
The	  Interior	  Structure	  of	  Planets	  
Isabelle	  Baraffe	  
University	  of	  
Exeter	  
	  
Gilles	  Chabrier	  
École	  Normale	  
Supérieure,	  Lyon,	  
+	  Exeter	  
	  
Jonathan	  Fortney	  
University	  of	  
California,	  
Santa	  Cruz	  
	  
Christophe	  So9n	  
JPL,	  Pasadena	  

h@p://m100group.files.wordpress.com/2012/05/deathstarii_egvv.jpg	  



Main	  Themes	  

•  New	  era	  of	  EOS	  calculaPons	  &	  lab	  work	  
•  The	  Solar	  System:	  	  We	  now	  have	  the	  ability	  to	  test	  
the	  validity	  of	  long-‐held	  working	  assumpPons	  

•  Status	  of	  understanding	  Hot	  Jupiter	  radius	  
anomaly	  

•  ConnecPng	  stellar	  and	  planetary	  metallicity	  
•  Neptunes,	  Sub-‐Neptunes,	  and	  Super	  Earths:	  
ComposiPon	  and	  EvaporaPon	  

•  Iron	  in	  Rocky	  Planets	  



Charbonneau	  et	  al.	  (2007),	  Protostars	  &	  Planets	  V	  

Fast	  Moving	  Field	  

Since	  PPV,	  we’ve	  gone	  from	  
around	  7	  transiPng	  planets	  	  
to	  over	  200	  with	  mass	  
measurements	  
	  
The	  promise	  of	  transi9ng	  
planets:	  
What	  are	  these	  planets	  
made	  of?	  
	  
How	  do	  they	  compare	  to	  our	  
Solar	  System’s	  planets?	  
	  
We	  can	  address	  that,	  but	  
we’ve	  also	  got	  other	  
problems	  like	  inflated	  radii	  

Models	  from	  	  
Fortney	  et	  al.	  (2007)	  



EOS at High Pressure: 
New Calculations and 
Precise 
Measurements 

Sandia National Laboratory Z Machine 

•  After many decades of effort, we are 
now in an era of detailed first-
principles calculations of the 
equation of state (EOS) 

•  Precision EOS measurements are 
also now available  
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FIG. 2. (a) Water P ! ! Hugoniot. Models: magenta line,
ANEOS [2]; black line, Sesame [3]; dotted red line, FP [7];
solid red line, FP [8]. Data: red diamonds (squares), this work
using aluminum (quartz) standard; open squares, Celliers et
al. [15]; black circles, Mitchell and Nellis [28]; black triangle,
Volkov et al. [29]; blue (cyan) triangle, Podurets et al. [30],
as reported (reanalyzed [23]). Planetary adiabats: green line,
Neptune [9] (Uranus similar); blue line, GJ436b [20, 21, 23].
(b) Water double-shock Hugoniot. Models: Thick (thin) red
lines, FP first shock (re-shock) Hugoniots [7]; black lines, FP
isentropes [7]; (orange, pink, gray) lines, (FP [7], ANEOS [2],
Sesame [3]) double-shock envelopes. Data: red (orange) sym-
bols, shock (re-shock) Hugoniot data, this work. Planetary
adiabats: as in panel (a).

change in P , (P2 ! P1), and up, (up2 ! up1). The re-
shock ! was then determined from Usw2, the first shock
!, and (up2 ! up1). Using the Monte Carlo technique,
the one-sigma uncertainties in P and ! for the re-shock
states were found to be 0.5-1% and 1-2%, respectively.
Although the uncertainty for the re-shock data is larger
than that for the principal Hugoniot data (entirely due
to the larger uncertainty in the initial state), the accu-
racy of the present data is a significant improvement over
previous re-shock data of Mitchell and Nellis [28] (uncer-
tainty in ! of 4-14%) and the pre-compressed Hugoniot
data of Lee et al. [31], (uncertainty in ! of 5-10%).

The re-shock data for water are shown in Fig. 2(b),
where first and second shock states are correlated by like
symbols. Also shown are several FP re-shock Hugoniots
(thin red lines) and isentropes (thin black lines) for com-
parison [7]. These re-shock Hugoniots along with the
known Hugoniot of quartz [19] were used to determine the

double-shock envelopes - the locus of end states achiev-
able through shock and re-shock using a quartz anvil:
FP (orange line), ANEOS [2] (pink line), and Sesame [3]
(gray line). These re-shock data further confirm the less
compressible response of water above 100 GPa.
Note that the FP re-shock Hugoniots (red) and isen-

tropes (black) are nearly coincident over the ! range ac-
cessed through the re-shock experiments. This is due to
a second order contact for the Hugoniot and isentrope
at the initial state [26], which is most easily seen by ex-
panding the entropy as a function of volume in a Taylor
series. This implies that the Hugoniot and isentrope are
very close in P and ! until, at large compression, the rise
in T associated with the irreversible shock becomes large
enough that thermal pressures become significant. In the
range investigated in this study, the di!erence in T be-
tween the re-shock Hugoniot states and the isentrope at
the re-shock !, as determined by the FP EOS [7], ranged
from 200K (out of 6800K) to 330K (out of 40000K) at
the lowest and highest P , respectively. This makes such
a re-shock measurement the best possible test of the isen-
tropic response of the EOS model in this range of P and
!. Thus the present data validates the isentropic response
of the FP EOS in the P and ! regime that is intersected
by the water-rich models of Neptune and Uranus [9, 14],
shown in green, and the exoplanet GJ436b [20, 21, 23],
shown in blue.
The VISAR was also used to infer reflectivity, R, of

water (at 532 nm) along the Hugoniot. A quadrature
VISAR was used for all experiments, which provides
four measures of the interference signal at 90 ! inter-
vals. The signals at 180 ! intervals can be subtracted,
ensuring the remaining signal only includes coherent re-
flected laser light (incoherent light, such as self-emission
from the hot plasma, would equally contribute to all four
quadrature signals). Comparison of the magnitude of
these subtracted signals before and after shock break-
out from the water to the quartz rear window provides
a relative measure of the shocked water R with respect
to shocked quartz [25]. The uncertainty in R was taken
to be the linear sum of the standard deviation of the
inferred R from the nine independent VISAR signals ob-
tained from each water cell and the reported uncertainty
in R of shocked quartz [25].
R data along the Hugoniot are shown in Fig. 3. Also

shown are data from Celliers et al. [15] and the predicted
R from FP calculations of French and Redmer [22] using
both the Perdew, Burke, and Ernzerhof (PBE) and Heyd,
Scuseria, and Ernzerhof (HSE) functionals for exchange
and correlation. It was anticipated that the HSE func-
tional, which includes the nonlocal Fock exchange, would
prove to be more accurate in the calculation of R, as this
functional has been shown to better reproduce the band
gap in semiconductor materials (PBE is known to signifi-
cantly underestimate the band gap). In comparison with
R data of Celliers et al. [15] it would appear that the

Knudson et al. (2012) 

PRL v108, 091102 French	  et	  al.	  (2009)	  water	  EOS	  



Fortney,	  Baraffe,	  &	  Militzer	  
(2010)	  “Exoplanets”	  book,	  
Arizona	  Space	  Science	  Series	  

Our	  Gas	  Giant	  Prototypes:	  Jupiter	  and	  Saturn	  

5-‐25%	  Heavy	  Elements	  by	  Mass	  

0-‐15	  ME	   5-‐20	  ME	  



Giant	  Planets	  May	  Not	  be	  as	  Simple	  
as	  We	  Might	  Hope	  Them	  to	  Be	  

Leconte	  &	  Chabrier	  (2012),	  A&A	  v540,	  A20	  
based	  in	  part	  on	  3D	  simulaPons	  of	  Garaud	  &	  collaborators	  

Wilson	  &	  Militzer	  (2012)	  

ApJ	  v745	  54	  

The	  assumpPons	  of	  fully	  convecPve	  interiors	  
and	  disPnct	  heavy	  element	  cores	  can	  now	  be	  
examined	  

(See	  also	  Stevenson	  
1982,	  1985)	  
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Figure 2: Cooling sequences of Saturn models with layered convection. Effective (Teff; solid
curves) and intrinsic (Tint; dashed curves) temperature as a function of the planetary age for the
adiabatic reference model (black) and three models with layered convection (! = 10!2.5, 10!3

and 10!3.5 from dark to light red). The inset focuses on the present era, and dots stand for the
observed effective temperature. The intrinsic temperature is defined as 4"R2#SBT 4

int " Lint, and
the effective temperature includes the absorbed solar contribution (see Methods). At early ages
the effective temperature of models with layered convection is lower due to the inefficiency of
convection. However, after a few hundred million years, this effect is overcome by the release of
the excess of energy stored from the initial state, and these models become brighter. Eventually,
for small enough convective/diffusive cells (corresponding here to ! ! 10!2.7), the luminosity
of the 4.6 Gyr old models can be larger than the present observed luminosity of Saturn.
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EvoluPonary	  Histories	  
with	  ComposiPon	  
Gradients	  can	  be	  Complex	  

Anomalously large Teff of Saturn could 
be due to helium rain, or altered cooling 
due to composition gradients, or both 

Leconte	  &	  Chabrier	  (2013)	  Nat	  Geo	  v6	  347	  

Fortney	  (2004)	  Science	  v305	  1414	  



We	  Need	  a	  Be@er	  Understanding	  
of	  Giant	  Planet	  IniPal	  CondiPons	  

Figure	  from	  Marley	  et	  al.	  (2007)	  ApJ	  v655:541	  
See	  also	  Fortney	  et	  al.	  (2008),	  Spiegel	  &	  Burrows	  (2012),	  
Mordansini	  (2013),	  Marleau	  &	  Cumming	  (2013)	  

Early	  thermal	  evoluPon	  of	  giant	  
planets	  is	  strongly	  dependent	  on	  the	  
treatment	  of	  accrePon,	  as	  well	  as	  the	  
presence	  of	  composiPon	  gradients	  
	  
A	  variety	  of	  new	  surveys	  will	  achieve	  
10-‐6	  to	  10-‐7	  contrast	  to	  find	  dozens	  of	  
planets	  (based	  on	  MC	  modeling	  of	  the	  
frequency	  of	  long-‐term	  RV	  trends)	  to	  
be@er	  understand	  these	  early	  ages	  
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• Are	  observed	  surface	  flows	  representaPve	  of	  internal	  differenPal	  
rotaPon?	  

• Detailed	  constraints	  on	  the	  planet’s	  gravity	  field	  
• What	  is	  the	  abundance	  of	  water	  and	  ammonia	  at	  100	  bars,	  well	  below	  
the	  cloud	  decks	  (potenPally	  representaPve	  of	  enPre	  H/He	  envelope)	  

• Detailed	  mapping	  of	  the	  dynamo-‐generated	  3D	  magnePc	  field	  
•  Constraints	  on	  heavy	  element	  core	  

•  Lense-‐Thirring	  Effect	  may	  yield	  moment	  of	  inerPa	  
•  Tides	  raised	  on	  Jupiter	  by	  Io	  may	  yield	  k2	  Love	  number	  

interior structure. The hydrostatic equation becomes more complex however:
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= !
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where ! is the rotation vector. The resolution of eq. (11) is a complex problem.
It can however be somewhat simplified by assuming that |!| $ " is such that the
centrifugal force can be derived from a potential. The hydrostatic equilibrium
then writes !P = !!U , and the figure of the rotating planet is then defined by
the U = cte level surface.

One can show (e.g. Zharkov & Trubitsyn 1978) that the hydrostatic equation
of a fluid planet can then be written in terms of the mean radius r̄ (the radius
of a sphere containing the same volume as that enclosed by the considered
equipotential surface):

1

!

#P

#r̄
= "

Gm

r̄2
+

2

3
"2r̄ +

GM

R̄3
r̄$! , (12)

where M and R̄ are the total mass and mean radius of the planet, and $! is
a slowly varying function of r̄. (In the case of Jupiter, $! varies from about
2 # 10"3 at the center to 4 # 10"3 at the surface.) Equations (2-4) remain the
same with the hypothesis that the level surfaces for the pressure, temperature,
and luminosity are equipotentials. The significance of rotation is measured by
the ratio of the centrifugal acceleration to the gravity:

q =
"2R3

eq

GM
. (13)

The external gravitational potential of the planet is (assuming hydrostatic
equilibrium):

Vext(r, cos %) =
GM

r

$

1 "
#
%

n=1

&a

r

'2n
J2nP2n(cos %)

(

, (14)

where the coe!cients J2n are the planet’s gravitational moments, and the P2n

are Legendre polynomials. The J ’s can be measured by a spacecraft coming
close to the planet, preferably on a polar orbit. Together with the mass, this
provides a constraint on the interior density profile (see Zharkov & Trubitsyn
1974):

M =

"""

!(r, %)d3&,

J2i = "
1

MR2i
eq

"""

!(r, %)r2iP2i(cos %)d3&,

where d& is a volume element and the integrals are performed over the entire
volume of the planet.
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Helled et al. (2011) ApJ v726:15 

A	  Giant	  Planets	  Interiors	  Mission:	  Juno	  at	  Jupiter,	  2016-‐17	  

Main	  invesPgators	  
publishing	  in	  this	  area:	  
Y.	  Kaspi,	  R.	  Helled,	  W.	  
Hubbard,	  G.	  Schubert	  



Metal-‐Enrichment	  of	  Giant	  Planets	  

Given	  our	  renewed	  appreciaPon	  of	  the	  difficulty	  to	  ascertain	  the	  current	  core	  
masses,	  and	  our	  lack	  of	  knowledge	  of	  the	  rela9on	  between	  any	  current	  core	  mass	  
and	  ini9al	  core	  mass,	  it	  makes	  more	  sense	  to	  really	  just	  think	  about	  the	  total	  heavy	  
element	  enrichment	  in	  giant	  planets	  
	  
This	  isn’t	  really	  a	  huge	  problem,	  since	  this	  total	  enrichment	  is	  the	  only	  thing	  we’ll	  be	  
able	  to	  measure	  for	  the	  vast	  majority	  of	  transiPng	  planets	  

Current	  constraints	  for	  Jupiter	  and	  Saturn	  
from	  adiabaPc	  interior	  models,	  similar	  to	  
what	  is	  used	  for	  all	  exoplanet	  models.	  
	  
Jupiter:	  	  3x	  to	  8x	  solar	  
Saturn:	  12x	  to	  21x	  solar	  
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Fig. 1. Radius vs. mass (left panel) and vs. incident irradiating flux (right panel) for the confirmed exoplanets, the Kepler candidate
planets (Kepler objects of interest — KOI), and the planets of our solar system. The ⇠200 confirmed planets in this figure are represented
with filled large circles; KOI (in the right panel) are represented with small white circles; Solar System planets are represented with large
pentagrams. For comparison, the left panel shows the radius-vs.-mass relationship for Earth-like composition, which precisely matches
the (mass,radius) values for Venus and Earth [31]. Planets span masses from less than Earth’s to tens of times Jupiter’s, radii from less
than Earth’s to more than double Jupiter’s, and incident fluxes from nearly 0 — in the case HR 8799b, at ⇠70 AU [32] — to nearly
1012 erg cm�2 s�1. The planets with the largest radii tend to be close to Jupiter’s mass and highly irradiated.

Prior to the discovery of transiting planets, it was assumed
that ⇠billion-year-old planets — even ones on close-in orbits
around their stars (so-called “hot Jupiters,” with orbits last-
ing ⇠a week or less) — would have cooled and shrunk to near
their asymptotic radius [14, 15]. However, the discovery of
transiting hot Jupiters such as HD 209458b [16, 17] with its
&1.3 RJ radius, suggested that some planets are a good deal
pu�er than expected [18]. Many mechanisms have been sug-
gested in the literature to explain the apparently inflated radii
of some of the hottest hot Jupiters [19, 20]; what these mech-
anisms all have in common is that they increase the bulk en-
tropy of the planet above what might have been expected from
naive cooling models.2 This increase can come either from (i)
retarding the evolutionary cooling (via enhanced atmospheric
opacity or modified atmospheric thermal profiles [23, 24, 25]),
or (ii) from additional power added in the planet’s deep inte-
rior (via tidal [26, 27, 28] or Ohmic [29, 30] dissipation).

It remains uncertain whether a single inflation mechanism
predominates (and, if so, which mechanism that is). For the
most highly-inflated objects, however, mechanisms of type
(i) might not work. Close-in planets are presumably tidally
locked (although see [33]) and have a permanent nightside
through which they cool more e�ciently [23, 34]; accounting
for the enhanced night-side cooling e�ciency suggests that
mechanisms that merely reduce the cooling rate might not be
able to explain the highly inflated planets, and some power
must be deposited in the deep interior [35]. Despite the lack
of a single, consensus mechanism, what seems clear is that
objects must either be quite young [36] or very highly irradi-
ated [37, 38] (see Fig. 1) in order to have significantly inflated
radii. The lowest irradiation experienced by any planet with
a radius more than 1.5⇥ Jupiter’s is the ⇠109 erg cm�2 s�1

incident on Kepler-12b, which still exceeds the solar flux upon
Jupiter by a factor of 103.

One of the key structural uncertainties for many of the
known gas-giant planets is whether they have cores in their
centers. (It is also not known, at present, whether Jupiter has
a heavy-element core at its center, although Saturn must have
one.) The presence or absence of cores is of interest both as
it relates to our knowledge of the the planets themselves and
because it bears upon their formation mechanism — whether

by a runaway process of accreting gas onto ⇠10-M� cores
[39] or via gravitational instability of the protoplanetary gas
disk [40]. Unfortunately, it is essentially impossible to learn
whether the extremely inflated planets have cores. Many of
the known transiting gas giants, however, have smaller radii
(at their known masses) than a H/He composition can pro-
duce. These planets must have a significant heavy-element
component. The inferred metal fraction appears to be cor-
related with the metallicity of the planet’s host star [41, 24],
suggesting that more metal-rich protoplanetary environments
lead to more metal-rich planetary compositions, perhaps in
the form of rocky cores.

Some exotic objects orbiting other stars do not have di-
rect structural analogs in our Solar System. One planet that
falls between the our local archetypcal categories is the enig-
matic HD 149026b [42]. Although 20% more massive than
Saturn, its radius is 22% smaller, which suggests that its
heavy-element content is greater than the entire mass of met-
als (outside the Sun) in the Solar System, in the range of
⇠60–110-M� of metals [43, 24]. In this respect, despite its
greater-than-Saturn mass, this planet is perhaps more similar
in structure to Uranus- and Neptune-like planets, the subject
of the following section.

Neptunes
Giant planets where most of the planet’s mass is composed of
heavy elements, rather than mostly H/He gas, begin our tran-
sition to our next class of planets. These so-called “Neptune-
class” planets still have a thick H/He envelope, but the
light-element envelope does not comprise the majority of the
planet’s mass. In our Solar System, Uranus (14.5 M� and
4.0 R�), and Neptune (17.1 M� and 3.9 R�) are our exam-
ples of these planets.

Uranus and Neptune are generally known for their bluish
color and are often lumped together as two “ice giants” be-
cause most structure models find that the majority of the

2There are some uncertainties in the proper equation of state for H/He/metals mixtures [21, 22],
but the attendant uncertainties in radius are completely insignificant relative to the very large radii
(&1.5 RJ ) occasionally seen.

2 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Spiegel, Fortney, & Sotin

Strong	  relaPon	  between	  Radius	  and	  Incident	  Flux	  

Spiegel	  et	  al.	  (2013,	  in	  prep)	  



Three	  classes	  of	  explanaPons	  for	  large	  planets	  

•  Energy	  comes	  from	  the	  star	  
•  0.1-‐1%	  of	  incident	  energy	  must	  makes	  its	  way	  near	  to	  or	  below	  into	  the	  
radiaPve-‐convecPve	  boundary	  at	  100+	  bars	  (e.g.	  Showman	  &	  Guillot,	  2002)	  

•  Readily	  explains	  strong	  correlaPon	  with	  incident	  flux	  
• What	  is	  the	  mechanism	  for	  energy	  conversion/deposiPon?	  

	  •  Energy	  comes	  from	  the	  planetary	  orbit	  
•  Tidal	  energy	  deposiPon	  
• Works	  well	  but	  is	  a	  short-‐lived	  effect	  
•  Cannot	  be	  the	  universal	  mechanism	  

•  Delayed/stalled	  contrac9on	  
•  High	  atmospheric	  opaciPes	  stall	  
cooling,	  a	  bit	  (Burrows	  et	  al.	  2007)	  

•  Interior	  composiPon	  gradients	  can	  
stall	  cooling	  (Chabrier	  &	  Baraffe	  2007)	  

•  Cannot	  be	  the	  universal	  mechanism	  
Leconte	  et	  al.	  (2010)	  A&A	  v516:A64	  



Leconte et al.: Coupled internal/orbital evolution of Hot Jupiters
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Fig. 9. Evolutionary tracks for WASP-12 b (solid, Hebb
et al. 2009), TrES-4 b (dashed, Daemgen et al. 2009) and
WASP-4 b (dotted, Winn et al. 2009a) that lead to the best
agreement with the observed orbital parameters for these
systems. These runs assume Q0

0,p

= 106 and Q0
0,?

= 106.
Tidal dissipation is not su�cient to sustain the large radii
observed for these planets.

truncating the tidal equations at the second order can by
no means be justified by invoking the large uncertainty in
the dissipative processes and their frequency dependence.
Therefore, high order tidal equations should be solved to
derive reliable results for most of the existing exoplanet
transiting systems. This need to solve the complete equa-
tions is met by any tidal model. In this context, even though
no tidal model can claim describing perfectly a two body
evolution, we recall that the Hut model is at least exact in
the weak friction viscous approximation (see §3).

We have tested our complete tidal model on several in-
flated planets to find out whether or not tidal heating can
explain the large radius of most of the observed transit-
ing systems. Although this mechanism is indeed found to
be su�cient to explain moderately bloated planets such as
OGLE-TR-211 b (see Fig. 10), we have been unable to find
evolutionary paths that reproduce both the measured ra-
dius and the orbital parameters of HD 209 458 b, WASP-
12 b, TrES-4 b, and WASP-4 b (see Fig. 8 and Fig. 9) for
their inferred age range. The main reason is the early cir-
cularization of the orbit of these systems. As demonstrated
in the paper, this stems from the non-polynomial terms in
eccentricity in the complete tidal equations, which are miss-
ing when truncating the equations at small e-order. The
present results, based on complete tidal equations, show
that tidal heating, although providing an important con-
tribution to the planet’s internal heat budget during the
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Fig. 10. Evolutionary tracks for OGLE-TR-211 b that lead
to the best agreement with the observed parameters. is a
1.03 M

J

planet orbiting a 1.33 M� star (Udalski et al.
2008). These runs assume Q0

0,p

= 106 and Q0
0,?

= 106. The
radius evolution of OGLE-TR-211 b without tidal heating is
plotted in panel (c) for comparison (dashed). For this mod-
erately inflated planet, tidal heating is su�cient to sustain
a large radius for the age of the system.

evolution, cannot explain alone the observed properties of
all exoplanets.

This is in contrast with some of the conclusions reached
in previous studies. Based on truncated tidal models, Ibgui
& Burrows (2009) and Ibgui et al. (2009) find evolutionary
tracks that match observed parameters for HD 209 458 b,
WASP-12 b, and WASP-4 b and thus suggest that the tidal
heating is the principal cause of the large radii of Hot
Jupiters.

These particular properties of Hot Jupiters, including
the extreme cases of the most severely bloated planets, can
only be explained if the following explanations/mechanisms
occur during the system lifetimes:

– Early spin up of the star: simulations of the rotational
evolution of solar-like stars (Bouvier et al. 1997) show
that after the dispersion of the accretion disk, the rota-
tion rate of the contracting star increases due to angular
momentum conservation, until magnetic braking takes
over. Considering Eq. (6), we see that stellar tides act

as an eccentricity source if !

?

n

> 18

11

N

e

(e)

⌦

e

(e)

. Investigating
whether the duration of this phase lasts long enough
and whether the magnitude of this e↵ect is large enough
to drive enough eccentricity requires performing consis-
tent star/planet thermal/tidal calculations and will be
investigated in a forthcoming paper.

11

Tidal	  InflaPon:	  Not	  the	  Universal	  Mechanism	  

Many	  papers	  on	  this	  topic	  over	  
the	  past	  10	  years	  (e.g.,	  Bodenheimer	  
et	  al.	  2000,	  Jackson	  et	  al.	  2008,	  Ibgui	  &	  
Burrows	  2009,	  Miller	  et	  al.	  2009),	  
gradually	  moving	  to	  be@er	  and	  
more	  complete	  Pdal	  models	  (e.g.	  
Leconte	  et	  al.	  2010)	  
	  
A@racPve	  mechanism,	  and	  likely	  
effects	  most	  planets	  if	  hot	  Jupiters	  
commonly	  start	  on	  eccentric	  
orbits	  
	  
Tidal	  inflaPon	  of	  planet	  is	  a	  short-‐
lived	  phenomenon	  that	  can	  inflate	  
radii	  at	  young	  ages	  but	  is	  not	  the	  
universal	  radius	  inflaPon	  
mechanism	  at	  Gyr	  ages	  

Leconte	  et	  al.	  (2010)	  A&A	  v516:	  A64	  
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Figure 3. Side view cross section of induced current due to zonal wind flow.
The interior vector field, plotted with small arrows, is a quantitative result of
the model. The large semi-transparent arrows are illustrations. The yellow shell
in the inset represents the region to which we confine the zonal flow (10–0.03
bars). The orange region denotes the region of interior heating.
(A color version of this figure is available in the online journal.)

it penetrates the interior of the planet and completes the loop
(Figure 3).

The general induction equation can be written as

! !B
!t

= "!# $ "( !# $ !B) + !# $ (!v $ !B), (4)

where !B is the magnetic field and " % 1/µ0# is the magnetic
diffusivity (Moffatt 1978). We express the magnetic field as
a dipole background component and an induced component:
!B = !Bdip + !Bind with # $ !Bdip = 0. This assumes no dynamo
generation in the region. The induced magnetic field will tend
to point in the same direction as the velocity field, so we can
make the approximation !v $ !B & !v $ !Bdip. We assume that the
prescribed velocity field and the background magnetic field are
not strongly modified by the induced field, i.e., Rm % vL/" ! 1,
an assumption satisfied in our models with T " 1700 K. Finally,
we seek a steady-state solution, so we require ! !B/!t = 0. With
these assumptions, the induction equation simplifies to

!# $ "( !# $ !Bind) = !# $ (!v $ !Bdip). (5)

We can “uncurl” this equation and use Ampere’s law !# $ !B =
µ0 !J to recover Ohm’s law:

!Jind = # (!v $ !Bdip " !#!). (6)

By continuity, # · !J must vanish. As a result,

!# · # !#! = !# · # (!v $ !Bdip). (7)

If the conductivity takes on an exponential form, there exists
an analytical solution for ! and in our models, we confine
the atmospheric flow to the region where conductivity is
exponential. In the interior region, the electric potential is also
governed by the above equation, with the right-hand side set to

zero. However, since the interior conductivity does not take on a
simple analytical form, the above equation there must be solved
numerically.

We take a nominal value for the “strength” of the field at the
surface of the planets to be 'B'R = 10"3 T, approximately the
value expected from scaling the field via the Elsasser number
" % #B2/2$# ( 1, where # is the planetary rotation rate
(assumed tidally locked). The magnetic field scaling argument
based on energy flux also suggests a similar value (Christensen
et al. 2009). For comparison, Jupiter’s surface field is 'B'Rjup =
4.2$10"4 T (Stevenson 2003). We approximate the zonal wind
as v ) vm sin(% )&̂ where vm is the maximum speed attained by
the wind and set vm = 1 km s"1 (see the Appendix for more
details).

Once we have the solution for the current, we can compute
the total Ohmic dissipation rate below some radius r:

P =
! ! ! !J 2

# (r)
dV . (8)

In order to satisfy continuity, the magnitude of the current
density must be constant along its path in the interior. As a
result, it is apparent from the above equation that most of the
dissipation takes place in the upper layers of the planet, where
conductivity is not too great, and the solution is insensitive to the
details of the conductivity profile in the deep interior, as long as it
remains high. The Ohmic heat that is generated in the convective
envelope of the planet replaces gravitational contraction and is
lost by radiative cooling at the radiative/convective boundary.
Consequently, to ensure a null secular cooling rate, we need the
Ohmic dissipation rate to at least compensate for the radiative
heat flux at the radiative/convective boundary (Clayton 1968).

4. MODEL RESULTS

It has been shown that extrasolar gas giants require between
10"6 and 10"2 of the irradiation they receive to be deposited
into the adiabatic interior to maintain their radii (Bodenheimer
et al. 2001; Burrows et al. 2007a; Ibgui et al. 2010), although
the exact number depends on the metallicity of the atmosphere
and the mass of the heavy element core in the interior of
the planet.1 Under the assumption of solar metallicity and
no core, HD209458b requires 3.9 $ 1018 W, Tres-4b requires
8.06 $ 1020 W, and HD189733b requires no heating at all
(Burrows et al. 2007a; Ibgui et al. 2010). Within the context of
our model, HD209458b and HD189733b are easily explained.
To adequately explain Tres-4b however, we require an enhanced
(10$solar) metallicity in the atmosphere to reduce the required
heating down to 5.37 $ 1019 W.

Table 1 presents a series of models with various temperatures,
helium contents, and metallicities of the planets under consider-
ation. Upon inspection, it is apparent that the global heating rate
scales exponentially with temperature, and as a square root of
the metallicity. Both of these scalings can be easily understood
by noting that scaling the conductivity profile by a multiplica-
tive factor causes a corresponding change in dissipation while
Equations (1) and (2) relate temperature and metallicity (i.e., f)
to the conductivity.

It is also noteworthy that the models with a simulated core
produce approximately the same amount of heating as the

1 If the dissipation is concentrated higher up in the atmosphere, 10–100$
more heating is required (Guillot & Showman 2002).
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Figure 3. Radial profile of Ohmic heating, plotted as integrated luminosity
(relative to solar luminosity on the left axis, and relative to insolation luminosity
on the right axis) against logarithmic pressure (in cgs unit), using parameters
similar to TrEs4-b, and when the planet has a radius of 1.6RJ . The features
in the profile, including the jump at zwind, are explained by our toy model in
Appendix A. The middle curve is our standard case with zwind = 2.5 ! 108 cm
(at a pressure of "10 bar = 107 dyn cm#2), while the other two are zwind =
8 ! 107 cm ("3 bar), and 5 ! 108 cm ("100 bar), respectively. The large size
of the planet requires a high internal entropy and a high luminosity at the top
of the convection zone, marked here by the short vertical bars. This luminosity
can be largely supplied by Ohmic heating if the wind is sufficiently deep and if
the efficiency is sufficiently high (Equation (5)). The required Ohmic efficiency
is 3% for our standard case, and 0.3% and 200% for the deeper and shallower
cases, respectively.
(A color version of this figure is available in the online journal.)

above "10 bar to become convective. A similar model without
Ohmic heating will have an isothermal atmosphere (Figure 1).
The surface convection zone can significantly alter the local
hydrodynamics.

The electrical conductivity we obtain differs from that shown
in B12, but compares well against that in Huang & Cumming
(2012), a paper that appeared after the submission of this work.
Given our assumption of constant total heating efficiency, the
overall magnitude of ! does not affect the results. But the radial
profile (especially that near the surface) will. This may partly
explain (see Section 4) the difference between results here and
those in B12.

We proceed to calculate the expected radii at 1 Gyr for the
list of transiting planets, as compiled by Southworth (2011;
see http://www.astro.keele.ac.uk/jkt/tepcat), who has updated
some of the values from previous publications through his
homogeneous analysis. These are shown in Figure 5 for which
we assume that both insolation and Ohmic heating have acted on
each planet since birth. We find that the expected radius excess
can be roughly fitted by the following expression:

R # RJ

RJ

= !R

RJ

$ 0.5
!

Teq

1500 K

"1.2

, (6)

for planets at "1 MJ . This results from the increasing conduc-
tivity and the larger irradiation luminosity when Teq is raised.
This scaling is obtained for a constant heating efficiency of 3%

Figure 4. Electrical conductivity and gas temperature in a thermal equilibrium
model for TrEs4-b, when subject to irradiation and Ohmic heating (according to
the red 1 km s#1 curve in Figure 3). Near the surface, electrical conductivity is
contributed by thermally ionized electrons from metals. Toward the interior, the
contribution from hydrogen dominates. The temperature is shown in red when
the region is convective and green when stably stratified. The entire wind zone
is convective.
(A color version of this figure is available in the online journal.)

Figure 5. Expected radii at 1 Gyr of age for the list of transiting planets as
compiled by Southworth (2011), plotted against their blackbody equilibrium
temperature. The sizes of the symbols correspond to planet masses (ranging
between 0.2 MJ and 30 MJ ). We have adopted " = 3% and zwind =
2.5 ! 108 cm. Our predicted radius excess, !R = R # RJ % T 1.2

eq for 1 MJ

planet, and !R % 1/
&

M for planets with Teq $ 1500 K. In contrast to B12,
our calculations of Ohmic heating does not lead to runaway expansion, even
for low mass planets. The lower panel plots the ratio between the observed
and theoretical radii. Most planets have radii below the theoretical expectations,
with the exception of WASP-17b and HAT-P-32b that have measured radii more
than 2! above the theoretical values.
(A color version of this figure is available in the online journal.)

4

•  Thermally	  ionized	  alkalis	  advected	  in	  the	  
weather	  layer	  due	  to	  fast	  winds	  

•  Creates	  B-‐field	  disPnct	  from	  internally-‐
generated	  dynamo	  B-‐field	  

•  Associated	  induced	  current	  J	  driven	  into	  
deep	  atmosphere	  or	  into	  planet’s	  interior	  

•  Ohmically	  dissipated,	  with	  power	  ~J2/σ	


Batygin	  &	  Stevenson	  (2010),	  ApJL	  v714:L238	  

Wu	  &	  Lithwick	  (2013),	  ApJ	  v763:13	  
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Fig. 1.— The !!LthT relation for a sample of 63 hot Jupiters
with M sin i > 0.5MJ . An approximation for the zero temperature
radius R0 is obtained by using the cooling models of Bara"e et al.
(2010) for core-less planets with Z = 0.02 in the absence of irradi-
ation at an age of 7 Gyrs. Large red points are theory, computed
using the Gold-Soter approximation for a Jupiter-mass, core-less
Z = 0.02 planet whose optical absorption opacity !! = 0.003 (Ar-
ras & Socrates 2009a). The tidal quality factor of the planet is
chosen such that Q = 105 for the Jupiter-Io interaction and the
constant lag time model of Hut (1981) is employed in order to
compute the gravitational tidal torque and equilibrium dissipation
rate.

R in a Keplerian orbit about a central source of mass M
at a heliocentric distance D is given by

Lmax,T !
c5
T

G
(1)

where the characteristic tidal speed c
T
is given by

c
T
" R

!

GM

D3
(2)

and G is Newton’s constant1. The expression above is
obtained by taking the peak energy of the equilibrium
tidal response to dissipate with a timescale given by the
inverse of

"

GM/D3.
Most hot Jupiters are in nearly circular orbits. In that

case, n =
"

GM/a3 is the mean motion and only the syn-
chronization tide can lead to tidal dissipation and there-
fore, the forcing frequency is given by the di!erence of
the spin frequency and mean motion. If the planet is
rapidly spinning such that the characteristic tidal forc-
ing frequency in eq. 1 is taken to be the mean motion n,
then eq. 1 may be written as

Lmax,T ! 1034 P!5
3 R5

10 (3)

where P3 is the orbital period Porb in units of 3 days and
R10 is the planet’s radius, Rp, normalized to 1010 cm.
The power required to maintain the radii of heavily in-
flated hot Jupiters is of order ! 1028 erg/s and therefore,
only a small fraction of the total available tidal power is
required to produce inflated hot Jupiters in steady-state.

1 Note the similarity of eq. 1 with maximum luminosity of any
object in the Universe

Lmax =
c5

G
.

2.2. the role of thermal tides

Stellar irradiation creates a tidal bulge that leads max-
imum forcing at noon, where the phase shift results from
thermal inertia. The tidal gravitational field of the star
torques the thermal tide, accelerating the planet away
from a state of synchronous spin. As the rate of spin
increases, the amount of energy absorbed per cycle de-
creases and consequently, so does the magnitude of the
thermal tidal quadrupole. The thermal tide torque even-
tually comes into balance with the usual dissipative grav-
itational tidal spin-down torque. In steady-state, the
planet’s spin is asynchronous and therefore, gravitational
tidal power is continuously dissipated. The ultimate
source of energy is the starlight of the primary, which
performs work by moving material across the tidal po-
tential (Arras & Socrates 2009a; 2010).
A fundamental underlying assumption of this picture

is that dissipation of the gravitational tide takes place at
great depth, where the pressure scale height is compara-
ble to the radius of the planet.
Also note that, in the absence of thermal tidal toques,

gravitational tidal torques are likely to synchronize the
planet spin extremely fast if the relative strength of tidal
dissipation in hot Jupiters is comparable to what is com-
monly inferred from the Jupiter-Io interaction (Goldreich
& Soter 1966; Socrates et al. 2012).

2.3. spin equilibrum and steady tidal power: Gold-Soter
approximation

Balance between the gravitational tidal torque and the
thermal tidal torque determines the planet’s spin rate
and therefore, determines the tidal forcing frequency !.
For a circular or nearly circular orbit, torque balance is
obtained by equating the respective quadrupoles induced
by thermal and gravitational forcing. The portion of the
gravitationally excited quadrupole responsible for dissi-
pation and secular evolution is given by

qgrav =
n2R5

p

Q
J
!

J
G
! (4)

where the above expression for the tidal quality factor
Q reflects the frequency dependence of the constant lag
time model of Hut (1981). Here QJ and !J is the tidal
quality factor(! 105; Goldreich & Soter 1966) and forc-
ing frequency (! 10 hours) of the Jupiter-Io interac-
tion. Note that we are, equivalently, setting the lag time
" ! 0.1 s, consistent with the resonant configuration of
the Galilean satellites (Socrates et al. 2012; Leconte et
al. 2010; see also Socrates & Katz 2012).
The Gold-Soter quadrupole due to thermal forcing is

aproximately given by

qGS

th =
"M R2

p

tth!
=

#SB

cp

R4
pT

3
eq

!
(5)

where "M and tth are the mass and thermal relaxation
time, respectively, of the absorbing layer and tth. In
terms of physical quantities, the the thermal time may
be written as

tth "
cp
#

SB

"M

R2
pT

3
eq

. (6)
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Figure 1. Geometry of the semidiurnal (m = 2) thermal and gravitational tidal
density perturbations. The planet rotates counterclockwise. In order for the
torque to push the planet away from synchronous spin, the density perturbation
must lead the line joining planet and star.
(A color version of this figure is available in the online journal.)

the fluid planet in Section 3. Section 4 reviews the relation be-
tween the density perturbation and the quadrupole moment, and
the torque on the planet and orbit in terms of the quadrupole mo-
ment. The linearized fluid equations are presented in Section 5.
In Sections 5.1 and 5.2, we develop analytic solutions in the zero
and small, but finite, frequency limit. Numerical results to the
linearized boundary value problem are presented in Section 5.3.
In Section 6, the numerical results are explained in terms of the
response of envelope gravity waves that are excited by thermal
forcing. In Section 7, we discuss the major approximations that
are employed in our fluid dynamical analysis. We summarize in
Section 8.

2. MOTIVATION

We begin with a brief discussion of the possible role of
thermal tides for the rotation rates and radii of hot Jupiters.

Thermal forcing may induce a “bulge” which is misaligned
with star–planet line (see Figure 1). The misalignment is a result
of thermal inertia, the tendency of maximum temperature to lag
maximum heating. Since insolation is finite on the day side and
zero on the night side, thermal forcing is spread over a range of
harmonics. In particular, the semidiurnal (m = 2) component
of the thermal forcing may induce a quadrupole moment in
the fluid, which can then couple to stellar gravitational field.
Therefore, this “thermal tidal torque” can, in principle, push
the planet away from a synchronous spin state. The equilibrium
spin rate is then set by a balance of the thermal tide torque,
promoting asynchronous spin, and the gravitational tide torque,
which acts to push the spin back toward the synchronous state.
The two bulges are illustrated in Figure 1.

In the asynchronous spin state set by torque equilibrium, the
gravitational tide generates heat in a steady state manner. If
the dissipation occurs sufficiently deep within the convective
core of the planet, a thermal equilibrium will be established
between (gravitational) tide heating of the core and heat loss at
the radiative–convective boundary. To explain the large observed
radii, the equilibrium core entropy must be much larger than that
of a passively cooling planet at the same age.

The thermal tide torque is expected to deposit angular
momentum mainly in the surface radiative layer. Were there
no sink of angular momentum, the total angular momentum of

the planet would increase indefinitely. If we again assume that
gravitational tide dissipation occurs deep in the convective core,
then in steady state the angular momentum must be transported
between the thermal tide source region and the gravitational tide
sink region. Presumably this angular momentum transport can
be accomplished through (turbulent) viscous forces between
neighboring fluid layers. If, on the other hand, such inward
angular momentum transport is inhibited, gravitational tide
dissipation could not supply heat deep in the convective core,
and inflation of radii would likely not occur. For instance,
if the gravitational tide dissipation occurred well above the
photosphere, then the angular momentum sink region would
be outside the thermal tide source region, and the heat deposited
would not significantly affect the planet’s radius. In summary,
for our picture of tidal heating induced by thermal tides to
work, we must make the (reasonable) assumption that angular
momentum must be transported deep within the planet.

We estimate the importance of thermal tides in hot Jupiters
by comparing the quadrupole moment induced by the thermal
tide to that from dissipation acting on the gravitational tide.
For the purposes of a fiducial estimate, we use the thermal tide
quadrupole formula relevant for Venus by Gold & Soter (1969):

Q(th) !
!MR2

p

! tth
. (1)

Here, !M is the mass down to the photospheric layer for
the starlight, Rp is the planet’s radius, ! is the tidal forcing
frequency, and the thermal time of the absorbing layer is given by

tth ! !McpT

R2
pF"

, (2)

where cp is the specific heat at constant pressure, T is the tem-
perature, and F" is the stellar flux. The frequency dependence in
Equation (1) reflects that the temperature and density perturba-
tions in the atmosphere become small when the forcing period is
short. The accuracy with which Equation (1) represents a fluid
atmosphere is the subject of the remainder of this paper.

The quadrupole moment induced by the stellar gravitational
tide which leads to secular evolution is given by (e.g., Goldreich
& Soter 1966)

Q(grav) !
!

ht

Rp

"!
!

n

"
MpR2

p

Qp

, (3)

where the height of the tidal bulge is ht ! Rp(M"/Mp)(Rp/a)3,
the orbital frequency is n " (GM"/a

3)1/2, the semimajor axis
is a, the stellar mass is M", and the tidal quality factor of the
planet is Qp. Here, ! # n $ " is proportional to the departure
of the rotation rate " from synchronous rotation, " = n. As a
fiducial value, the tidal quality factor of Jupiter is constrained
to be Qp ! 105–106 (Goldreich & Soter 1966; Yoder & Peale
1981).

The ratio between the thermal tide and gravitational tide
quadrupoles is given by

Q(th)

Q(grav)
!

!
n

!

"2 !
!M

Mp

" #
Mp

M"

a3

R3
p

$ !
Qp

ntth

"

"
!

n

!

"2! !M

10$8Mp

" !
Mp

10$3M"

"

%
!

a

102Rp

"3 !
Qp

105

"!
1

ntth

"
. (4)

•  Thermal	  Pdes	  generally	  occur	  on	  
planets	  due	  to	  finite	  thermal	  inerPa	  of	  
the	  atmosphere	  

•  Peak	  temperature	  delayed	  from	  peak	  
heaPng	  (aternoon	  ho@er	  than	  noon)	  

•  Stellar	  pull	  on	  thermal	  Pdal	  bulge	  acts	  
to	  speed	  up	  planetary	  rotaPon	  

•  GravitaPonal	  planetary	  Pdal	  bulge	  is	  in	  
steady-‐state	  opposiPon	  to	  this	  thermal	  
Pdal	  buldge	  

•  Planet	  obtains	  permanent	  non-‐
synchronous	  spin	  and	  energy	  source	  

•  Outcome:	  A	  Pdal	  mechanism	  where	  
the	  energy	  source	  is	  the	  stellar	  
irradiaPon	  

arxiv:1304.4121	  



Miller	  &	  Fortney	  (2011),	  ApJL	  v736:L29	  

There	  is	  an	  emerging	  populaPon	  of	  planets	  with	  no	  radius	  anomaly	  

End	  of	  Radius	  
Anomaly	  



Miller	  &	  Fortney	  (2011),	  ApJL	  v736:L29	  

A	  strong	  correlaPon	  between	  star	  and	  planet	  abundances	  

See	  also,	  Guillot	  et	  al.	  
(2006)	  &	  Burrows	  et	  
al.	  (2007)	  



Miller	  &	  Fortney	  (2011)	  ApJL	  v736:L29	  

Studying	  Giant	  Planets	  ComposiPons	  for	  Classes	  of	  Planets	  

[Fe/H]<0.0	  
0.0≤[Fe/H]<0.2	  
0.2≤[Fe/H]<0.4	  

Would	  this	  plot	  
differ	  when	  using	  
stellar	  [Si/H]	  or	  
[O/H]	  rather	  than	  
[Fe/H]?	  
	  
2011	  sample	  size	  
was	  only	  15	  
planets,	  but	  the	  
sample	  is	  now	  
approaching	  30	  



Fortney,	  Baraffe,	  &	  Militzer	  (2010)	  
“Exoplanets”	  book,	  Arizona	  Space	  Science	  Series	  

Our	  Ice	  Giant	  Prototypes:	  Uranus	  and	  Neptune	  

80-‐90%	  Heavy	  Elements	  by	  Mass	  

• Interior	  
convecPon?	  

• Ice/rock	  
raPo?	  

• ComposiPon	  
gradients?	  

+	  H/He?	  



Figure	  from	  Eric	  Lopez,	  UC	  Santa	  Cruz	  



Low	  Mass	  Low	  Density	  Planets	  

• H-‐dominated	  atmospheres	  may	  be	  accreted	  from	  the	  nebula	  or	  a	  
few	  %	  my	  mass	  could	  outgassed	  from	  the	  interior	  (Elkins-‐Tanton	  &	  
Seager,	  2008;	  Rogers	  &	  Seager,	  2010)	  

• While	  H-‐envelope	  evaporaPve	  mass	  loss	  has	  li@le	  effect	  on	  hot	  
Jupiter	  structural	  evoluPon,	  can	  dramaPcally	  effect	  LMLD	  planets	  

• What	  is	  the	  main	  component	  of	  the	  heavier	  elements	  below	  H-‐
dominated	  envelope?	  	  Rocks?	  	  Water?	  	  (Where	  did	  they	  form?)	  

• Are	  the	  H-‐dominated	  envelopes	  extremely	  metal-‐enriched?	  	  What	  
are	  the	  observaPonal	  diagnosPcs?	  
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Figure 1. Possible mass loss histories for Kepler-36b & c. The curves plot the mass fraction in the H/He envelope vs. time, while the colors indicate each planet’s
density at a given age. Likewise the inset shows the radius evolution of each planet. The black points on the right hand side indicate the current compositions of
Kepler-36b & c, while the text lists the rock/iron mass predicted for each planet. Currently, Kepler-36c requires ! 8% of its mass in H/He, while Kepler-36b is
consistent with an Earth-like composition. Nonetheless it is possible both planets formed with ! 22% H/He, but subsequent mass loss has distinguished them
due to differences in their core masses. This provides a natural explanation for the large density contrast seen today in this system. Such evolutionary histories
are a generic outcome of our evolution calculations, with a wide range of initial H/He masses and mass loss efficiencies.

also included the observed uncertainties in mass, radius, cur-
rent age, and incident flux. In addition, for Kepler-36b we can
set an upper limit on the presence of any H/He envelope. It
must be < 0.1% H/He, assuming a maximally iron rich core
(Marcus et al. 2010).
By knowing the present day compositions, we can deter-

mine the mass of each planet’s core. For Kepler-36b it is sim-
ply the observed mass from TTVs, 4.5± 0.3 M!, while for
Kepler-36c it is 7.4±0.5

0.4 M!. Using these core masses, we ran
fully coupled models including both mass loss and thermal
evolution, in order to determine the initial composition each
planet had after formation. To ensure consistency, we check
that these models with mass loss are still able to reproduce
present day radius.
Figure 1 shows the results of our coupled mass and thermal

evolution models for both planets in the Kepler-36 system.
The model assumes that both planets formed at their current
orbits with the same initial H/He mass fraction. Each curve
plots the fraction of each planet’s mass in the H/He envelope
vs. age, while the colors indicate the planet’s density at that
age. The black points at the right indicate the current age
and composition of the Kepler-36 planets. We also show the
radius evolution of both planets in an inset. Such large radii at
young ages are a generic outcome of evolution models, since
the H/He envelopes are warm and are not degenerate. See
Mordasini et al. (2012) for a wider exploration of planetary

radii for low-mass planets with H/He envelopes as a function
of age.
At 10 Myr, when we start photo-evaporation both planets

are! 10 R!. Kepler-36b rapidly contracts as it loses mass and
is down to ! 3 R! by 100 Myr. Kepler-36c is also vulnerable
to mass loss. To have retained its current 8% of H/He Kepler-
36c would need to have been formed with 22% H/He at 10
Myr and a mass of 9.4 M!. Since Kepler-36b is consistent
with no H/He envelope today, we can only set upper limits on
its initial composition. However, if we assume that it formed
with the same initial 22%H/He as 36c, then it would have lost
its entire H/He envelope by the time it was 2 Gyr old. Thus
the large discrepancy in the present day densities of the two
planets, can naturally be explained by the fact that Kepler-36b
is significantly more vulnerable to mass loss than Kepler-36c.
However, this leads to the question, why is Kepler-36b so

much more vulnerable than its neighbor? Although it does
receive " 24% more incident radiation than 36c, this alone
produces far too small an effect to explain the necessary dif-
ference in mass loss histories (Carter et al. 2012). Instead, it
is caused almost entirely by the difference in the masses of the
two planets. As shown in Lopez et al. (2012), planetary radius
at fixed composition is relatively flat as a function of mass for
! 1 − 20 M! planets with significant H/He envelopes. As a
result, density for these planets goes roughly like the mass.
Since the mass loss rate is proportional to the inverse of the

LMLD	  Planets:	  What	  Are	  They	  and	  Where	  Do	  They	  Form?	  

PopulaPons	  of	  planets	  	  that	  have	  lost	  their	  H/He	  envelopes	  may	  show	  us	  what	  resides	  beneath	  

Lopez	  &	  Fortney	  (2013)	   arxiv:	  1305:0269	  



•  It	  has	  been	  suggest	  that	  Mercury’s	  
high	  iron/rock	  raPo	  could	  be	  
condensaPon/segregaPon	  effects	  
present	  at	  high	  temperature	  

•  Testable	  with	  modestly	  larger	  
populaPons	  of	  rocky	  planets	  with	  
with	  accurate	  M	  and	  R	  
measurements	  

	  
•  Rocky	  Super-‐Earths	  may	  lack	  dynamos	  
because	  the	  phase	  diagram	  of	  Fe	  
shows	  that	  Tcore	  <	  Tmelt	  for	  high	  
pressure	  iron,	  above	  ~	  2	  MEarth	  

A	  Few	  Comments	  on	  Rocky	  Planets	  

h@p://www.eso.org/public/outreach/eduoff/vt-‐2004/
mt-‐2003/mt-‐mercury-‐history.html	  

Morard,	  Bouchet,	  Mazevet,	  
Valencia,	  Guyot,	  EPSL	  (2013),	  
submi@ed	  



Main	  Points	  

• New	  era	  of	  EOS	  modeling	  and	  experiments:	  	  H,	  He,	  water/ices,	  rock,	  iron	  
• Allows	  for	  breakthroughs	  in	  the	  solar	  system	  without	  new	  planet	  
observaPons	  

•  Constraints	  on	  distribuPon	  of	  heavy	  elements	  within	  solar	  system	  giant	  
planets	  depends	  on	  model	  assumpPons	  

•  TransiPng	  Gas	  Giants	  
• No	  consensus	  on	  hot	  Jupiter	  radius	  inflaPon,	  but	  the	  mechanism(s)	  
must	  be	  based	  on	  level	  of	  incident	  flux	  

• Giant	  planet	  metal	  enrichment	  similar	  to	  Jupiter	  and	  Saturn	  
• Neptunes	  and	  below	  

• Degeneracy	  in	  composiPon,	  ice/rock	  raPo,	  etc.	  
•  EvaporaPon	  effects	  with	  important	  especially	  for	  smallest	  planets	  

•  For	  rocky	  planets,	  some	  fairly	  simple,	  yet	  important	  quesPons,	  can	  
already	  be	  understood	  

•  Keep	  Finding	  Planets:	  	  TESS,	  CHEOPS,	  ground-‐based	  transits,	  imaging	  


