the results on the base
statistics found in the different populations.

3.1. Number of detected planets, multiplicity

To begin with the comparison of absolute numbers, we note that
we detect 29039 planets (95% confidence interval) in our syn-
thetic observed population, compared to 169 planets (including
candidates) actually detected in the combined HARPS/Coralie
sample. Thus, we have close to the double (factor 1.70) of planets
in our synthetic population compared to observations. Compar-
isons with the Kepler data have already found that populations
computed with the Bern model generally produce too many plan-
ets. Mulders et al. (2019) has shown that populations obtained
using an older version of the model had to be scaled down by
a factor of about five to match Kepler observations. Analyses
performed on NG76 by Matuszewski et al. (2023) found a sim-
ilar factor, while Mishra et al. (2021, NGPPS VI) found that,
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Table 1. Base characteristics of the populations analysed in this work.

Sample Type Comment No. of planets  No. of systems Mean multiplicity
HARPS/Coralie Actual Including candidates 169 105 1.61

NG76 Synthetic Nominal 290%39 193+ 15091
NG76longshot  Synthetic 100 Myr integration time 2943(7) 2003? 1.47f8:gg
NG192 Synthetic Optimised 179f% 120" S 1 .49t8:%

Notes. For the three synthetic populations, we give the 95% confidence intervals. The resulting mean multiplicity is given by the number of planets

divided by the number of systems.
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Fig. 4. Histograms of the number of detected planets per system in both the HARPS/Coralie surveys (red) and the biased synthetic population
(black). The histogram of the synthetic system is based on 1000 samples of the synthetic population, with the solid line denoting the median while
grey band shows the 95% confidence interval. The left panel compares the absolute number of systems, while the right panel compares the relative

number of systems that have detected planets.

on average, 1.7 planets per star could be detected in the syn-
thetic population compared to an average of 1.32 in Kepler DR25
(Thompson et al. 2018). This corresponds to an overabundance
by a factor of roughly 1.3. Thus, both the HARPS (RV) and
Kepler (transits) comparisons find an overabundance of planets
in NG76, while the actual factor depends on the method used.

We stress here that the model parameters or initial condi-
tions were not selected to match either. The main parameter
that controls the efficiency of planetary growth in the current
model, the radius of the planetesimals, was selected accord-
ing to Fortier et al. (2013). The initial conditions were selected
to best match disc observation, about their mass, extend, and
lifetimes (NGPPS II), rather than for the resulting systems. Con-
sidering this, we find that the number of planets is in a fairly
good agreement with observational data.

In addition, the observed multiplicity is similar in the syn-
thetic and observed populations. This is important, because
multiplicity is a proxy for system architecture. The synthetic pop-
ulation has 29032 planets around 193f}g stars, giving a mean

multiplicity of 1.50*031, while in the observed population there
are 169 planets (including candidates) in 105 systems, for a mean
multiplicity of 1.61. This means that the synthetic populations
has too many systems harbouring each a number of detectable
planets similar to the observations, rather than a larger mul-
tiplicity in systems with detectable planets. The latter would
correspond to different, incompatible system architectures in the

model versus the observations.
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To support this, we provide in Fig. 4 histograms of the num-
ber of planets per system. The left panel, which provide an
absolute comparison, shows a lack of systems without planets
and with large multiplicities, while systems with one, two, or
three are all a bit over-represented. The right panels provide a
relative comparison of the occurrences of multiplicities in sys-
tems with planets, and shows that systems with two planets are
the only ones that are over-represented, while systems with three
planets or five and more are underrepresented.

As Fig. 4 shows, the model is unable to reproduce the sys-
tems with five or more close-packed sub-Neptunes (such as
HD 10180; Lovis et al. 2011). However, this discrepancy should
be taken with caution. For one reason, we use the average obser-
vational biases. In RV surveys, once a (low-mass) planet (or
multiple planets for that matter) has been detected, the sys-
tem will likely be observed more intensely, potentially revealing
planets that could otherwise have been missed. This introduces
a human factor in the selection process of the target stars, which
is not accounted for here. To determine whether this difference
is significant, a more elaborate scheme to mimic the selection
process would be required.

3.2. The planetary mass function

The planetary mass function is a central quantity, holding
many clues for planet formation models (Ida & Lin 2004;
Mordasini et al. 2009a; Suzuki et al. 2018; Nayakshin et al. 2019;
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Fig. 5. Comparison of the planet masses between the synthetic biased population (NG76, black) and the HARPS/Coralie sample (red). The data
of the synthetic population is based on 1000 Monte Carlo synthetic observations, with the bold line showing the median of these, the grey region
showing the 95% confidence interval, and the thin black lines indicating ten individual realisations. Left: kernel density estimate (scaled to be
absolute) with a smoothing length of 0.19 dex, with the addition of the synthetic population scaled down to the same total number of planets as
the observed sample (blue). Right: cumulative distributions of the same data. The statistical analysis shows that the samples from the synthetic
population do not match the detected ones at the 5% level because the model under-predicts the number of sub-Neptunes and over-predicts the

number of giants.

Emsenhuber et al. 2023). It allows for comparison of the rel-
ative number of planets of different masses. For this purpose,
we show in Fig. 5 the comparison of the masses of the 1000
biased samples from the synthetic population (in black) and the
detected ones (in red). The left panel provides a kernel density
estimation (KDE), though it is scaled by the number of planets
in each sample for absolute comparison). To compute the band-
width of the KDE, we perform a search of the best value using
scikit-learn (Pedregosa et al. 2011) on the observed sample,
which returns a value of roughly 0.19 (in units of decimal expo-
nent). This same bandwidth is then used for all the synthetic
observations. As we discussed at the beginning of this section,
the number of observable planets in the synthetic population is
higher than the number of detected by a factor of roughly two.
To provide a relative comparison, the re-scaled synthetic plan-
ets to the total number of observed ones in shown in blue. The
right panel shows the same data, but in the form of a cumula-
tive distribution. We also perform a two-sample KS test with a
rejection criterion for p-value below 5% according to the proce-
dure outlined in Sect. 2.5. We find that the value at the 95%
of the distribution of KS distances of 2.34. As this value is
larger than the limit of 1.36, we therefore rejected the hypoth-
esis that observed HARPS/Coralie planets are a random draw of
the synthetic planets with observational bias applied.

The general form of the planet mass distribution with two
peaks is, however, clearly retained: one peak at about 10 Mg
(Neptunian planets) and one for the giant planets larger than
about 300 Mg. Nevertheless, the following differences remain:
(1) an overabundance of giants in relation to sub-Neptunes in
synthetic planets compared to the HARPS/Coralie data, (2) a
larger dip at intermediate masses in the synthetic planets (as
was already pointed out by Nayakshin et al. (2019), Bennett
et al. (2021), and also found by Schlecker et al. (2022) in a
low-mass star population from our model (Burn et al. 2021,
NGPPS 1V), and (3) lower masses for the sub-Neptunes in the
synthetic planets.

For the first item, the cumulative distribution on the right
panel of Fig. 5 reveals the amount of the imbalance between
sub-Neptunes and giants. If we take the transition between the
two categories at 100 Mg, we obtain the following values of
the cumulative distributions: 0.41 + 0.05 for the biased synthetic
population compared to 0.56 in the HARPS/Coralie sample. This
means that if the number of sub-Neptunes remains the same, the
number of giants would need to be reduced by about 45% to
balance back the two categories. Alternatively, the number of
sub-Neptunes would need to be increased by about 83%.

Now considering the depth of the planetary desert, we
compute the fraction of planets between 20 and 200 Mg (the
shallowest part in the cumulative distribution of the synthetic
population). We find that in the synthetic population, 14% of the
planets are in that range while for the HARPS/Coralie sample,
that value is 22%. This means that the number of planets in the
desert would have to be increased by 57% (assuming the num-
ber of planets outside the desert remains the same) to balance
the synthetic population. This is a factor of less than two, which
we think is not a strong disagreement with the observations,
given the following fact: our model starts with 100 moon-mass
embryos per disc and all further evolution is given by the physi-
cal processes included in the global model in a low-dimensional
description (like an axisymmetric disc or radially symmetric
planets) (NGPPS I).

We also emphasise that the presence of a planetary desert
in the observed population is subject to debate. For instance,
Bennett et al. (2021) suggest that no such desert exists and that
the populations presented here have much larger differences on
the relative number of planets in the desert than the 57% we
obtained. Conversely, Bertaux & Ivanova (2022) find that the
planetary desert does exist and their analysis of synthetic pop-
ulations from an earlier version of the same model (Mordasini
2018) found the desert in the synthetic populations to not be
large enough. Our results are consistent with the second work
(i.e. Bertaux & Ivanova 2022) in that we do find a planetary
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desert, even though the depth of the desert is too deep in the
synthetic population analysed here. As already discussed in sev-
eral works (Mordasini et al. 2011; Suzuki et al. 2018; Nayakshin
et al. 2019), the too deep desert suggests that our model overes-
timates gas accretion rates of intermediate mass planets. In this
mass regime, planets change from the planet-limited (or attached
phase) to disc-limited (or detached phase) gas accretion.

The offset in stellar masses between the synthetic (where it is
fixed to M, = 1 M) and the CORALIE/HARPS sample (mean
of about 0.91 M) might explain a part of the discrepancy. Burn
et al. (2021) analysed the effect of the stellar mass on synthetic
populations from the same model. They found that decreasing
the stellar mass tend to decrease the number of sub-Neptunes
and giants, though the latter are more affected. A synthetic pop-
ulation with a lower stellar mass would reduce the number of
planets overall and the imbalance between sub-Neptunes and
giants. However, this effect would not be sufficient to resolve
the discrepancy entirely.

For the location of the peaks, we note that the synthetic pop-
ulation exhibits a peak centred slightly below 1000 Mg while
the HARPS/Coralie planets peak is located closer to 500 Mg.
These planets are dominated by their envelopes. Thus, the enve-
lope mass of the planets in the synthetic population is too large.
This points to disc-limited gas accretion rates that are overesti-
mated for planets in this mass range. The aforementioned lack
of planets in the intermediate regime points towards the same
conclusion. There are several possible explanations: differences
in the accretion rates obtained in 1D versus 3D simulations
(Ayliffe & Bate 2012; Schib et al. 2022), higher dust opacities
than assumed here (Mordasini 2014; Schulik et al. 2019), or a
quenching of the gas accretion rate because of more efficient
gap opening in low-viscosity discs (e.g. Aoyama & Bai 2023).
To explore the latter point, we have recently added a MHD-wind
driven disc model in the Bern model (Weder et al. 2023). Future
work will show whether this will result in a less dry desert that
is in better agreement with observations (see also Suzuki et al.
2018).

For sub-Neptunes, however, the mass difference has to be
caused by the accretion of solids, as these planets are core domi-
nated. As it can be seen in the right panel of Fig. 7, the synthetic
planets are ice-rich for the majority. These planets have formed
outside the ice line and subsequently migrated to their final loca-
tion without accreting much material at the same time. Planets
whose masses are about 10 Mg cannot grow from a static solid
disc in-situ at the location they are observed (inside about 400 d
or 1 au) because there is not enough mass available. The masses
of the sub-Neptunes is linked to the behaviour of gas-driven
migration. In this range, migration becomes more efficient as
mass increases. The planet masses thus reflect the equality mass
(Emsenhuber et al. 2023) at which the migration timescale
becomes smaller than the accretion timescale. The sub-Neptunes
end near the inner edge of the disc, where further growth is
nearly absent . If the actual sub-Neptunes indeed follow a sim-
ilar formation track, then the lower masses of the sub-Neptunes
in the synthetic planets relative to the HARPS observations indi-
cates that equality mass is underestimated in the model, which
in turn observationally constrains the ratio of the migration to
the accretion timescale. Here, the difference indicates a shorter
growth and/or longer migration timescale than in the model.

3.3. Periods

The other main quantity retrieved from RV surveys is the
orbital period. To check for how the synthetic population and
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Fig. 6. Comparison of the planet periods between the biased syn-
thetic population (NG76, black and blue lines) and the observed
HARPS/Coralie sample. The curves have the same meaning as in the
left panel of Fig. 5.

the Coralie-HARPS sample, we proceeded as for the minimum
mass. The comparison of the KDEs is provided in Fig. 6.

The result shows that the two populations again exhibit
similar features, with the two peaks for the sub-Neptunes and
giant planets. Giant planets are overrepresented in the synthetic
populations, as discussed previously.

The match between the periods in the synthetic and observed
populations is not as good as for the masses. For instance, the
planets in the synthetic population are found at shorter periods
than the observed planets. This is true for both the sub-Neptunes
(between 1 and 30d versus 3 and 100d for the observed plan-
ets) and giants (between 100 and 1000 d versus 300 and 3000 d).
Such a difference was already seen in the unbiased population,
as discussed in NGPPS II. This inward shift of the low-mass
planets is consistent with Mulders et al. (2019), who found the
same feature in the comparison with the Kepler planets. Further,
the peaks in the period distribution are narrower in the synthetic
population.

For the sub-Neptunes, their final location is near the inner
edge of the gas disc. This means that either the choice of the
disc inner edges is incorrect or the sub-Neptunes stop migrat-
ing before reaching the inner edge. In the synthetic populations,
the disc inner edges were assumed to be at the corotation radius
stellar rotation and used a rotation period distribution of young
stellar objects Venuti et al. (2017). As discussed in NGPPS II,
this provides good agreement with gas tracers; we thus do not
think this is the reason for the discrepancy. There are, however,
proposed mechanisms to halt the inward migration outside of
the inner edge. For instance, there could be viscosity transitions
which act as migration traps, such as near the silicate evapora-
tion line, as suggested by Flock et al. (2019). We shall investigate
this in future work.

For the giant planets, their locations change only marginally
once they undergo runaway gas accretion. Thus, the difference
in their final location is most likely due to the migration when
planets are at an intermediate mass range (~10 Mg) or the plan-
ets originate further out than what our model predicts. We
investigate the effect of migration strength in Sect. 4.
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Fig. 7. Left: comparison of the minimum mass (M sin ) versus orbital period of the biased synthetic 100-embryo population (NG76, black circles)
and the actual HARPS/Coralie survey (red crosses; M11). Both samples have 822 systems. Right: same but only for the synthetic population and
with different colours and symbols depending on planet properties. Red circles indicate planets whose H/He envelope content is larger than the
core; otherwise, green circles are for planets whose cores do not contain any ices, and blue is for the planets whose cores contain ices. In the latter
case, circles are for planets whose envelope mass is at least 10% that of the core, and crosses are for the others.

3.4. Mass-period diagram

The main quantities retrieved from planets detected with the RV
technique are the minimum mass and the orbital period. We thus
want to check whether our model can reproduce both these quan-
tities at the same time. A comparison of these two properties
between one random observation of the synthetic population and
the HARPS planets is shown in Fig. 7. We also perform the 2D
KS testing procedure and find that its significance is <0.001,
meaning that the KS distance of the observed sample is larger
than any of the synthetic samples.

From Fig. 7, we observe that both synthetic and observed
populations have the same similar shape with a group of sub-
Neptunes at short orbital period (between 2 and 30 Mg and inside
of 100 d) and a second group of more distant giant planets (above
100 Mg and 100 d). However, there are several differences, which
explain the difference that is highlighted by the KS test.

First, the positions of the planets in the synthetic population
are more grouped than that of the observed planets. The for-
mation of distinct clusters of planets — despite the stochasticity
introduced by N-body interactions — is a general feature of our
model. These clusters form early and trace different growth and
migration tracks during their formation phases (see Schlecker
et al. 2021b (NGPPS V) and Emsenhuber et al. 2023).

Second, the synthetic population does not cover the whole
parameter space of the observed planets. For instance, the syn-
thetic population does not contain any hot-Jupiter planet (within
10d and above 100Mg). This effect is not due to the sam-
pling of the underlying population, but the population itself does
not contain any such planet (NGPPS II). A possible reason for
the mismatch is that the model only considers disc migration
as formation channel, while other channels, such as eccentric
migration (Dawson & Johnson 2018), are not included. In the
latter case, it is because the model does not include tidal cir-
cularisation. As an estimate of the number of hot-Jupiters that
could potentially form by this channel, we can take planets larger
than 100 Mg that have collided with their star. We find that
20 such planets, of which had an inclination of more than 45°

shortly before impact. For comparison, we would expect five to
ten hot-Jupiters in our 1000-star population (hot-Jupiters have an
occurrence rate of 0.5-1%, M11, Wright et al. 2012). Thus, it is
likely the model could form hot-Jupiters by eccentric migration
if all the relevant physical processes were included in it.

3.5. Correlation with stellar metallicity

Giant planets are preferentially found around metal-rich stars
(e.g. Santos et al. 2001; Fischer & Valenti 2005; Adibekyan
2019), while such a correlation is weaker or non-existent for
low-mass planets (e.g. Petigura et al. 2018). To determine if we
recover the same correlation and the same strength, we show a
planetary mass versus stellar metallicity diagram for both the
combined HARPS/Coralie sample and synthetic population in
Fig. 8. In addition, to highlight possible trends in the data, we
show the medians for various planet mass bins. As before, the
grey zone shows the 95% confidence interval for the medians in
each bin.

The HARPS/Coralie planets show a positive correlation
between mass and stellar metallicity for planets until about
10 Mg and slightly decreasing afterwards, indicating that the
giant planets have a larger metallicity effect that the sub-
Neptunes. The synthetic planets show a similar, albeit shallower,
correlation; there are only two out of eight bins that do not fit the
95% confidence internal.

The two bins that do not fit in the confidence intervals are for
sub-Neptune and their median metallicities are too large com-
pared to the HARPS planets. Looking at the individual planets
reveals that the synthetic population has an overabundance of
sub-Neptunes around high-metallicity stars, while it is missing
planets at low stellar metallicities. For instance, the synthetic
population cannot reproduce the few systems of sub-Neptunes
at metallicities between —0.3 and —0.4. The systems (HD 40307
and HD 136352) have a significant mass in planets (about
23 Mg in both cases) for such low metallicities, which indicates
that either conversion from dust to planets is efficient or the
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Fig. 8. Stellar metallicity versus planet mass (M sini) for the biased
100-embryo population (NG76, in black) and the HARPS/Coralie sur-
vey (M11, in red). The scatter plot shows one random observation of
the synthetic population against the HARPS/Coralie planets. The lines
show the medians in the respective range. For the synthetic planets, the
values are obtained over 1000 simulated observations of the underlying
population and showing the 95% confidence interval.

protoplanetary discs were more massive than what our method-
ology provides for initial conditions.

Concerning the giant planets, previous studies that used
older versions of our formation model, such as Mordasini et al.
(2009b), already found lower metallicity effects than in observa-
tions. Thus, the shallower metallicity effect that we observe here
is not a new feature of our model.

There are multiple possible reasons for the differences
between the synthetic population and observations. We may cite
a non-linear relation between the metallicity and the usable mass
for planetary growth arising during the early phases of planetary
growth not considered here (Youdin & Goodman 2005; Lenz
et al. 2019) or the impact of envelope enrichment (Venturini
et al. 2016) which is neither included in the model. Also, the
gas disc properties are assumed to be independent of the metal-
licity. Finally, metal-poor stars tend to exhibit a higher relative
abundance of a-elements (Adibekyan et al. 2013; Delgado Mena
et al. 2017), meaning that they are not as metal-poor as indi-
cated by their [Fe/H] only. Thus, using [Fe/H] with scaled solar
composition — as we do in the model — results in a mismatch
in the total amount of heavy elements, mostly underestimating
the total amount of solids for low-[Fe/H] stars. This is of impor-
tance, as the total mass of solids is a key quantity in determining
the resulting planetary systems (Emsenhuber et al. 2023).

3.6. Period ratios of adjacent planets

For systems with multiple planets, the spacing between the adja-
cent planets can be quantified by the ratio of their orbital periods.
Figure 9 provides the comparison for this quantity between our
synthetic population and the HARPS/Coralie sample. We stress
that only systems with multiple detected planets can be used to
compute period ratios and that we do not include any bias for
the planet orbital periods. As such, the distribution is based on a
limited number of planet pairs.

The general outcome of the comparison is that the two curves
are in good agreement, with the exception of the pile-up of
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period ratios past the location of the 2:1. As shown in the his-
togram (the right panel of Fig. 9), the number of planets in this
pile-up is similar in both synthetic and observed populations.
However, the period ratios occupy a much narrower in the syn-
thetic population than in the HARPS/Coralie planets (up to about
2.5). Concerning the other resonances, the synthetic population
shows other pile-ups of planets near the 3:1 and 4:1 resonances,
though in this case, there is no large discrepancy in the fraction
of planet pairs located there between the synthetic and observed
systems.

Convergent gas-driven migration will lead to pile-ups at
the location of mean-motion resonances (MMRs). In previous
populations that were generated with the older version of our for-
mation model (e.g. Alibert et al. 2011 and Mulders et al. 2019),
the number of pairs close to MMRs was found to be too large
compared to the observed exoplanets (e.g. Fabrycky et al. 2014,
for results from the Kepler observatory). Further integration past
the dispersal of the gas disc reduces the number of planet pairs
locked in MMRs (see Fig. 15 of Weiss et al. 2023), which is what
we are doing in this work.

The standard model NG76 follows the dynamical interac-
tions up to 20 Myr (NGPPS I). We also performed the same
calculations but where the formation stage of the model, during
which the N-body interactions are simulated, has been extended
to 100 Myr (NG76longshot). This allows us to determine if
dynamical interactions at later times would be able to break the
resonances. As can be seen in Fig. 9, we find that this is not
the case, and the cumulative distribution of the period ratios
is very similar. This means that the N-body interactions after
20 Myr are unable to break the resonances in the period regime
accessible to the RV technique. This result is the opposite of
that of Weiss et al. (2023), who analysed the same population,
but from the perspective of transit observations. As RV surveys
are only sensitive to more massive planets, they are less affected
by long-term dynamical effects (NGPPS II). Thus, the different
results between our study and that of Weiss et al. (2023) are not
contradictory.

This means that we are left with the possibilities that there
are other sources of excitation not taken into account in our
model, or that fewer planets start off locked in resonances in the
first place. This could be the case if migration is reduced overall,
as might be expect for MHD-winds driven discs (Suzuki et al.
2010; Ogihara et al. 2018) compared to classical a-discs as used
here. Another possibility is the strength of eccentricity damping
that was found to affect the proximity of the planet pairs from
MMRs (Charalambous et al. 2022).

3.7. Eccentricity
3.7.1. Overall distribution

Exoplanets have overall higher eccentricities than the planets
of the Solar System (e.g. Udry & Santos 2007). Gravitational
interactions between the proto-planets stir their eccentricities,
and close encounters (or scattering) can lead to very eccentric
orbits, up to unity (Carrera et al. 2019). Scatterings are able to
reproduce the eccentricity distribution of the observed exoplan-
ets (Chatterjee et al. 2008; Juri¢ & Tremaine 2008; Ford & Rasio
2008).

To compare the eccentricities between the synthetic pop-
ulation and the observation data, we provide in Fig. 10 the
cumulative distributions of the two. For the HARPS/Coralie
sample, we draw two curves: one where undetermined eccen-
tricities are neglected and upper limits are taken at those value
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interval.

(which gives an upper boundary) and one where eccentricities
in the same situations are taken as zero (which gives a lower
limit). The general form of the two curves is reasonably simi-
lar. However, we find a difference in the near-zero eccentricities.
We observe that many of the synthetic planets have low eccen-
tricities, with a median value of 0.07. While the uncertainties in
the HARPS/Coralie surveys can account for a certain percentage
of low-eccentricity planets, it cannot account for all the amount
there is in the synthetic population. As the histogram shows,
the bin that contains the largest number of observed planets is
between 0.1 and 0.2, while in the synthetic population, it is for
eccentricities below 0.1, which contains nearly 60% of the plan-
ets. Conversely, the eccentricities of the observed planets almost
reach unity, with the largest value being 0.93 for HD 20782b
(Jones et al. 2006). This is not the case for the synthetic
population where the largest value is about 0.6. Our

populations do have planets with large eccentricities; they are,
however, further away than what is detectable by HARPS.

The discrepancy may come from observations, the model, or
both. For RV observations, it is well known (Lucy & Sweeney
1971) that when the eccentricities are small and the S/N is not
excellent, planet eccentricities are easily overestimated (Hara
et al. 2019). For instance, Zakamska et al. (2011) found in their
more sophisticated analysis that about (38 + 9)% of exoplanets
detected by RV have e < 0.05, compared to 17% in standard
analysis. The former value is closer to our synthetic population.
Comparison with Kepler data also hints that eccentricities in RV
could be overestimated. For instance, Weiss et al. (2023) find
that planets in multiple systems as found by the Kepler survey
have eccentricities of 0.03 to 0.05, which is even lower than
our synthetic populations. Another item is that in RV surveys,
it is impossible to distinguish a pair of circular planets on a
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Fig. 11. Eccentricity as a function of planet mass (M sin i) for the biased
100-embryo population (NG76, in black) and the HARPS/Coralie sur-
veys (M11, in red). The scatter plot shows one random observation of
the synthetic population against the HARPS/Coralie planets. The lines
show the medians in the respective range, but one should note the low
number of planets in the bins on the right. For the synthetic planets, the
values are obtained over 1000 simulated observations of the underlying
population and showing the 95% confidence interval.

2:1 MMR from a single, eccentric planet. This means that some
planet pairs could be misinterpreted as high-eccentric planets.
However, we note that the planet pairs close to the 2:1 MMR
are similar in the synthetic and observed planets (Fig. 9, right
panel), so we do not believe this affects many systems. Concern-
ing the models, the only source of eccentricity in our simulations
is gravitational interaction between the protoplanets. Planet-disc
interactions are another potential source, such as for high-mass
planets (Kley & Dirksen 2006) and turbulent stirring for low-
mass planets (Ormel & Kobayashi 2012; Kobayashi et al. 2016),
but we do not include these effects in our model. Hence, as
for the period ratio, we perform the analysis for the population
NG761longshot where the formation stage has been extended to
100 Myr to allow for late dynamical instabilities to occur (e.g.
Izidoro et al. 2021). We find that the eccentricity distribution
between the two populations is very similar. This result is con-
sistent with our findings from the period ratios in the previous
section in that later dynamical interactions have a limited effects
on the system’s dynamical state. Again, this indicates that eccen-
tricities should either be stirred at early times, for instance with
a less efficient damping by the gas disc, or that another (poten-
tially external) process currently not included in our model is
responsible for pumping the eccentricities. This could be stel-
lar encounters (Malmberg et al. 2011; Stock et al. 2020) or the
Kozai-Lidov mechanism caused by an external massive com-
panion. Support for the latter hypothesis comes from the fact
that many of the large-eccentricity planets in the sample are actu-
ally in binary systems, such as HD 20782 (Desidera & Barbieri
2007), HD4113 (Cheetham et al. 2018), HD 156846 (Tamuz et al.
2008) and HD 7449 (Rodigas et al. 2016).

3.7.2. Mass—eccentricity relation

In observational results, higher mass planets tend to have higher
eccentricities (Wright et al. 2009; Mayor et al. 2011). To compare
our results with these findings, we provide Fig. 11, which is a
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scatter plot of the eccentricity as a function of mass, along with
a running median for each population.

The median of the HARPS/Coralie planets shows two dif-
ferent regions. For intermediate-mass planets (less than about
300 Mg), the median eccentricity is relatively constant with a
value of roughly 0.1. For larger masses, however, the median
eccentricity increases with the mass, reaching a value larger than
0.6 at the Deuterium burning limit. The synthetic planets, how-
ever, do not exhibit a change of behaviour at 300 Mg. Rather, the
median eccentricity generally increases with the mass. This is
particularly striking at masses 100 Mg where many of the syn-
thetic planets have eccentricities on the order of 0.1, whereas
many of the HARPS/Coralie planets have eccentricities of 0.4 or
more.

As we noted above, the synthetic population is lacking
planets with eccentricities larger than 0.6. Thus, a median eccen-
tricity comparable to that of the HARPS/Coralie planets for the
largest masses cannot be achieved in the first place. Thus, the
giant planets in the synthetic population are dynamically cold
compared to the HARPS/Coralie planets. There are synthetic
planets with very large eccentricities in the underlying synthetic
population, but they are starting just further out than the detec-
tion limit of HARPS, which is about 15au (period of about
2 x 10*d). The implication is that the model is unable to produce
eccentric giant planets without increasing their semi-major axis
as well (as the giant planets mainly form within 10 au). Mean-
while, there are several cases of planets with e > 0.8 and periods
less than 10* d in the HARPS sample.

4. Towards a better match of observational data

In the population synthesis scheme (Mordasini et al. 2015;
Mordasini 2018; Chambers 2018), one aim is to find model
parameters that result in a population that best reproduce the
observed exoplanets. In this section, we build on the analysis of
the nominal population to perform modifications to the model
that result in better agreement with the HARPS/Coralie data.

Although the model has a significant number of parameters,
there are none that affects one aspect only of the populations.
For instance, one of the main quantities affecting the accretion
rate of the planets is the planetesimals’ sizes. Increasing their
sizes decreases the solids accretion rate of the embryos, thereby
leaving a lower number of cores reaching a large enough mass
to undergo gas runaway accretion before the dispersal of the gas
disc. However, this is not the only effect of the planetesimals
size. When planets take longer to form, their migration pattern
will also be different. For example, a lower solid accretion rate
results in a lower equality mass (see Emsenhuber et al. (2023) for
the definition), which is the mass where the solid accretion and
the migration timescales are equal. At this mass, the tracks in the
a— M diagram bend inward, and often rapid Type [ migration sets
in. This might cause the protoplanet end up as a close-in (sub-)
Neptunian planet, and not just as a lower-mass, but still distant,
planet.

To better reproduce the HARPS/Coralie results, we com-
puted several new populations, using only 20 embryos per
system. This is different than the canonical population — which
has 100 embryos per system — to limit the computational require-
ments. We verify in Appendix A that this modification does not
affect the planetary mass function. This is because the number
of embryos affects mostly the Earth-mass planets, while it only
has limited effects on the most massive planets (NGPPS II). We
therefore anticipate that the change of the number of embryos
will not affect the results presented here.
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Fig. 12. Histogram of the number of planets per systems in both the
HARPS/Coralie surveys (red) and the optimised synthetic population
NG192 (green).

We highlight the effects of the planetesimals size and the
overall efficiency of gas-driven migration in Appendix B. Here,
our goal is find a combination of parameters that best repro-
duces the total number of planets and their mass distribution
(that is, not their location). The final optimised population for the
HARPS/Coralie planets was obtained assuming the following
parameters:

— The planetesimals radius Rpjan has been set to 2 km instead
of 300 m in the nominal population. This is mainly to reduce
the efficiency of the model at forming giant planets.

— Gas-driven migration has been reduced to 7/8 of its nominal
rate, for both type I and type II migration.

— The maximum gas accretion rate is computed as the mini-
mum of the Bondi rate and the radial flow of the gas disc,
while in the canonical population it was the minimum of the
Bondi rate and the local reservoir rate. This is to limit the
gas accretion rate in the detached phase and better reproduce
the masses of the giant planets.

The resulting population, which we refer to as NG192, contains
1000 systems and has been analysed in the same manner as the
original one presented in the previous section. The histogram
of the number of observed planets per system comparing this
population with the HARPS/Coralie data is provided in Fig. 12,
the cumulative distribution of the planet masses in Fig. 13, and
the mass-period diagram of one draw in Fig. 14.

The comparison of the number of planets in the new popula-
tion provides are nearly matching those of the HARPS/Coralie
systems, as there are 17933 planets in IZOfS systems (as
reminder HARPS/Coralie has 169 planets and candidates in 105
systems). Also, Fig. 12 shows that the distribution of system
multiplicity is a good match with the combined HARPS/Coralie
sample, although the synthetic populations shows too many sys-
tems with two planets. Unlike the nominal population, however,
this population can produce one system with 6 observed planets
(as indicated by the green region on the bottom right of Fig. 12),
albeit not in the majority of the samples.

The planetary mass function of the new population better
reproduces the observed population overall. The remaining dis-
crepancy lies with the most massive planets (more than 10 Jovian
masses), which the synthetic population fails to reproduce. Thus,
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Fig. 13. Cumulative distribution of the planet masses in the optimised
synthetic population NG192 (in green), the canonical 100 embryo popu-
lation (in black), and the observed population (in red).
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Fig. 14. Mass—period diagram comparing one random mock observa-
tion of the optimised synthetic population NG193 (in green) and the
actual HARPS/Coralie planets (in red).

we note that it is difficult to find a prescription for the maximum
gas accretion rate that is able to produce at the same time giants
with an occurrence peak at about 500 Mg and the presence of
very massive giant planets. Nevertheless, the KS distance at the
95% of the random observation is 1.35 compared to a limit value
of 1.36, which means that we are just below the rejection thresh-
old for the hypothesis that the planets are drawn from the same
sample.

However, the improvements in the reproduction of the planet
mass function are not reflected in all the trends we investigated
in the previous section. For instance, the planets are still closer-
in as in the nominal population (Fig. 14). This is reflected in
the 2D (mass-period) KS test, as we find that the distance of
the observed sample is larger than any of the synthetic samples,
meaning that the p < 0.001 for the hypothesis that the observed
sample is drawn for the synthetic population. We thus find that
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our model is unable to produce a synthetic population that repro-
duces at the same time the number of planets and their mass and
period distributions. The issue here is that the reduction of the
model’s efficiency by increasing the size of the planetesimals
also lengthen the formation time. The increased formation time
make the planets more subject to planetary migration. Thus, the
strongly coupled nature of the problem implies that it is gener-
ally not possible to “force” one outcome in one direction without
also introducing many other consequences.

Also, the eccentricities are even lower than in the nominal
population, as there are fewer massive planets (which are the
source of excitation in our model). Conversely, the metallicity
effect becomes stronger, as the decreased efficiency result in
more selective formation around higher-metallicity stars.

Other possible improvements lie in a better understanding
of the observed sample. This could be used to better inform
the model about its properties and thus having initial conditions
for the synthetic systems that better resembles the observations.
Avenues in these directions include having a distribution of
stellar masses, binary stars, and different elemental composition.

5. Summary and conclusion

In this work, we have compared the synthetic planet population
obtained in NGPPS 1II with the large HARPS/Coralie RV sur-
vey (M11). We applied an observational bias derived from the
survey to perform quantitative comparisons. The purpose of this
endeavour was to statistically confront model predictions with
observations and determine whether some physical processes
that occur during planet formation are not yet well understood
(Mordasini et al. 2009b) and which aspects can in contrast be
reproduced.

We find that the nominal synthetic population reproduces
several of the main characteristics of the HARPS sample,
namely, the two clusters of close-in sub-Neptunes and more
distant giants in the mass-distance diagram; a bimodal mass
function; an observed mean multiplicity of about 1.6; and several
important trends in the stellar metallicity dependency, period
ratio distribution, and eccentricity distribution. This could indi-
cate that the model contains at least some of the physical
mechanisms governing planetary formation. This is a remarkable
result considering that the model was not optimised beforehand
to reproduce any particular survey. Instead, the model starts from
100 moon-mass embryos per disc, with all following an evolution
governed by the physics included in the model. The narrower
discrepancies are informative for the calibration of the various
processes in the model and the identification of missing physics,
and we discuss them in this section. To be able to observe these
differences, in our work it is crucial that we can make a quanti-
tative, and not only qualitative, comparison between theory and
observation.

First, in terms of the absolute number of detectable planets,
the nominal synthetic population has a greater number of plan-
ets by a factor of 1.7 compared to the observed sample. Thus,
the nominal formation model is too efficient, albeit not by as
much as found in Mulders et al. (2019) for the Kepler survey.
This could be linked to model parameters controlling the effi-
ciency of solid accretion or the initial conditions. The second
discrepancy concerns the mass distribution of planets. We find
that 1) the desert of planet masses between that of Neptune and
Saturn is too deep by about 60%, 2) the mass of the peaks do
not match exactly — synthetic sub-Neptunes have too-low masses,
while synthetic giants are too massive by a factor of about two
in both cases — and 3) the ratio between giants and sub-Neptunes
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is too large in the synthetic population (compare Schlecker et al.
2021a, NGPPS III). A third discrepancy relates to the location of
the planets: The synthetic planets are overall too close to the star
compared to the HARPS sample.

To better reproduce the number and mass distribution of
planets in the synthetic population, we study in Appendix B
the effects of two parameters: the planetesimal size and the effi-
ciency of gas-driven migration. In addition, we modify the gas
accretion prescription to include the radial flow of gas through
the disc, but it has little effect on the number or planet masses
(Fig. B.1).

Increasing the planetesimal size reduces the overall number
of observed planets. In addition, this leads to an increase in the
relative amount of sub-Neptunes compared to giants. Reducing
the efficiency of gas-driven migration also changes the rela-
tive amount of sub-Neptunes and giants, with lower migration
rates resulting in more giant planets and fewer sub-Neptunes. In
our model, detectable sub-Neptunes and giants originate from
the same region (beyond the ice line) and migrate to their final
location. In this situation, the question of whether a plane-
tary embryo becomes a sub-Neptune or a giant depends on the
relative timescales of accretion versus migration (Emsenhuber
et al. 2023). If migration is dominant (for instance with larger
planetesimals, since that reduces the solid accretion rate), then
sub-Neptunes are favoured, while the opposite leads to more
giant planets as the study of the effects of migration efficiency
has shown. This illustrates that modifying model parameters will
affect not only a single outcome of the model but may also have
consequences for other observable quantities in a way that might
not be desirable for the goal of concurrently reproducing as many
observational constraints as possible.

This outcome is caused by the many links and the feedback
between the different physical processes that are included in the
model (see the many arrows in Fig. 2 of NGPPS I). It implies that
despite the many free parameters in a global model, it is difficult
to force the model’s outcome towards a desired direction just by
varying parameters. This also shows that the depth of the plan-
etary desert is not determined by runaway gas alone. The more
efficient the migration is, the less amount of time planets can
remain in this intermediate mass range without being taken to the
inner edge of the disc. This finding has implications for how to
analyse the HARPS/Coralie planets. The fact that the vast major-
ity of the observable planets in our model come from a similar
region also means that the whole population must be analysed
together, as opposed to analysing sub-Neptunes and giant planets
separately.

We find that larger planetesimals and a slight reduction of
gas-driven planetary migration enable better reproduction of the
masses of the HARPS/Coralie planets. However, the synthetic
planets generally remain too close-in. Yet, migration cannot be
reduced further, as was suggested by Ida et al. (2018) because, at
least in our model, that would also lead to the formation of too
many giant planets. This is a case where just varying the model
parameters is insufficient to bring the syntheses into full agree-
ment with the combined observational constraints, and it may
suggest that planets originate from further away than they do in
our model. However, that is problematic solely with planetesi-
mal accretion, which suffers from long accretion timescales at
large separations. Thus, it is an indication of missing physics in
the modal and that a process such as pebble accretion (Ormel &
Klahr 2010) and/or structured discs (Lau et al. 2022) might be at
play for giant planet formation.

Regarding the constraints beyond the masses and orbital
distances, we analysed the distribution of the period ratios of
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adjacent planets (Fig. 9) and the eccentricity distribution
(Fig. 10). Regarding the period ratios, the overall synthetic and
observed distributions are in good agreement, with the exception
of the detailed structure of the pile-up of period ratios past the
location of the 2:1 MMR. While the overall number of planets
in or near this pile-up is similar, the period ratios occupy a much
narrower region (close to exactly 2.0) in the synthetic population
than in the HARPS/Coralie planets (up to about 2.5).

Regarding the eccentricity distribution, the median eccen-
tricity of the detectable synthetic planets is 0.07, compared to
0.15 in the HARPS/Coralie sample. In other words, the synthetic
population contains a significant number of planets with circu-
lar or nearly circular orbits. Apart from this overall shift, the
distributions are similar.

Taken together, the period ratios and the eccentricities con-
sistently show that the synthetic systems are too dynamically
cold compared to HARPS/Coralie planets. This remains true
even when the N-body run-time is extended to 100 Myr in the
simulations (compared to NGPPS II, where the interactions were
followed up to only 20 Myr). This indicates that we are missing
an effect for the excitation of the planet orbits and that this effects
occurs either early during the formation stage or has an exter-
nal origin. The discrepancy could thus be caused either by a too
strong eccentricity and inclination damping while the planets are
embedded in the gas disc, as was found by Bitsch et al. (2020).
External excitation by stellar encounters could also be an expla-
nation (Malmberg et al. 2011). There is an additional alternative
explanation on the observational rather than the model side:
It could also be that the eccentricities in the HARPS/Coralie
sample are overestimated given the well-known bias of the RV
method (Lucy & Sweeney 1971).

Finally, the links to the host star properties can also be stud-
ied and contrasted. Concerning the metallicity of the systems
harbouring observable planets, we find that both nominal and
modified populations reproduce the overall metallicity depen-
dence of the planet mass quite well but differ again on a finer
scale. Namely, in the model the correlation is weaker, though
only two out of eight mass bins do not fit the observational 95%
confidence interval. The difference stems from sub-Neptune
planets that have too-high median metallicities in the model.

The reduced planet growth efficiency when increasing the
planetesimal size results in a higher fraction of systems coming
from high-metallicity systems. This affects all masses, however,
such that the median metallicity increases from 0.09 to 0.14
without significantly affecting the mass dependence. This means
that our model favours overall high-metallicity systems for both
sub-Neptunes and giant planets, and we find it difficult to form
the close-packed systems with many sub-Neptunes at low metal-
licity (HD 40307; Tuomi et al. 2013, HD 136352; Udry et al.
2019). Again, this points to physical processes that are currently
missing in the model, such as mechanisms affecting the forma-
tion of the solid building blocks (Voelkel et al. 2021, 2022) or
the effect of envelope enrichment (e.g. Venturini et al. 2016; Mol
Lous et al. 2024).

Looking ahead, many large space- and ground-based instru-
ments and surveys (e.g. NIRPS, GAIA, PLATO, ROMAN,
ARIEL, etc.) will release observational datasets that are ideal
for future statistical comparison with theoretical population-level
predictions due to the homogeneous way the data are obtained
(ExoPAG Science Interest Group et al. 2023). Theoretical planet
formation models should use these surveys as an opportunity
to go beyond the qualitative comparison of specific aspects
and perform quantitative statistical comparison in a global way,
that is, by comparing the same synthetic population in many

aspects to all the different observational datasets. This will reveal
the success and limitations of our current understanding of
planet formation much more clearly and help answer the many
fundamental questions still open (Mordasini & Burn 2024).

Data availability

Table C.1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/701/A64
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Appendix A: Effect of the initial number of embryos

NGPPS 1II presented multiple populations with different initial
number of embryos per system: 1, 10, 20, 50, and 100. It was
found that the giant planet population was relatively indepen-
dent of the initial number of embryos per system as long as
there are at least 10, except for a slight shift in the location of
the giants. The 100-embryo population was taken as the nomi-
nal population, and this is the one that is mainly analysed here.
However, obtaining such a population requires large computa-
tional resources, such that a parameter study is unfeasible. To
perform such a parameter study with the available computational
resources, we have to lower the number of embryos per system
to 20.

To check the effect of the initial number of embryos for com-
parison with HARPS, we consider the cumulative distribution
of the observed planet masses, which is shown in Fig. A.1. The
comparison shows that the observed mass distribution is insensi-
tive to that parameter, except for the masses of the most massive
planets, which are lower in the population with fewer embryos
initially. Nevertheless, the difference is of the order of the con-
fidence interval and lower than the difference with the observed
planets.

Thus, we confirm the discussion in NGPPS II that the initial
number of embryos is significant only for the close-in terres-
trial planets. As virtually none of these planets are observable
by HARPS because of their too low mass, this model parameter
has no significant effects on the results presented in this work.
This also means that selecting a lower initial number of embryos
for the populations that are used to find a better match with the
HARPS sample should not cause any issue.
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Fig. A.1. Cumulative distribution of the planet masses for biased syn-
thetic populations with different initial number of embryos per system.

Appendix B: Parameter study

To find a population that is optimised for the HARPS/Coralie
planets in absolute number and mass distribution, we perform
a parameter study with several of the model parameters. Here
we present the main results of that study and highlight how we
selected the population shown in Sect. 4.

B.1. Planetesimal size

The general efficiency of planet formation in the present model
is controlled by the size of the planetesimals. For a given surface
density, larger planetesimals would lead to a lower growth rate
due to, first, the reduced damping of eccentricities and inclina-
tions by the nebular gas and, second, a smaller enhancement of
the capture cross-section by the planet envelope (Podolak et al.
1988).

The results of this study are shown in Fig. B.1, which com-
pare the 20-embryos counterpart of the nominal population
(called NG74 in NGPPS II; to keep this parameter the same across
the comparison) to other populations where the maximum gas
accretion rate criterion is given by the minimum of the Bondi
rate and the radial flow of the gas and various planetesimals
sizes. We see that the number of giant planets is much more
affected by the change of planetesimal size than for the sub-
Neptunes. For 300 m planetesimals, giants are dominant, while
for 2km and 3 km the sub-Neptunes are. Increasing the plan-
etesimal size thus solves both the issue of the number of planets
and the imbalance between giants and sub-Neptunes. However,
the best size for both items is not exactly the same: The popu-
lation with 2 km planetesimals shows an overall good match for
the number of planets while having a small skew towards sub-
Neptunes. For the latter point, smaller planetesimals would be
beneficial.

Changing the planetesimal size has some additional conse-
quences. For instance the location of the desert slightly shifts
towards larger masses as the planetesimal size increases, while
the location of the peak of the mass function for giant planets
shifts towards lower masses. The latter is due to the longer for-
mation time required with larger planetesimals, resulting in giant
planets spending less time in the runaway gas accretion regime.

B.2. Efficiency of migration

As discussed in the Appendix of NGPPS II, Schlecker et al.
(2021a) (NGPPS III), and in Sect. 3.4, the synthetic planets are
generally too close-in. Hence, we also study if a reduction of the
gas-driven migration is able to better reproduce the location of
to the observed planets. However, migration not only affects the
planets’ locations but also all their formation sequence. There-
fore, we also study the effect of planetary migration on the mass
function of the synthetic planets. The results of this comparison
are shown in Fig. B.2, where we show the mass function obtained
by multiplying the migration rate by uniform factors.

Suppressing planet migration allows for more efficient giant
planet formation, as already found in simulated planetary sys-
tems around very low-mass stars (Schlecker et al. 2022). This
skews the distribution of planet masses towards giants. In a
sense, it is similar to reducing the planetesimal size, though with
limited effects on the overall number of planets. This means
that to avoid having too many giant planets, migration cannot
be strongly reduced. Even a reduction by 25% (the ‘3/4’ popula-
tion) leads to too many giant planets. A modest reduction of the
order of 10%, however, is beneficial to solving the discrepancy
about the optimal planetesimals size for the overall number of
planets and the ratio between sub-Neptunes and giants.

As for the planetesimal size, changing the efficiency of gas-
driven migration affects the location of the planetary desert and
the peak of the mass function of giant planets. There is a positive
correlation between migration strength and the location of the
gap and the peak. The location of the desert is best reproduced
for a migration strength that is nominal or only slightly reduced,
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while that of the peak could be reproduced with weaker migra-
tion. Thus, the slight reduction by about 10% is also beneficial
for reproducing the location of gaps and peaks in the planetary
mass function.
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Fig. B.1. Comparison of the planet mass distribution between different
biased synthetic populations and the observed population. The nominal
population with 20 embryos per system (NG75, same as the orange line
in Fig. A.1) is shown with the black line; the others use the minimum
of the Bondi rate and radial flow of the gas disc for the disc-limited gas
accretion rate with different planetesimal size, as given in the legend.
For each of the synthetic populations, we performed 1000 Monte Carlo
synthetic observations. The bold line showing the median of these, and
the lighter region shows the 95% confidence interval. The results are
shown as a kernel density estimate, though rescaled to be absolute.

— mig=1/1
1209 —— mig=3/4
— mig=1/2
1007 — HarPs :
o 80
Ke)
€
= 60' /
a4 M- \\/
20 A
0 T T T
10° 10t 102 103 104
Msini [Mg ]

Fig. B.2. Same as Fig. B.1 but now comparing the effects of the overall
efficiency of gas driven migration by multiplying the migration rates by
uniform factors given in the legend. All the populations have a planetes-
imal size of 3 km. The population shown in blue (labelled ‘1/1°) is the
same as that in cyan in Fig. B.1.
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Appendix C: Survey properties and list of planets

The observed planets used for the comparison in this work
are based on the results of the CORALIE and HARPS sur-
veys until the end of 2015. Data from other instruments, such
as HIRES/Keck, was not used. The original stellar sample was
defined as volume-limited within 50 pc as originally defined in
Mayor et al. (2003). Newer measurements of stellar distances, for
instance with GAIA parallaxes, were not used alter the sample.
This is to maintain the consistency in the baseline duration of the
observations across the stars.

The distribution of stellar masses in the sample is provided
in Fig. C.1. The vast majority stars in the survey have masses
between 0.7 and 1.3 M. The distribution peaks around 0.9 Mg,
with a median value of 0.90 My and a mean value of 0.92 M.

Binaries, as indicated by a detectable companion within 6
arcsecond or a RV signal that indicate a companion of more
than 13 M, were also excluded. While this criterion remove most
binaries, it does not exclude wide binary systems. Among the
detected planets, 24 (14% of the total) of them in 20 systems
(19%) are in known binary systems.

With the exclusion of the additional four years of data, the
analysis was performed as in Mayor et al. (2011). The analy-
sis was performed consistently across the entire sample and the
results are reported in Table C.1. For long period planets with
incomplete coverage, the eccentricity is forced to zero if it can-
not be reliably determined, and this is then used to determine the
other parameters.

The data used here may differ from that presented in the dis-
covery publications. For comparison, we provide the values from
the literature. Values that differ more than 10% are underlined.
Usually, differences in the periods are minimal, while differences
in masses can be larger. However, as we are interested in the
statistical comparison in this work, this should not be a major
concern here.

In addition, the tables also provides the metallicity of the host
star. Except for certain stars, the values were taken from SWEET-
Cat. In case the entry does not provide a reference for the stellar
metallicity, the value was taken from the same reference as for
the planet.
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Fig. C.1. Histogram of the stellar masses in the HARPS/Coralie sample.
The median value is indicated with the vertical dashed red line, while
the value used for the synthetic population is indicated with the vertical
dashed red line.
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