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•  For imaged planets, masses are 
rarely dynamically constrained 

•  Mass estimates come from 
measuring the magnitude in 1 (or 
several) bands (or determining 
Teff) + the estimated age 

•  Model tracks aim to understand 
Teff vs. age, for a grid of masses 

Why are Evolution Models Important? 



Example:  Baraffe et al. (2003) grid of cloud-free models 

Atmosphere models are essential, because they tell you Teff of a given internal structure 



!1047 MJ). Distinguished by color are objects with
masses equal to or below 13 MJ (red), objects above
13 MJ and below the main-sequence edge (green), and
stars above the main-sequence edge (blue). These color
categories merely guide the eye and clarify what would
otherwise be a figure difficult to parse. The 13 MJ cutoff
is near the deuterium-burning limit, but otherwise
should not be viewed as being endowed with any over-
arching significance. In particular, objects below 13 MJ
that are born in the interstellar medium in a manner
similar to the processes by which stars arise should be
referred to as brown dwarfs. Objects that are born in
protostellar disks by processes that may differ from
those that lead to stars (perhaps after nucleating around
a terrestrial superplanet) should be referred to as plan-
ets. Though theoretical prejudice suggests that such ob-
jects may not achieve masses near 13 MJ, if they do so
they are most sensibly called planets. Hence, even if the
mass distribution functions of giant planets and brown
dwarfs overlap (which they no doubt do), a distinction
based upon mode of formation, and not mass, has com-

pelling physical merit, despite the fact that we cannot
currently identify the history or origin of any given
substellar-mass object.

Detailed evolutionary models were calculated and dis-
cussed by Burrows et al. (1993), Burrows and Liebert
(1993), and Burrows et al. (1997). We summarize in Fig.
1 many of these findings for the evolution of solar-
metallicity substellar-mass objects with masses from
0.3 MJ to 0.2 M! . The bifurcation between stars and
brown dwarfs manifests itself only at late times
(!109 yr). At lower metallicities, the brown dwarf/star
luminosity gap widens earlier and is more pronounced
(see Sec. III). After 108.3–109.5 yr, stars stabilize at a
luminosity for which the power derived from thermo-
nuclear burning in the core compensates for the photon
luminosity (losses) from the surface. Brown dwarfs are
those objects that do not burn light hydrogen at a rate
sufficient to achieve this balance, though the more mas-
sive among them (!0.065 M!) do burn light hydrogen
for a time. Figure 2 depicts the evolution of the central
temperature (Tc) for the same set of masses portrayed

FIG. 1. Evolution of the luminosity (in L!) of isolated solar-metallicity red dwarf stars and substellar-mass objects versus age (in
years). The stars are shown in blue, those brown dwarfs above 13 MJ are shown in green, and brown dwarfs/giant planets equal to
or below 13 MJ are shown in red. Though the color categories are based on deuterium or light hydrogen burning, they should be
considered arbitrary vis à vis whether the object in question is a brown dwarf or a planet, sensibly distinguished on the basis of
origin. The masses of the substeller objects/stars portrayed are 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 11.0, 12.0, 13.0,
and 15.0 MJ and 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, 0.055, 0.06, 0.065, 0.07, 0.075, 0.08, 0.085, 0.09, 0.095, 0.1, 0.15, and 0.2 M!

(!211 MJ). For a given object, the gold dots mark when 50% of the deuterium has burned and the magenta dots mark when 50%
of the lithium has burned. Note that the lithium sequence penetrates into the brown dwarf regime near 0.065 M! , below the
HBMM. Figure based on Fig. 7 of Burrows et al., 1997 [Color].
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which is the total mass within the radius r, and another variable, Lr :

Lr ≡ 4πr2F, (1.8)

which is the luminosity, i.e. the total heat flux flowing through a spherical shell with the radius r,
and also
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where κ is the coefficient of radiative opacity (per unit mass) , c is the speed of light, and a is the
radiation constant. The last equation is valid if the heat transport is due to radiation.

Using the definitions and relations (1.7-1.9) we may write the set of equations (1.6) in a more
standard form:
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This system of equations is written in a somewhat inconvenient way, as all the space derivatives
(∂/∂r) are taken at a fixed value of time, while all the time derivatives (d/dt) are at the fixed mass
zones. For this reason, and also because of the way the boundary conditions are specified (we shall
see them soon) , it is convenient to use the mass Mr rather than radius r as a space-like independent
variable. Therefore, we replace all derivatives ∂/∂r with 4πr2ρ∂/∂Mr, and we obtain
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The set of equations (1.11) describes the time evolution of a spherically symmetric star with a
given distribution of chemical composition with mass, Xi(Mr), provided the initial conditions and
the boundary conditions are specified. If the time derivative in the equation (1.11a) vanishes then
the star is in hydrostatic equilibrium. If the time derivative in equation (1.11d) vanishes then
the star is in thermal equilibrium. Notice, that we always assume that throughout the star the
matter and radiation are in local thermodynamic equilibrium, LTE, no matter if the star as a
whole is in hydrostatic or in thermal equilibrium. From now on we shall consider stars that are in
the hydrostatic equilibrium, i.e. we shall assume that the time derivative in the equation (1.11a) is
negligible small.
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TdS=dQ=dU+PdV 

•  Upper boundary condition is quite important 
•  For fully convective objects, the radiative atmosphere 

dictates cooling 
•  Stellar tie in: Analytic models of the Hayashi track show 

location depends entirely on atmospheric opacities (e.g. 
Kippenhahn et al. Section 24.2) 



•  Upper boundary condition is quite important 
•  For fully convective objects, the radiative 

atmosphere dictates cooling 

Most widely used: 
•  Burrows et al. (1997), classic, but “showing 

their age,” partially updated in Spiegel & 
Burrows (2012) below 10 MJ 

•  Chabrier et al. (2000), maximally DUSTY case 
•  Baraffe et al. (2003), same chemistry as 

DUSTY, but dust opacity removed 
•  Both are approximations in terms of real 

chemistry 
•  Saumon & Marley (2008) 

•  Include a transition from cloudy to cloud-
free at a Teff that matches observations. 
Also Fortney et al. (2008) 

•  All the models use the same H/He EOS.  Most 
of the “free parameters” (so far) are really in 
the atmosphere Dupuy et al. (2014) 



•  Do the models “work?” 
•  Yes, for Jupiter 

•  Jupiter is old and “low mass”, and directly imaged planets are 
generally young (and more massive) 

•  “Benchmark” brown dwarfs with well-determined masses and 
ages suggest that models under-predict the luminosity of cloudy L 
dwarfs by ~2x (e.g. Dupuy et al. 2014). This is a ~30% mass error.  
•  Strongly irradiated objects are an imperfect test 

Fortney et al. (2011) 

Burrows et al. (2013) 

Fortney et al. (2011) 



Initial Conditions: Particularly Important 
for Directly Imaged Planets 



Standard cooling models for giant planets (and 
brown dwarfs) make simplifying assumptions: 
•  Planets begin evolution fully formed  
•  Planets are adiabatic at all ages 
•  Initially arbitrarily large and hot 
•  Initial model is unimportant as long as it is 
quite hot (tKH is very short at large L and R), 
and models are only plotted for t >1 Myr 

Initial Conditions: Particularly Important 
for Directly Imaged Planets 

“Although all these calculations may reliably represent the 
degenerate cooling phase, they cannot be expected to provide 
accurate information on the first 105-108 years of evolution 
because of the artificiality of an initially adiabatic, homologously 
contracting state.”    --Stevenson (1982, AREPS) 



Bodenheimer & Lissauer 
(& Pollack) implementation 
of the core-accretion model 

1.  Planetesimals→core 
2.  Gas accretion rate grows 

and surpasses solid 
accretion rate 

3.  Runaway gas accretion 
4.  Limiting gas accretion→how 

fast can nebular gas be 
supplied?  Gas arrives at a 
shock interface. 

5.  Accretion terminates→ 
isolation stage (cooling & 
contraction) 

Stahler et al. (1980a) 



Post-Formation Entropy 
• Internal specific entropy 
1 Myr after formation 

• Entropy monotonically 
decreases with age 

• Low post-formation 
entropy → small radii & 
low luminosity 

• Quite dependent on the 
treatment of the accretion 
shock! 

• At higher masses, a 
higher % of mass has 
passed through shock 

Marley, Fortney, et al. (2007) 



1. Model core-accretion planets 
(“cold start”) are formed with 
significantly smaller entropy 
and radii than “hot start” 

2. tKH ∝ 1/LR, meaning evolution 
is initially much slower for the 
core-accretion planets 

3.  Initial conditions are not 
forgotten in “a few million 
years,” but rather, 10 million 
to 1 billion. 

4.  Initial Teff values cluster 
around 600-800 K 

5. Entire effect depends on the 
treatment of accretion 



Initial Conditions: 
Hot, Cold, and Warm Starts 
Marley et al. (2007) 
Fortney et al. (2008) 
Spiegel & Burrows (2012) 
Mordasini (2013) 
Marleau & Cumming (2014) 
 
Effects of D-burning 
Mollière & Mordasini (2012) 
Bodenheimer et al. (2013) 
 
Brown Dwarfs  
Baraffe et al. (2002, for brown 
dwarfs) 

Marley, Fortney, 
et al. (2007) 



What is the Status of Models vs. Reality?  

Marleau & Cumming (2014) 

•  “Hot Start” is really an upper 
limit on luminosity 

•  “Cold Start” is really a lower 
limit, and was not really a 
“prediction” of core-accretion 

•  Hot start appears to be 
closer to reality, at least for 
relatively massive objects 
found so far (which likely 
didn’t form by core 
accretion!) 

•  How “warm” the start is is an 
important clue regarding the 
energetics of accretion 



Ayliffe & Bate (2009) 

Energetics of Accretion:  Hard 
 
SPH radiation hydrodynamics 
 
Must look at gas accretion for 
a few million years—lots of 
computing time  



Giant impacts are the generic end of rocky planet formation! 

Raymond et al. (2006) 



Hot, 
Glowy 



There has been a fair amount of work done to model what 
Earth was like after the Moon-forming impact 
Such giant impacts are the generic end of planet formation 

Zahnle et al. (2007) 
“Emergence of a Habitable Planet,” Space Science Review 



Can’t see the hot surface:  Giant impacts 
liberate volatiles that make thick atmospheres 

Lupu et al. (2014) 



If the atmosphere is thick and the opacity is 
high, one can’t see down near the hot surface 

Lupu et al. (2014) 
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Fig. 14.— Color-magnitude diagram of post-impact Earths. H � K color vs. absolute

H magnitude for a selection of models. The continental crust composition atmosphere are

shown in blue and the bulk silicate Earth models are shown in red. Two surface pressures (10

and 100 bar) are shown; all models have surface gravities of 30 m s�2. Observed brown dwarfs

are shown as grey circles; directly imaged planets (4 HR 8799 planets (Skemer et al. 2012;

Marois et al. 2010) and 2M1207b (Patience et al. 2010)) are shown as violet open circles.

Estimated magnitude limits for a planet around a G2 and M1 dwarf observed with a 30-m

class telescope capable of 10�8 contrast are shown as dashed grey lines; models above the

line should be observable with a thirty-meter telescope. The magnitudes and colors for the

post-giant impact planets are computed using the equilibrium chemistry. After correcting

for vertical mixing and photochemistry, the BSE points would move closer to the CC models.

Due to their Small Size, and Cool Teff, 
Hot Young Rocks are Faint 

Lupu et al. (2014) 



Conclusions 
•  Thermal evolution models of giant planets aim to 

understand the post-formation cooling history 
•  Free/unknown parameters mostly revolve around 

atmospheric boundary 
•  Model testing is just starting to progress and is coming 

from brown dwarfs with well-determined masses and 
ages 

•  For young planets, the role 
of initial conditions are still 
being investigated, but 
“cold start” does not 
always = core accretion 

•  Properties of “Hot Rocks” 
are still being explored.  
Unlikely to see the hot 
surface 


