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 Close-in low-mass planets

• Very frequent: ~50% of solar like star (1<R/R⊕<4 & P<100 days; Kepler) 
• From RV: ~40% with M<30 M⊕ inside 50 days (HARPS) 
• Large diversity in composition. Some w. low density (H/He envelopes of 

~1-10% for R/R⊕> 1.6), some Earth-like

Lissauer et al. 2013Petigura et al. 2013



Formation mechanism? 

Strictly in situ Migration

then final assembly

Large scale migration

after assembly


from a>a

Core composition Rocky
Rocky - Icy


potentially radial 
composition gradient

Icy

Primordial H/He

(post-formation)

Yes (w/o isolation)

No (w isolation)

Yes (w/o isolation)

No (w isolation) Yes

Knowing the bulk composition (H/He; rocky, icy, mixed) would be of 
very high interest for formation theory  
!
Formation beyond iceline: ice mass fraction 50-75%

Hansen & Murray 2012, 2013, Chiang & Laughlin 2013, Raymond & Cossou 2013, Ida & Lin 2013, Lee et al. 2014, Schlichting 2014, Hands et al. 2014, 
Cossou et al. 2014, Chattarjee & Tan 2014,  Ohigara et al. 2015, Inamdar & Schlichting 2015, ….	
!



Degenerate M-R relation

Even for only the 4 standard “ingredients” of planetary interiors (iron, 
silicates, ices, H/He) the M-R is degenerate: 

 ⇒reduce the number of unknown “ingredients” to 2 for some planets 

0% ices 70% ices
12 M⊕ SiFe H/HeiceSiFe H/He

3.23 R⊕
Y.  Alibert

Formation of close-in low-mass planets: in situ vs. migration 
Formation beyond iceline: ice mass fraction 50-75% 

Knowing the bulk composition (H/He; rocky, icy, mixed) would be of 
very high interest for formation theory  



Bern model: 
Core-accretion 
population 
synthesis 
!
Self-consistent 
formation and 
evolution (cont. 
& cooling) with  
XUV-driven 
atmo. escape.

H/He: Evolution with atmo. escape
Mstar=1 Msun Isothermal Type I rate x 0.1. Cold accretion. 1 embryo/disk, fopa=0.003 
!

Jin, Mordasini !
et al. 2014

Not much 
evolution after 
>~100 Myr



The evaporation valley

 

Artefact of using Mmin=1 MEarth

cf Lammer et al. 2003, Baraffe et al. 2004, Erkaev et al. 2007, Murray-Clay et al. 2009, Lopez et al. 2013, Owen & Wu 2013
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Iron mass fraction ?
Earth, Mars, Venus (but not Mercury & the Moon):  
~1/3 Iron core : ~2/3 Si mantle (by mass) 

Dressing et al. 2015!

Need stellar 
chemical 
composition 
[Si/Fe], [Mg/Fe]

Marboeuf et al. 2014!!
Dorn et al. 2015!!



mass % Corot-7 Kepler-93 Kepler-10 Sun Sun (L03)

H 74.83 75.09 74.77 75.06 74.91

He 23.61 23.69 23.61 23.68 23.77

H 0.80 0.55 0.90 0.50 0.51

CH 0.32 0.37 0.36 0.37 0.29

Fe 0.13 0.09 0.09 0.12 (0.17)

MgSiO 0.30 0.07 0.16 0.25 (0.27)

Mg 0 0.14 0.09 0.03

SiO 0.005 0 0 0

Z 1.56 1.21 1.61 1.26 1.32

f 29.4 29.1 25.6 31.0 38.0

f 70.6 70.9 74.3 69.0 62.0

32.6%

Fe mass fraction



Inferring the ice mass fraction
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Planets in bare core triangle 
‣  no H/He 
‣  assume fixed Earth-like Fe:Silicate 

fraction for all planets (firon=1/3) 
!
=> can invert 

1	 M⊕♁

10	 M⊕♁

100	 M⊕♁

Errors in M and R

 ice presence only constrained if ficemin>0

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

Fig. 2. Left panel: inÁuence of the ice mass fraction fice on the radius. The reminder of the mass has a rocky composition. Radii are plotted for
planets of M = 0.1 M� (red solid line), 1 M� (green dotted line), 10 M� (blue dashed), 100 M� (magenta dashed-dotted), and 1000 M� (cyan
short-long dashed), all without an external pressure. The thin black short-dashed-dotted line is for a 10 M� core of an old 1 M giant planet, and
the thin black long-dashed-dotted line is for the 10 M� core of a 10 M giant. Right panel: radius as a function of external pressure Pext for pure
ice planets. The (thick) lines represent the same planet masses as in the left panel.

pressure on the Earth’s surface and the extremely high pressure
found at the core-envelope boundary of a �20 M planet. The
lines represent the same planet masses as in the left-hand panel.
A composition of 100% ice is assumed. The results for rocky
material are qualitatively identical.

We see that up to a Pext of about 1010 Pa (for lower core
masses) to 1012 Pa (at high core masses), the radius is indepen-
dent of Pext. Such a critical pressure is roughly expected (Seager
et al. 2007) because the bulk modulus of ice is of order 1010
(Benz & Asphaug 1999) to 1011 Pa (for the EOS used here, see
Seager et al. 2007). After a pressure of this order is reached,
the chemical bonds in the material start to get crushed, and the
radius decreases. With increasing density, the pressure of the de-
generate electrons becomes increasingly important.

In Sect. 5, we study the e�ect of a variable core density on
the formation and evolution of Jupiter, while in Sect. 7.10 we
look at core radii as found in a population synthesis calculation.

2.2. Uncertainties in the radius calculations

The di�erent sources of uncertainty that a�ect theoretical mod-
els calculating planetary radii have been addressed in many
works (e.g., Seager et al. 2007; Bara�e et al. 2008; Grasset
et al. 2009). We here discuss simpliÀcations that are speciÀc to
our model. In view of the population synthesis calculations pre-
sented below, where comparisons are made with the observed
radii, it is important to estimate the uncertainties that are intro-
duced by these simpOLÀFDWLons. For the solid core, we have ne-
glected the internal temperature proÀle and used a simple modi-
Àed polytropic EOS as well as a Si/Fe ratio Àxed at the terrestrial
value. For the gaseous envelope, we assume that all solids reside
in the core (no heavy element mixing with the envelope) and use
simple gray atmospheric boundary conditions (Paper I). We next
discuss the possible impact of these simpliÀcations.

2.2.1. Solid core

No temperature structure. Grasset et al. (2009) found that very
large thermal variations within iron-silicate planets a�ect the ra-
dius only on a low, �1.5% level, in agreementwith Valencia et al.
(2006). For water ice, the thermal pressure could be more im-
portant (Fortney et al. 2007). But also for planets made of water
ice, the errors in the radius introduced by neglecting the thermal
pressure are small, as it decreases the density by typically 3%
or less in the relevant domain (Seager et al. 2007). Even if the
mean density �̄ decreased by 10%, it would cause an increase of
the radius by only about 3.6%, thanks to the weak dependency
of R 2 1/�̄1/3.

SimpliÀed EOS. As shown in Fig. 1, the simple polytropic
EOS leads to radii of solid planets which agree on a 1�3% level
for M 100 M� with the results obtained when combining the
Birch-Murnagham EOS, density functional theory, and a mod-
LÀHd Thomas-Fermi-Dirac EOS (Zapolsky & Salpeter 1969).
This agrees with the Àndings of Seager et al. (2007).

Fixed silicate-iron ratio. Grasset et al. (2009) studied in de-
tail the e�ects of di�erent [Mg/Si] and [Fe/Si] values. Using
observed abundances of extrasolar host stars and assuming that
the planets have the same relative abundances in Fe, Mg, and
Si as their hosts, they found that the radii of rocky planets only
change by less than 1.5% when the composition varies over the
observed domain. Larger di�erences in the radii, however, occur
if one abandons the assumption of identical relative abundances
in planets and the host star. Such a situation can result from col-
lisional mantel stripping, as might have occurred for Mercury
(e.g., Benz et al. 2007). For a 1 M� planet, Marcus et al. (2010)
Ànd a minimal plausible planetary radius achievable by maxi-
mum mantel stripping, which is about 0.85 R�.

As a word of caution, one must mention that most of the
rather low uncertainties were estimated for low-mass planets.
Bara�e et al. (2008) show that the uncertainties can become

A112, page 5 of 36

firon=1/3



The ice mass fraction, revealed (?)

Obs: Weiss & Marcy 2014
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The ice mass fraction, revealed (?)
M R fice

55 Canc e 8.3±0.4 1.99±0.07 0.03 - 0.20, - 0.34

K-98 b 3.6±1.6 1.99±0.22 0.23- 0.94 - ≥1

K-48 b 3.9±2.1 1.88±0.10 0.11-0.62 -> ≥1

Orbital migration  
!
Atmospheric 
spectra!

Statistics: 57 planets (solar-like host, M>0) 
 a) 29 outside bare core triangle 
  -3 unconstrained  
  -0 constrained rocky 
  -11 constrained with H/He 
  -15 constrained with H/He or ice 
 b) 28 in the bare core triangle 
  -18 unconstrained 
  -7 constrained rocky 
  -3 constrained with ice (but…) 
!
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55 Canc e: Demory et al. 2011: 20% ice, but see Demory et al. 2015, Madhusudhan et al. 2012, Alibert submitted 



Impact of M and R errors
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Reducing the errors

Effect of reducing error in radial velocity measurement

Statistics: 57 planets (solar-like host, M>0) 
 a) 29 outside bare core triangle 
  -3 unconstrained  
  -0 constrained rocky 
  -11 constrained with H/He 
  -15 constrained with H/He or ice 
 b) 28 in the bare core triangle 
  -18 unconstrained 
  -7 constrained rocky 
  -3 constrained with ice (but…)

WM14 0.6 m/s 0.3 m/s 0.1 m/s

unconstrained 
outside 3 2 1 0

unconstrained

inside 18 14 9 7



Conclusions
•Ice mass fraction of close-in low-mass planets: key constraint 
!
•M-R degeneracy reduced by taking into account 

•temporal dimension 
•orbital distance 
•chemical composition of host star 

!
•Simple analytical models for 

•transition gaseous-solid planet: Mbare / Rbare 

•All start with primordial H/He. No outgassing. 
•link stellar photospheric composition - planetary iron mass fraction 

•Earth like values expected for Corot-7b, Kepler-10b, Kepler-93b 
!
•Simplistic analysis of bulk composition of WM14 sample 

• 3 planets might have massive ice shells: orbital migration. But… 
• Much more refined analysis necessary 

!
•Useful for analysis of input of M and R errors: low σK-RV <1 m/s needed 
!

} atmospheric escape


