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Some definitions
  Masses: 11 MJup = 318 M⊕ = 10-3 M

               Jupiter mass      Earth mass     Sun mass

 Stars: 0.07 M ---->  a few 100 M

• Formation via gravo-turbulent collapse and fragmentation 
            of a molecular  cloud 

• Different phases of nuclear burning (H, He, C, etc..)
• 0.07 M = minimum mass for H burning (Tcentral > 3 106 K)

 Brown dwarf: a few MJup --->  0.07 M

• Form like stars   
 ⇒Same heavy element abundance as the parent molecular cloud (from
observed spectra)

 Planets:  ~ 1 M⊕ - a few MJup

• Formation in a protoplanetary disk   ⇒ strongly enriched in heavy 
material w.r.t the parent star (from probe missions on our Giant planets)



- About 100 transiting planets (photometric transit + Doppler follow-up) ⇒
planet mass and radius determination ⇒mean density

- More than 500 exoplanets yet discovered (radial velocity surveys)  
   from ~ 2 M⊕ to ~ 25 Mjup



  

Problem: Planet formation

Prospect: It will be some time before a single simulation can treat
the enormous range of scales needed for an accurate simulation.

•Jupiter: enrichment by a factor 
                2-4 over  solar

• Saturn: 
C (CH4) and N (NH3) 
significantly enriched 

What do we learn from
our own giant planets



Internal structure of Jupiter and Saturn



      

  Jupiter (318 M⊕)

          
 - Mcore = 0 - 11 M⊕

 

- Total mass of Z = 8-39 M⊕

           

          Z ~ 2.5% - 12%

 

  Saturn (95 M⊕)

- Mcore = 9 - 22 M⊕

 
 - Total mass of Z = 13 - 28 M⊕

                 

                Z ~ 13% - 29%

Different possible solutions due to current uncertainties on H EOS
                                            Saumon & Guillot 1994

(« Metallicity » Z includes all elements heavier than He)



Internal structure of Uranus and Neptune



      
 Uranus (14 M⊕) et Neptune (17 M⊕) :

 ~ 25% rock (Mg-silicate and Fe)
 ~ 60-70% « ice » (H2O, CH4,NH3) 
 ~ 5%-15% H/He

Uranus: difficult to reproduce the gravitational moments with    
               homogeneous and  adiabatic layers 

Some layers may not be homogeneously mixed 
     (Podolak et al. 1995) 

Results of interior models for Uranus and Neptune
                                                      Podolak, Marley et al.
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Model hypothesis

Text

Irradiated 
atmospheres
Barman et al. 
2001;2005

H/He envelope
Z=0 or Z=0.02
Saumon & 
Chabrier EOS

Rocky/icy core
«Ices»(H20, CH4, 
NH3) 
silicates (MgSiO4, 
MgSiO3,...)
 Iron (Fe)

(Baraffe et al. ’06, ’08, ’10; Leconte et al. 2009)



Substantial fraction of exoplanets 
are enriched in heavy material : 

 Heavy element mass fraction Z > Zstar

  (volatiles H2O, CH4, NH3; 
   silicates Mg2SiO4, MgSiO3;  Fe)

                 ⇒
- Heavy material enrichment: 
  Signature of the formation process
 Consistent with core accretion scenario

Baraffe, Chabrier, Barman 2008
see review in: Baraffe, Chabrier & Barman, Rep. Progr. Physics, 
2010

GJ436



HD 149026b: case of a “heavy” planet 

M=0.36 MJup (115 M⊕♁)	 	 	 R=0.7	 RJup	 	 	 	 ρ=	 4.4ρJup

➙ 70 M⊕♁	 of	 heavy	 	 elements

Good  confirmation of the core accretion scenario !!



II-a)  Heavy element enrichment

             
 Equations of state of heavy elements

  10 M⊕ ---> 10 MJup: extreme pressure and temperature regime

              P: 0.01 Mbar - 100 Mbar (1010 - 1014 dyne/cm2)
              T: 5000K ----> 105 K

Available EOS:  ANEOS (Sandia) et SESAME (Los Alamos)
    H2O or « ice » (H2O, CH4, NH3)
     Rock (MgSiO4, MgSiO3, etc..)
     Fe

Baraffe, Chabrier, Barman 2008 (A&A, 482, 315)



A common example of complexity: Water

Melting line of water probed experimentally up to P = 3.5 1011 dyne cm-2 
(0.35 Mbar or 35 GPa)  and T = 1040K (Lin et al. 2005)

H2O found to remain solid at larger P and T ---> melting line may extend
to at least T ≥ 1600K (extrapolation at higher T) 

The distinction between « gas », « ice», « rock » may become 
meaningless under extreme conditions
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Phase diagram of water



 20 M⊕

 1 MJup

300K 
 6000K

P-ρ relationships for water (Sesame)

• P ≤ 2 Mbar: fit to experimental data 
• P ≥ 100 Mbar: Thomas-Fermy-Dirac 
or density-functional theories
  (asymptotic limits in the very high 
density, fully ionised limit)

At low P, the EOSs predict 
significant thermal effects 
(usually not accounted for in 
planet modelling)



  Distribution of heavy elements in planets

 ---> Current assumptions (Fortney et al. ; Burrows et al. etc...): 
              - All heavy elements located in the central core
              - Metal-free or solar metallicity H/He envelope 

Equivalent to a distribution of Z over the entire planet?

Z=50%  
----> « all Z in the core » versus
« H/He/Z mixture in the entire planet »:
up to ~ 30 % effect on  R at a given age
 

Mplanet = 20 M⊕   Z=50%

all in core
      

H/He/Z mix.

Baraffe, Chabrier, Barman 2008



Current status: Still large uncertainties on the treatment of 
heavy element enrichment in planets 

⇒ large uncertainties on the determination of exoplanet
     internal compositions from observed mass-radius

Necessity for improved EOS of H/He and heavy materials (water, silicates, etc) 
at high pressure and high temperature

Progress are expected:
 Ongoing and future high-pressure experiments (Livermore, Sandia in the US;
 LIL and Laser Megajoule in France)

 N-body first principle numerical methods (DFT, path integral, quantum molecular
dynamics)



 Significant fraction of exoplanets with abnormally large radius

 Missing physics in planetary 
interior models? 
     

Several suggestions to explain this 
puzzle

II-b) Inner structure models: inflated planets             

 Z



a) Atmospheric circulation: Showman & Guillot 2002

     Idea: Conversion of a fraction of the incoming stellar flux into deeply  
              penetrating mechanical waves

----> irradiation from the parent star  
   creates strong atmospheric circulation 
   (winds) between the day-side and the 
     night side of the planet

-----> downward transport of kinetic 
   energy  down to the internal  adiabat   
 Heats the planet and slows down the 
     contraction

Atmospheric circulation models (GCM): 
active and promising field,but strong 
divergences between different groups

(Showman, Menou, Cho 2008, 2009)



b)  Reduced heat transport: Chabrier & Baraffe 2007

• Idea: reduced heat transport in planetary interior due to molecular weight 
gradient

               Presence of ∇µ ---> Stabilizing effect against convection
                                      ∇ad > ∇T +  ∇µχµ/ χT                 (Ledoux criterion)

------> « layered convection » : system of convective layers + thiny diffusive      
              layers (double diffusive convection)
⇒ « semiconvection zone » where convective heat transport less efficient

• Layer formation    
   characteristic feature of double-diffusive convection which may occur in
   a stably stratified medium where two substances diffuse at a different rate                                     



 When the fastest diffusive substance is stabilizing -----> salt fingers
 When the fastest diffusive substance is destabilizing ----> diffusive layers
    form

Characteristic numbers: 
• Inverse Levis number: ((ratio of solute diffusivity to thermal  diffusivity)
                           τ = D/κT

               D: solute diffusivity 
               κT: thermal diffusivity

• Prandtl number  (ratio of momentum diffusivity to thermal  diffusivity)
                            Pr = υ/κT

               υ: kinematic viscosity

•  Oceans or laboratory experiment:   τ < 1    Pr ~ 1-10
  (salty water: τ=10-2 Pr=7)



  When the fastest diffusive substance is destabilizing ----> diffusive layers
    form

In ocean, planets and stars: heat is the fastest diffusive substance
        
⇒Layers formation are observed in oceans and laboratory experiments

---> well known process in oceans or salty lakes where the two substances
             are heat and salt 

-----> conditions in planets are similar to conditions on Earth
           Inverse Levis number:  τ = D/κT   ~ 10-2               
                Prandtl number Pr = υ/κT  ~ 10-2 - 1         (salty water: τ =10-2 Pr=7)

               D: solute diffusivity 
               κT: thermal diffusivity
              υ: kinematic viscosity
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Rosenblum, Garaud, Traxler, Stellmach 2011: 3D numerical  simulations
➡ Layers can form in low-Pr (< 1) double diffusive convection

Question: do all layers merge or do the mergers stop and equilibrium layers 
form with height << size of system??



(Chabrier & Baraffe 2007)
Chabrier & Baraffe 2007:
(phenomenological approach)
Assume µ-gradient 
within inner 30% in mass
(inherited from formation or
due to core erosion)

Main effect: slow down the 
evolution because of reduced heat 
transport in the interior

----> planets with larger RA 
consequence:
⇒ Luminosity at young ages   
(< a few Gyr) much lower
 
(testable with Sphere, Gemini Planet 
Imager)       

large scale convection

Nlayer=100

Nlayer=50

Large scale convection

Layered convection

1 MJ irrradiated by a Sun at a=0.05AU

7 8 9log t (yr)

Chabrier & Baraffe 2007
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c) Tidal heating
    (Bodenheimer et al. 01; Jackson et al. 08; Miller et al. 2009; Leconte et al. 2010)

Leconte et al.: Coupled internal/orbital evolution of Hot Jupiters
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Fig. 1. Consistent tidal/thermal evolution of HD 209 458 b with

different initial conditions (solid and dashed) computed with our

constant time lag model. HD 209 458 b is a 0.657 MJ planet or-

biting a 1.01 M⊙ star (?). These runs assume Q�
0,p = 10

6
and

Q�
0,� = 10

6
. For comparison, the radius and luminosity of an

isolated planet (no tidal heating) is shown on the lower pan-

els (dotted curves). Even though these evolutions recover the

presently observed orbital parameters for the system, the eccen-

tricity damping arises too early during the evolution, leading

to insufficient tidal dissipation at present epoch to explain the

inflated radius.
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The terms proportional to Kp (resp. K�) are due to the
tides raised by the star (planet) on the planet (star).
Finally, the evolution of the rotational state of each object
i (i being p or �) is given by:
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where Ci is the principal moment of inertia of the de-
formable body under consideration, ηi is the ratio of ro-
tational over orbital angular momentum
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Up to this point, no assumption has been made on the
objects themselves. As a result, Eqs. (1)-(9) are fully sym-
metric in p and � indices and can be used directly to model
binary stars or a planet-satellite system. For typical HD
209 458 b-like parameters and ∆t-values comparable to that
inferred for Jupiter (see §3), the planetary spin evolves to a
coplanar (εp = 0) state with the equilibrium rotation rate
value (setting dωp/dt = 0)

ωeq =
N(e)

Ω(e)

2x

1 + x2
n =

N(e)

Ω(e)
n , (11)

within a time scale τ = Cp n2/Kp ∼ 105 yr. Since the age
of the known transiting systems ranges from a few Myr
to Gyr, we can safely assume that the planet is now in
this state of pseudo synchronization. The evolution of the
orbital parameters of the planet-star systems is thus fully
defined by the system of differential equations, to be solved
consistently, given by Eqs. (1) and (5) for a and e, Eqs. (8)
and (9) for the stellar rotation and εp = 0, ωp = ωeq. The
rate of tidal dissipation within the planet in this state of
pseudo synchronization reads (??)

Ėtides = 2Kp

�
Na(e)−

N2(e)

Ω(e)

�
; (ωp = ωeq) . (12)

The dissipated heat is deposited over the whole planet’s
interior.

One can see from Eq. (A.26) in Appendix A that
Eq. (12) is a special case of energy dissipation for a body in
pseudo synchronous rotation as expected for fluid objects
(εp = 0, ωp = ωeq). For a rocky planet, the external grav-
itational potential created by its permanent quadrupole
moment can cause its locking into synchronous rotation
(ωp = n) and the dissipation rate reads in that case

Ėtides = 2Kp ×

×
�
Na(e)− 2N(e)xp +

�
1 + x2

p

2

�
Ω(e)

�
; (ωp = n) .

(13)

This equation fully agrees with Eq. (30) of ? who calculated
it for a homogeneous, incompressible with a radial displace-
ment Love number h2 = 5k2/3. Note that our derivation
does not require such an hypothesis and all the uncertain-
ties in the radial distribution of material and its physi-
cal properties (e.g., density, compressibility, elasticity) are
lumped into the k2 parameter (?).

3. Relationship between the time lag ∆t and the
quality factor (Q)

The aforedescribed tidal model, which leads to exact tidal
evolution equations in the viscous approximation, implies a

2

d) Ohmic dissipation
     (Batygin & Stevenson 2010; Batygin et al. 2011)
      Interaction between atmospheric winds and planet magnetic field
      ⇒ induces electrical currents
      ⇒ ohmic dissipation in the planet interior (i.e heating)

HD 209458b
   Leconte et al. 2010

Text

Tidal heating

Without heating
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Interesting correlation of the radius anomaly R = (Robs - Rpred) ∝ Tp1.4

Laughlin, Crismani, Adams 2011
(already appearing in Baraffe et al. 2010)



     

Isochrones:      
Z=2% isolated 
0.1 - 1 - 5 - 10 Gyr  

 
                        Planets or brown dwarfs?
                                                
             formation in a disk           gravitational collapse of a cloud

III) Structure and evolution of super-Jupiters (M >> 1 Mjup)



Caballero et al. 2007

6 MJ

Substellar mass function in young 
clusters (~ 1 Myr) like σ orionis down 
to a few MJup

2 MJ

Open question: minimum mass of a brown dwarf?
(opacity limited fragmentation minimum mass ~ a few Mjup)
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Leconte et al. 2010

Text

 Mass-radius relationships may provide a signature of the formation 
process (e.g. large heavy material content)

HAT-P-20b genuine planet of 8 MJup if observations confirmed!

Mc=0



The future:    (some further developments)
• Necessity for improved EOS of H/He and heavy materials (water, silicates, 
etc) at high pressure and high temperature
      Ongoing and future high-pressure experiments (Livermore, Sandia in the US;
      LIL and Laser Megajoule in France)

• Development of numerical simulations at Pr < 1 to confirm the existence and 
stability of double diffusive layers in planetary interiors
              ⇒  planets are not necessarily fully adiabatic and homogeneous

          ⇒ important impact on our own giant planets (e.g see case of Uranus)

• Necessity for dynamical atmospheric models (heating/cooling  + circulation + 
radiative transfer + MDH?)
              ⇒ problem of abnormally large radii of close-in planets

• Development of static atmosphere models with non-solar composition

              ⇒Atmospheric signatures for heavy element enrichments (signature
                    of the formation process via planetesimal accretion)


