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Confirmed transiting exoplanets

Introduction Chap.4 Structure and evolution

Introduction

In the last decade, we discovered planets of all possible radii ranging from Mercury’s to twice the
one of Jupiter. By measuring their masses, we realized that, for a given planetary mass, the radius
of a planet can vary by a factor two or more (see Figure 4.1). This large radius range directly
translates into a range of bulk densities: planets with similar masses can have widely di↵erent
internal structures.

The ingredients to build planets are usually separated into four components: iron, silicates
(so-called “rocks”), water and hydrogen/helium. Given the large density ratio between those main
components, the radius of a planets is mainly determined by the relative abundances of iron, rocks,
ices and hydrogen/helium. Di↵erent compositions can, however, lead to planets with similar radius.
Determining the composition of a planet based on its mass and radius only is therefore a di�cult
task.

Planets form hot and cool down with time. The current state of a planet therefore depends on
its age and its ability to transport its energy from the deep layers to the outer space. By regulating
the exchanges between the planet and its surroundings, the atmosphere plays an important role
in the planet history. This is of particular importance for planets dominated by a large H/He
envelope as their radius is very sensitive to their entropy content.

In this chapter we first discuss the main equations that determine the internal structure and
evolution of planets. Then we focus on the physical mechanisms that determine the radius of gas
giant planets. Finally, we discuss the possibility to determine the composition of smaller planets
for which iron, rocks and water form a significant part of the mass.
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Figure 4.1. Mass-radius relationship
for planets with di↵erent compositions.
Pure H/He planets of 4.5Gyr are plot-
ted as plain lines (isolated planet in blue
and Teq = 1960K in red). Giant plan-
ets with a 100MEarth core are plotted
as dotted lines. The relationships for
an hypothetical pure iron, pure rocks
or pure water planets are also shown.
All the exoplanets with a known mass
and radius are overplotted and color
coded by their equilibrium temperature
assuming zero albedo.

4.1 Structure and evolution

4.1.1 Basic equations

Conversely to stars, planets are too small to trigger nuclear reactions in their deep interior. Gravi-
tational and radioactive energy, however, still need to be evacuated from the interior of the planet
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courtesy of Parmentier (PhD thesis, 2014)



Planet models: 
CEPAM



Modeling planetary evolution with CEPAM
Mass

Radius

Luminosity

Atmospheric 
T-P profile

Atmospheric 
composition

Rotation rate, 
gravity field

core

fluid envelope

Guillot & Morel (1995)

1-D equations:



0°30°
40°
50°

60°

70°

80°

85°

89°

90°

night side

isotropic
ap pr o x im

ation

0° approxim
ati o n

globa la v e rage

0 500 1000 1500 2000 2500 3000
Temperature [K]

104

103

102

101

100

10-1

10-2

10-3

O
pt

ic
al

 d
ep

th
 []

105

104

103

102

101

100

10-1

C
ho

rd
 o

pt
ic

al
 d

ep
th

 []

Atmospheric boundary condition

a well defined deep 
atmospheric temperature: 

4π average

ratio of visible to IR opacity

Guillot (2010)



Planets… and their host star

• Planetary parameters depend 
on that of their host star 

• Most part of the uncertainties 
in the planetary parameters 
come from that of the star



SET: Stars & Exoplanets (modeling) Tools

• modeling of the star and planet, together (but using 
independent models) 

• several models at once (PARSEC, YALE, BCAH, 
Dartmouth, CESAM … CEPAM) —> intrinsic errors 
estimated 

• robust statistics: MCMC —> correlation 
information, errors propagation, … 

• designed for automatization of large samples



from case-by-case study…



Giant planets: 3 interesting categories

9

Inflated Massive core Young

CoRoT-12b

CoRoT-20b

CoRoT-10b

CoRoT-18b

Gillon et al. (2010)

Bonomo et al. (2010)

Deleuil et al. (2012)

Hébrard et al. (2011)Almenara et al. (2014)



CoRoT-9 bKepler-412

Deleuil (2014)

Hébrard, sub.

Deeg (2010)



… to an ensemble study



Radius anomaly
R

anomaly

= R
obs

� R
std, no core

Guillot (2006)
The Astrophysical Journal Letters, 729:L7 (5pp), 2011 March 1 Laughlin, Crismani, & Adams

Figure 1. Radii and estimated effective temperatures for 90 transiting extrasolar
planets with well-determined masses and radii. Circle size is in proportion to
planetary mass, and the color of the inner circle indicates metallicity.

2. A COMPARISON BETWEEN STRUCTURAL MODELS
AND THE OBSERVATIONS

Naively, one might expect that the radius of a mature gas-giant
planet is primarily determined by its mass and by the amount of
radiative energy that it receives from its star. This conjecture
can be tested by evaluating model radii, Rmi

, of “baseline”
evolutionary models for H–He composition planets spanning
a range of masses and insolation, and comparing with those
of known corresponding transiting planets, Roi

. If the model
has explanatory power for the aggregate of N known planets,
then it should produce a statistically significant decrease in the
quantity,

χ2
m = 1

(N − Nf )

N∑

i=1

(Rmi
− Roi

)2

σ 2
i

, (2)

in comparison to χ2
null, obtained by replacing Rmi

with Rav =
1.2 RJup, the average observed radius for transiting planets
having 0.1 MJup < Mpl < 10.0 MJup. In the above equation,
Nf = 2 is the number of free parameters (Mpl, Teff) in the
explanatory model.

Our baseline models were published by Bodenheimer et al.
(2003), hereafter BLL. As described in BLL, radius estimates,
Rmi

, were computed with a Henyey-type planetary structure
calculation, and the reader is referred to that paper for details
regarding the input physics and assumptions. The model radii
were tabulated at 4.5 Gyr for a grid of assumed Mpl and Teff.
We ignore the small dependence of radius on age for mature
planets and use bilinear interpolation to obtain an estimate for
Rmi

at given Mpl and Teff. Our estimates are drawn from BLL’s
model sequence of core-free solar-composition planets with no
anomalous energy sources.

For the 90 transiting planets, we find χ2
m = 23.5 and

χ2
null = 32.6. Not surprisingly, this result indicates that the

baseline structural models can explain some, but by no means
all, of the observed variation in planetary radii. As an alternative
to bilinear interpolation between table values, it can be useful
to have a simple fitting relation, Rpl(Mpl, Teff). Defining m =
log10(Mpl/MJup) and t = Teff/1000, we find that the two-
dimensional polynomial fitting function,

Figure 2. Radius anomaly, R, vs. planetary effective temperature, Teff (see
Equation (1)), for 90 transiting extrasolar planets. The red line charts the best
error-weighted power-law fit to the data (R ∝ T α , with α = 1.4). The 10,000
light gray lines show analogous best-fit power laws to bootstrapped data sets in
which the contributing planets are redrawn with replacement from the original
data. The 5th, 15th, 85th, and 95th percentile bootstrap fits are indicated with
black lines. We have adopted the 15th and 85th percentile fits as an estimate of
the 1σ confidence limits on α, where we find δα ≈ 0.6. For each planet plotted,
the size of the associated variable circle is proportional to planetary mass. The
gray-scale color of the inner circle indicates host star metallicity.
(A color version of this figure is available in the online journal.)

Rpl/RJup = 1.08417 + 0.0940857 m − 0.242831 m2

+ 0.0947349 m3 + 0.0387851 t + 0.00243981 mt

− 0.0244656 m2t + 0.0130659 m3t + 0.0240409 t2

− 0.0419296 mt2 + 0.00693348 m2t2

+ 0.00302157 m3t2, (3)

provides an acceptable approximation to the BLL baseline
structural models throughout the region where 0.1 MJup <

Mpl < 10.0 MJup and 100 < Teff < 2500.4
For each planet, we define a radius anomaly, Ri = Rmi

−Roi
,

and look for correlations between R and other measured
quantities (such as Teff, T⋆, M⋆, etc.). Many authors (e.g., Enoch
et al. 2011) have noticed that planetary radii tend to swell
dramatically with increasing insolation. Figure 2 illustrates the
significant correlation between R and planetary Teff. Using a
bootstrap replacement method (Press et al. 1992), we find a
best-fit power-law dependence,

R ∝ T 1.4 ± 0.6
eff . (4)

Among the various mechanism that have been invoked to
explain the radius anomalies, we expect that both Ohmic heating
(Batygin & Stevenson 2010) and kinetic heating (Guillot &
Showman 2002) should show a positive correlation between
R and Teff. We can ask, furthermore, whether the measured
exponent, α = 1.4 ± 0.6, is consistent with either of these
proposed mechanisms.

In the treatment of Batygin & Stevenson (2010), energy
deposition in the planet is approximated by integrating over
the resistivity in each mass element:

Ė =
∫ ∫ ∫

J2

σr (r )
dV, (5)

4 Applying this polynomial relation in place of bilinear interpolation yields
χ2

m′ = 18.30 for the aggregate of 90 transiting planets.

2

Laughlin (2011)

R
anomaly

/ T1.4±0.6
eq



CEPAM grid
• Temperatures (eq.) from 200 to 2200 K 

• Masses from 0.1 to 10 Jupiter masses 

• from 0 to 50% of heavy elements (Z) 

• from 0 to 50% of stellar incoming flux dissipated in 
the deep layers of the planet 

• from 0 to 14 Gyr evolution tracks



Preliminary results for 249 exoplanets
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60% (155) of the total are inflated planets!



Inflation mechanisms
• stellar-flux dissipation (kinetic heating, ohmic dissipation) 
• tidal dissipation 
• delayed contraction (increased opacities, reduced interior 

heat transport)

eg. Baraffe (2014)

Some references:!
!

Guillot & Showman (2002),!
Batygin & Stevenson (2010),!
Rauscher & Menou (2012),!
Leconte & Chabrier (2013)

Preliminary results for 249 exoplanets



Compositions of giant planets

Guillot (2006),!
Guillot (2008),!

Moutou et al. (2013)!
Miller & Fortney (2011)

Metallicity correlation



red: this study, blue: Moutou et al. (2013)

Comparison with previous studies



Metallicity correlation
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(preliminary results, with 1% incoming stellar flux dissipation)



Fraction of heavies vs. metallicity
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Fraction of heavies vs. metallicity
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Fraction of heavies vs. metallicity
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Perspectives
• data mining! 
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Perspectives
• data mining! 
!
• updated atm. model 

(Parmentier et al., sub.)



Perspectives
• data mining! 

• updated atm. model 
(Parmentier et al., sub.) 

!
• modeling of star and planet 

together for the whole sample 
(249+ planets)



Future
PLATO, GAIA, TESS, E-ELT, JWST… 

—> ~1000+ new giant transiting exoplanets 



Future
PLATO, GAIA, TESS, E-ELT, JWST… 

—> ~1000+ new giant transiting exoplanets 

Thanks for your attention
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CoRoT superdense planets: CoRoT-20b

28

- planet: 4.24 MJup and 0.84 RJup (∼ 7 × ρJup!)	


- star: G2V, 1.14 M⊙ and 1.02 R⊙	


- orbit: P ∼ 9.2 days; e = 0.56

However, Southworth et al. (2012) 
derived a much larger radius of 
1.16 +/- 0.26 Rj... 
!
!
Believed to be young: < 1 Ga (Li)

< 3 Mj !

(Deleuil et al. 2012)
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Separating data sets…



-0.9
-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 -0.0 0.1 0.2 0.3 0.4
star_metallicity

R
_a
no
m
al
y

CoRoT
HAT
WASP

Are we sure of all points?

Separating data sets…
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