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® \ery frequent: ~50% of solar like star (1<R/Re<4 & P<100 days; Kepler)
o From RV: ~40% with M<30 Me inside 50 days (HARPS)

® | arge diversity in composition. Some w. low density (H/He envelopes of
~1-10% for R/Re> 1.6), some Earth-like

Formation mechanism?



" Formation mechanism®?

Large scale migration

Migration after assembly

Strictly in situ then final assembly

from a>a
Rocky - Icy
Core composition Rocky potentially radial lcy
composition gradient
Primordial H/He Yes (w/o isolation) Yes (w/o isolation) Ves
(post-formation) No (w isolation) No (w isolation)

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, ...



F Degenerate M-R relation

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

Even for only the 4 standard “ingredients” of planetary interiors (iron,

silicates, ices, H/He) the M-R is degenerate:
3.23 Re

0% ices 70% ices
Fe Si Fe Si Y. Alibert

=reduce the number of unknown “ingredients” to 2 for some planets
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Iron mass fraction ?

Earth, Mars, Venus (but not Mercury & the Moon): Same as expected from
~1/3 Iron core : ~2/3 Si mantle (by mass) solar composition
L | I | 1 1 | | | 1 | | I | i
L Marcusg 2010 // 4
Zen asselov 2013
- ThisgP+aper GJ 1214biliD9765 ) - Marboeuf et al. 2014
2.5 = K10c
Dorn et al. 2015
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= Need stellar
§ chemical
composition

[Si/Fe], [Mg/Fe]

1.0
0.7 1 2 3 4 5 7 10 20
Dressing et al. 2015 Planet Mass (Mg,

I£ H/He excluded (in bare core triangle), and assuming Fio=1/3 is universal,

we can calculate the ice mass fraction from M and R



€ mass fraction

mass %

H

Corot-7 | Kepler-93 | Kepler-10

74.83

75.09

(4.77

Sun

75.06

Sun (LO3)
74.91

He

H

CH

Fe

Mg

23.61 23.69 23.61 23.68 23.77
0.80 0.55 0.90 0.50 0.51
0.32 0.37 0.36 0.37 0.29
0.13 0.09 0.09 0.12 (0.17)
0.30 0.07 0.16 0.25 (0.27)

0 0.14 0.09 0.03

0

0

0

32.6%



f Inferrmg the ice mass fraction

f|ron—1/3
100 Mea
4 _— __________ - —
i [ T
=gl 10 Mo -
w - _—-—___’—_
I R
—g 2 : ””” ]
A )
1 p— —
O B | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1

ice
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M—I_O-MyR — OR = Pmax — fice,min

1 Planets in bare core triangle
4 » no H/He
1 » assume fixed Earth-like Fe:Silicate

fraction for all planets (fion=1/3)

=> can invert
M; R = Pnom = fice,nom

oreliminary simplistic analysis:

Future work

~use actual stellar composition
~better freatment of errors

~several tnterior, EOS & evap. models

M—O'M,R‘|‘0'R — Pmin = fice,max

ice presence only constrained it ficemin>0



The iIce mass fraction, revealed
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The ice mass fraction, revealed (?)

CLNO:gle - 8.3+0.4 | 1.99+0.07, 0.03-0.20,-0.34 Orbital migration

3.6+1.6 | 1.99+0.22 0.23- 0.94 - >1 Atmospheric
spectral

3.9+2.1 |1.88+0.10 0.11-0.62 -> =1

Statistics: 57 planets (solar-like host, M>0)
> ZH a) 29 outside bare core triangle
3 g -3 unconstrained
~ s & -0 constrained rocky
3 25 | E -11 constrained with H/He
%2 ¢ 04 3 -15 constrained with H/He or ice
s @ ; b) 28 in the bare core triangle
& 02 -18 unconstrained
T e e -7 constrained rocky
NI ase—= ] 3 constrained with ice (but...)



F Impact of M and R errors
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% Reducing the errors

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
-/ constrained rocky
-3 constrained with ice (but...)

Effect of reducing error in radial velocity measurement  OK_-RV [m/s]

WM14  06m/s 03m/s 0.4 m/s

unconstrained
outside

unconstrained
Inside



Conclusions

®|ce mass fraction of close-in low-mass planets: key constraint

o\-R degeneracy reduced by taking into account
etecmporal dimension
eorpital distance
echemical composition of host star

} atmospheric escape

e Simple analytical models for
etransition gaseous-solid planet: Mbare / Rbare
o All start with primordial H/He. No outgassing.
®|ink stellar photospheric composition - planetary iron mass fraction
eoEarth like values expected for Corot-7b, Kepler-10b, Kepler-93b

e Simplistic analysis of bulk composition of WM14 sample
® 3 planets might have massive ice shells: orbital migration. But...
® Much more refined analysis necessary

e seful for analysis of input of M and R errors: low ok-rv <1 m/s needed



