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THE RADIUS VALLEY AND THE EVOLUTIONARY INTERPRETATION

Fulton et al. 
(2017)
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1. Most exoplanets discovered so far 
have sizes between Earth and 
Neptune, and the distribution is 
bimodal, with peaks at ~1.3-1.5 RE 
("super-Earths") and ~2.4-2.7 RE 
("mini-Neptunes"), and the valley at 
~1.8-2 RE. (Fulton et al. 2017, 2018; 
Martinez et al 2019, Petigura et al. 2020).
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2. Two types of evolution models can 
explain the bimodality. The idea is 
that some heat source (e.g, 
external: photoevaporation or 
internal: core-powered mass-
loss) produces atmospheric 
escape.  Some planets will get so 
hot that will lose their atmospheres 
completely, but some will retain a 
thin H-He atmosphere.

4.4. Atmosphere Metallicity

Some studies of transmission spectroscopy have suggested
that the atmospheres of hot Neptunes (e.g., GJ1214b) are

highly enriched in metals, with [Z/H] perhaps as high as 100
(e.g., Charnay et al. 2015), while others (e.g., HAT-P-26b) are
consistent with solar metallicity (Wakeford et al. 2017). Here
we explore how atmosphere metallicity may affect our results.

Figure 6. Schematic figures showing the mass-loss timescale and resultant envelope mass fraction histograms that result from envelope evaporation. The far left panel
show the mass-loss timescale as a function of envelope mass fraction for four models—(a) through (d)—which are progressively closer to their parent star. Those
envelope mass fractions with mass-loss times <100 Myr are unstable to evaporation and shown as dashed lines, whereas envelope mass fractions with mass-loss times
>100 Myr are stable to evaporation and shown as solid lines. The six small panels schematically show what would happen to a population of planets. The top left
small panel shows the initial envelope mass fraction distribution (arbitrarily chosen to range between 10−5 and 1). The panels labeled (a) through (d) show the resultant
population due to evaporation. The bottom right panel shows the combination of models (a) through (d). The vertical dashed lines show the envelope mass fraction
which doubles the planet’s radius. We clearly see how evaporation generates a bimodal distribution in radius and envelope mass fraction.

Figure 7. Comparing the valley location for cores made up of pure iron
( 11 g cmM

3r =Å
- ), pure silicate (4 g cm 3- ), and pure water (1.3 g cm 3- ). All

parameters are otherwise identical, including the core mass distribution. The
leftward shifting of the valley with rising density is as prescribed in
Equation (29). The observed data (gray shaded histogram) exclude ice-rich
cores (blue curves) and favor compositions that are roughly terrestrial, namely
silicate–iron composite.

Figure 8. Same as Figure 7, but now focusing on silicate–iron composites with
different iron fractions ( fFe). Different theoretical distributions correspond to
models with: single value, fFe=1/2; uniform spread, f 0, 1 ;Fe Î [ ] bimodal,
fFe=0 or 1. The data exclude the last distribution, but cannot distinguish the
first two. This illustrates our inability to constrain the iron fraction to a narrow
range.
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3. Both models are able to reproduce 
the correct size distribution if planets 
are rocky (Owen & Wu 2017,  Gupta & 
Schlichting 2019 )=> This led to the 
interpretation that these planets were 
formed inside the water ice line. 

4. However,  planet formation models tend to favour accretion beyond the ice line. Super-Earth mass 
planets easily undergo Type-I migration, which places water-rich objects at short orbital periods. 
(e.g,  Alibert et al. 2013, Raymond et al. 2018, Bitsch et al. 2019).   

(Owen & Wu, 2017, Jin & Mordasini 2018,   
Mordasini 2020, Modirrousta-Galain 2020) 



GLOBAL PLANET FORMATION SIMULATIONS WITH PEBBLE ACCRETION

➤ 1d+1d gas disk that evolves by viscous accretion and photoevaporation.

➤ Dust growth model of Birnstiel et al. (2012):


➤ Dust (pebbles) evolve by growth, fragmentation and drift.

➤ 1 dominant size of solid particle.

➤ sublimation of ice at the ice line.

➤ A lunar-mass embryo grows by accreting drifting 
pebbles and gas from the disk. Migration is considered.

(Guilera et al. 2020: https://arxiv.org/abs/2005.10868 

Venturini et al. 2020: https://arxiv.org/abs/2008.05497 ) 
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Fig. 1. Evolution of the gas surface density, midplane temperature and aspect ratio of the case with ↵ = 10�4 and Mdisk = 0.06 M�.

Table 1. Disc parameters and values adopted for all the simulations

Symbol and units values adopted
Disc initial mass Mdisc [M�] 0.01, 0.03, 0.06, 0.1
Disc viscosity ↵ 10�3, 10�4, 10�5

Disc initial dust-to-gas ratio Z0 0.01, 0.05
Disc characteristic radius Rc [au] 39
Disc profile � 1
Photoevaporation parameter

Table 2. Dust parameters and values adopted for all the simulations

Symbol and units values adopted
Threshold velocity v [m/s] 1 (silicate grains)

10 (icy grains)
Mean particle density ⇢

0
d

[g/cm3] 3 (silicate grains)
1 (icy grains)

fd 0.55
f f 0.37

(Gorti et al. 2015), and St = ⇡⇢0drd/2⌃g the mass weighted mean
Stokes number of the dust size distribution. rd represents the
mass weighted mean radius of the dust size distribution, given
by

rd =

P
i ✏ir

i

dP
i ✏i
, (9)

being r
i

d the radius of the dust particle of the species i, and
✏i = ⇢i

d/⇢g the ratio between the volumetric dust density of the
species i and the volumetric gas density. Eq. (8) is solved us-
ing an implicit Donor cell algorithm considering zero density as
boundary conditions, and the time-step is controlled not allow-
ing changes greater than 1% in the dust surface density for each
radial bin between consecutive models.

The initial dust surface density is given by:

⌃d(R) = ⌘iceZ0⌃g(R) (10)

where ⌘ice takes into account the sublimation of water-ice and
adopts values of ⌘ice=1/2 inside the ice-line and ⌘ice=1 outside
of it (Lodders et al. 2009). We adopt, Z0 = 0.01 as the initial
dust-to-gas ration of the nominal runs.

2.3. Pebble accretion

The initial micro-meter size dust grows to mm-cm pebble sizes
during the disc evolution. These pebbles can be e↵ectively ac-
creted by embryos present in the disc. We follow the growth of

a Moon-mass embryo (MP= 0.01 M�) by pebble accretion. In
one set of simulations the embryo grows in situ at a = 0.3 au,
whereas in other set the embryo starts its growth at a = 1 au and
is allowed to migrate.

To introduce the pebble accretion rate it is first useful to de-
fine the pebble scale height (e.g Lenz et al. 2019):

Hpeb = Hgas

 
1 +

St

↵

!�1/2

(11)

We note that the pebbles will be more concentrated towards the
disc midplane if the disc is rather laminar (low ↵) and/or if the
Stokes number is large. In this case, the pebble accretion occurs
in a 2D fashion and its rate is given by (Lambrechts & Johansen
2014):

Ṁz,2D = 2
✓ St

0.1

◆2/3
RHvH⌃P , (12)

where RH is the planet’s Hill radius, vH the Keplerian velocity at
a distance of the Hill radius from the center of the planet, and ⌃P

the surface density of pebbles at the position of the planet, and
St is the particle’s Stokes number at the position of the planet.

Pebble accretion becomes 3D if:

f3D ⌘
1
2

r
⇡

2

 
St

0.1

!1/3
RH

Hpeb
< 1 (13)

In this case, the accretion of pebbles is given by the slower
3D rate (e.g, Brasser et al. 2017):

Ṁz,3D = f3D Ṁz,2D (14)

Note that the lower the Stokes number, the easier it is for f3D

to be smaller than 1, and therefore the more likely is that pebble
accretion happens in 3D. For example, for St = 0.01, 2D pebble
accretion occurs once the Hill radius exceeds approximately 3.4
pebble’s scale height, for St = 10�4 it takes RH to be 16 Hpeb.
Indeed, because of the low stokes number within the water ice-
line, pebble accretion is practically always in 3D.

2.4. The pebble isolation mass

A planetary embryo can grow by accreting pebbles until its mass
is large enough to perturb the disc and create a pressure bump
beyond the orbit of the protoplanet. Hydrodynamical simula-
tions find that the pebble isolation mass can be approximated
by (Lambrechts et al. 2014):

Miso = 20
 

Hgas/r

0.05

!3

M� (15)
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Fig. 1. Evolution of the gas surface density, midplane temperature and aspect ratio of the case with ↵ = 10�4 and Mdisk = 0.06 M�.

Table 1. Disc parameters and values adopted for all the simulations

Symbol and units values adopted
Disc initial mass Mdisc [M�] 0.01, 0.03, 0.06, 0.1
Disc viscosity ↵ 10�3, 10�4, 10�5

Disc initial dust-to-gas ratio Z0 0.01, 0.05
Disc characteristic radius Rc [au] 39
Disc profile � 1
Photoevaporation parameter

Table 2. Dust parameters and values adopted for all the simulations

Symbol and units values adopted
Threshold velocity v [m/s] 1 (silicate grains)

10 (icy grains)
Mean particle density ⇢

0
d

[g/cm3] 3 (silicate grains)
1 (icy grains)
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(Gorti et al. 2015), and St = ⇡⇢drd/2⌃g the mass weighted mean
Stokes number of the dust size distribution. rd represents the
mass weighted mean radius of the dust size distribution, given
by

rd =

P
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, (9)

being r
i

d the radius of the dust particle of the species i, and
✏i = ⇢i

d/⇢g the ratio between the volumetric dust density of the
species i and the volumetric gas density. Eq. (8) is solved us-
ing an implicit Donor cell algorithm considering zero density as
boundary conditions, and the time-step is controlled not allow-
ing changes greater than 1% in the dust surface density for each
radial bin between consecutive models.

The initial dust surface density is given by:

⌃d(R) = ⌘iceZ0⌃g(R) (10)

where ⌘ice takes into account the sublimation of water-ice and
adopts values of ⌘ice=1/2 inside the ice-line and ⌘ice=1 outside
of it (Lodders et al. 2009). We adopt, Z0 = 0.01 as the initial
dust-to-gas ration of the nominal runs.
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The initial micro-meter size dust grows to mm-cm pebble sizes
during the disc evolution. These pebbles can be e↵ectively ac-
creted by embryos present in the disc. We follow the growth of

a Moon-mass embryo (MP= 0.01 M�) by pebble accretion. In
one set of simulations the embryo grows in situ at a = 0.3 au,
whereas in other set the embryo starts its growth at a = 1 au and
is allowed to migrate.

To introduce the pebble accretion rate it is first useful to de-
fine the pebble scale height (e.g Lenz et al. 2019):
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We note that the pebbles will be more concentrated towards the
disc midplane if the disc is rather laminar (low ↵) and/or if the
Stokes number is large. In this case, the pebble accretion occurs
in a 2D fashion and its rate is given by (Lambrechts & Johansen
2014):
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a distance of the Hill radius from the center of the planet, and ⌃P
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In this case, the accretion of pebbles is given by the slower
3D rate (e.g, Brasser et al. 2017):

Ṁz,3D = f3D Ṁz,2D (14)

Note that the lower the Stokes number, the easier it is for f3D

to be smaller than 1, and therefore the more likely is that pebble
accretion happens in 3D. For example, for St = 0.01, 2D pebble
accretion occurs once the Hill radius exceeds approximately 3.4
pebble’s scale height, for St = 10�4 it takes RH to be 16 Hpeb.
Indeed, because of the low stokes number within the water ice-
line, pebble accretion is practically always in 3D.

2.4. The pebble isolation mass

A planetary embryo can grow by accreting pebbles until its mass
is large enough to perturb the disc and create a pressure bump
beyond the orbit of the protoplanet. Hydrodynamical simula-
tions find that the pebble isolation mass can be approximated
by (Lambrechts et al. 2014):

Miso = 20
 

Hgas/r
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➤ Beyond the water ice line the pebbles are more 
sticky and have therefore larger sizes. The larger 
the pebble sizes, the larger its Stokes number (St), 
and the more effective is the core growth (see 
Eqs.) => Beyond the ice line the cores grow more 
massive (also because the pebble isolation mass 
is larger.) 

Fig. 1: Formation tracks for seven embryos starting their growth  inside 
(red) or outside the water ice line. The icy cores grow to larger masses.
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CORE MASSES AND RADII AFTER FORMATION 

=> Rocky cores 
peak at 1.3 RE  

and icy cores at 
2.4 RE!

Rcore [RE]

fice < 5

fice  > 45%
5 < fice < 45 %

Mcore [ME]

The figures show the result of the distributions of core masses 
and core radii of 665 planet formation simulations, spanning a 
large range in initial disk metallicity, initial embryo location, and 
initial disk mass and profile. Only the planets that finish with 
orbital period <100 days are shown.

➤ When the presence of the gaseous envelopes is neglected, the bimodal mass distribution of the rocky and icy cores 
originating from formation yields the correct radii bimodality observed by Kepler  => This suggest that some process 
that inhibits gas accretion or that removes gas after accreted could be at operation. 

➤ More details at: https://arxiv.org/abs/2008.05513, https://arxiv.org/abs/2008.05497
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