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From exo-Jupiters to exo-Mars
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n ≡ number of planets per star

∝ R
α
P

β (say)

divide into fast and slow
populations and fit 

separately
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n (R > 2 R⊕♁, P < 50 days) ~ 0.2 planet per star

n (R > 1 R⊕♁, P < 365 days) ~ 2 planets per star

Trust detection efficiency down to 1R⊕♁,
and extrapolate to 365 days	
 :

Youdin 11
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Minimum-Mass
Kepler-11 system

(turns out
Toomre Q ~ 2)
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Mass accretion rate
v

In situ formation of rocky planets

Ṁ ∼ ρ v R2 Fgrav
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Fgrav

∼ 104 yr for Kepler-11



In situ formation of hot Jupiters?
Core accretion

Mcore

ρ, T

Matm

Matm ∼ Mcoreif instability
(runaway envelope accretion)

Matm(Mcore, ρ, T, κ, Ṁplanetesimal)



Rafikov 2006

In situ hot Jupiter

RB = GM/c2

s

ρ, cs

Matm ∼ 4πρR3

B

∼ Mcore

instability

Mcore,crit ∼

c3
s

√

4πG3ρ

(vesc ∼ cs)



Lubow
 et al. 99

Formation
of hot

Jupiters
by

disk-driven
migration

What is
the source

of disk
viscosity?

MRI activity in
surface layers

only

FUV

X-ray



MRI accretion
rates too low 

FUV-ionized 
layer too thin

X-ray-ionized 
layer weakened 
by PAHs and 

ambipolar 
diffusion
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λ

λ = stellar obliquity
(sky projected)

Ω

Spin-orbit alignment of hot Jupiters

~50% are misaligned,
including retrograde



0

Measuring spin-orbit angles by Rossiter-McLaughlin

Winn+ 11
Gaudi & Winn 08

HAT-P-14



When planet comes close enough
to star, strong tides are raised
on planet, circularizing its orbit

Migration by eccentricity excitation and 
tidal decay

Eccentricity is excited (somehow)

Planet forms far from star

●  

●  

●  

Y. Lithwick



Secular Chaos
● Start with 3 widely spaced, 
mildly eccentric & inclined 
planets:

a(AU) ecc. inc.
(deg)

mass 
(Mj)

1 0.066 4.5 0.5

6 0.188 19.9 1.0
16 0.334 7.9 1.5

● no close encounters or strong resonances

Wu & Lithwick 11



Secular Chaos and Migration
Wu & Lithwick 11



Burrows et al. 2007

Hot Jupiters are inflated

Transit radii > Theoretical radii
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Wind Power

and Ohmic Heating
jϴ

j ∼ σ
v

c
× B

thermal (Saha) ionization
~0.01 S/m

~1 km/s

~1 G

Surface
current
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RC

R2zRC

Ohmic
power
at RC

boundary

Batygin & Stevenson 10



Ohmic inflation (or suspension)

Wu & Lithwick 12

only works if hot Jupiter is parked early
(cf. secular migration which parks late)



Von Braun / Saturn V

Thermally driven mass loss
(Parker winds)

de Laval nozzle

vesc ∼ 40 km/s

hot Jupiter
T ≥ 10

4
K UV heating

PdV work vs. radiative loss (e.g., Ly-α cooling)

transition from
subsonic

to supersonic
occurs at

sonic point

R. Murray-Clay

Rs =
GM

2c2
s



Teff ≈ 1300K 
1 bar “surface” of planet

Photoionization base (τUV = 1)

Sonic point

Roche lobe radius

Rp ~ 1010 cm 

1.1 Rp

2-4 Rp 

4.5 Rp 

Twind ≈ 3000-10000 K 

H2

H, H+

 Hydrodynamic planetary wind

P ~ nanobar

Pressure balance
with stellar wind 6 Rp P ~ 10 picobar



Atmospheric escape from HD 209458b

hν0 = 20 eV

Mp = 0.7 MJ

Rp = 1.4 RJ

ρbase = 4x10-13 g

Tbase = 1000 K

fbase = 10-5

τsp = 0.0046

Murray-Clay, EC, & Murray 09

FUV = 450 erg/cm2/s



Mass-Loss Rates

main
sequence

T  Tauri

Murray-Clay, EC, & Murray 09

GMṀ

R
∼

εFUVπR
2

At low
UV flux,
wind is
“energy-
limited”

⇒ Ṁ ∝ FUV

At high
UV flux,
wind is

“recombination-
limited”

n
2
+αrec ∼

FUV

hν
σbfn0

⇒ Ṁ ∝ F
1/2

UV

Planet loses ~1% of mass over lifetime



H0cold + H+hot ⇒ H0hot + H+cold

HST Ly-α absorption
and charge exchange

-100 km/s 100 km/s
Holmstrom+ 08

Ekstrom+ 10

Vidal-Madjar+ 03

H+hot

H0cold

Tremblin & EC , in prep.

Log density (cm-3)



Disintegrating Planet 3

Fig. 2.— Light curves for KIC 12557548 spanning all of the Q2–Q6 data sets, as well as for 40-day and 10-day segments of the Q2 data.
The intrinsic Poisson fluctuations per Kepler sample are ∼0.03%.

Fig. 2 shows the highly variable nature of the occulta-
tions, which, in fact, have depths that render them easily
seen over most of the 180 day interval, but, for the first
∼20 days of Q2, are very small or even not noticeable.
We have also checked the Q1 data and, indeed, the occul-
tations are not apparent during the first 10 days of that
quarter as well as the final 10 days. As seen in panel (c)
of Fig. 2, the individual occultations vary strongly from
one cycle to the next. The variable occultations persist,
with a similar range in depths, throughout the following
270 days of Q4 through Q6 data.

When the data are folded about the 15.685-hour pe-
riod, the results, shown in Fig. 3, further illustrate how
the occultation depths vary. The largest depth is ∼1.2%,

while some of the points near the middle of the occulta-
tion are depressed by no more than ∼0.15%. On the
other hand, it is clear that, aside from a few individual
data points within the occultation interval, almost all
show a minimum depression in the intensity by ∼ 0.1%.
Thus, even when the occultations are not noticeable,
there still may be a small effect.

When the folded data are binned (see Fig. 3b) one can
see that the average depth at the heart of the occultation
is only ∼0.5% or about half the maximum depth. There
is also some evidence for a small peak in the flux at ∼30◦
in phase before the occultation ingress, and an equally
small deficit in flux just after egress. We will discuss
these features briefly in Section §4.7.

Kepler Input Catalog (KIC) 12557548

Disintegrating Planet 3

Fig. 2.— Light curves for KIC 12557548 spanning all of the Q2–Q6 data sets, as well as for 40-day and 10-day segments of the Q2 data.
The intrinsic Poisson fluctuations per Kepler sample are ∼0.03%.

Fig. 2 shows the highly variable nature of the occulta-
tions, which, in fact, have depths that render them easily
seen over most of the 180 day interval, but, for the first
∼20 days of Q2, are very small or even not noticeable.
We have also checked the Q1 data and, indeed, the occul-
tations are not apparent during the first 10 days of that
quarter as well as the final 10 days. As seen in panel (c)
of Fig. 2, the individual occultations vary strongly from
one cycle to the next. The variable occultations persist,
with a similar range in depths, throughout the following
270 days of Q4 through Q6 data.

When the data are folded about the 15.685-hour pe-
riod, the results, shown in Fig. 3, further illustrate how
the occultation depths vary. The largest depth is ∼1.2%,

while some of the points near the middle of the occulta-
tion are depressed by no more than ∼0.15%. On the
other hand, it is clear that, aside from a few individual
data points within the occultation interval, almost all
show a minimum depression in the intensity by ∼ 0.1%.
Thus, even when the occultations are not noticeable,
there still may be a small effect.

When the folded data are binned (see Fig. 3b) one can
see that the average depth at the heart of the occultation
is only ∼0.5% or about half the maximum depth. There
is also some evidence for a small peak in the flux at ∼30◦
in phase before the occultation ingress, and an equally
small deficit in flux just after egress. We will discuss
these features briefly in Section §4.7.

K-type star

M✴ = 0.7 M☉
R✴ = 0.7 R☉
T✴ = 4400 K

Companion

Porb = 15.685 hr
a = 0.013 AU (4 R✴)

Teff = 2100 K
Rappaport, Levine, EC+ 12

eclipse depth varies from orbit to orbit



4 Rappaport et al.

Fig. 3.— Folded light curves of KIC 12557548 about the 15.685-
hour occultation period for the Q2–Q6 data sets. Top panel –
unbinned data; bottom panel – folded data averaged into 96 dis-
crete bins. Short illustrative vertical bar on the left is the standard
error of the data points within a bin. Note the highly statistically
significant depressed flux level following the main occultation.

The full width of the occultation, with the exception
of these small features, is 0.1 of the orbital cycle. This
corresponds to ∼1.5 hours in duration, or just 3 Kepler
long-cadence integration times. If this duration is inter-
preted simply as indicating the sum of the radii of the
occulting “bodies” it corresponds to (R1 + R2)/a � 0.3.
However, if we take into account approximately the effect
of the finite integration time, then (R1 + R2)/a � 0.24.
Note that these estimates assume, without justification,
equatorial as opposed to grazing occultations.

Finally, we have fitted a constant plus a cosine of
twice the orbital frequency to the folded and binned light

Fig. 4.— Power spectrum of the detrended flux data for KIC
12557548 with the out-of-occultation region set equal to the mean
flux level. See text for details.

curve, excluding the bins inside the occultation interval,
i.e., at orbital phases of ±0.085 cycles around mid occul-
tation. We find only an upper limit of ∼5× 10−5 for the
amplitude of such a feature. This limit will be discussed
below in the context of setting a constraint on the mass
of any body orbiting the target K star.

2.3. Fourier Search for Modulations
As a check for periodic modulations of the occultation

depths for the 15.685-hour period, we carried out an FFT
of the data (as shown in Fig. 2) but with the portions of
the light curve away from the occultation set equal to the
mean out-of-occultation intensity. The purpose of this
latter step is to suppress the noise level, without sacri-
ficing any significant fraction of the signal. The results
are shown in Fig. 4. All 16 harmonics of the 15.865-hour
period, out to the Nyquist limit, are clearly visible. In
addition, a careful inspection of the amplitudes between
the harmonics indicates some evidence for low-amplitude
modulation-induced sidebands. However, at least a num-
ber of these can be reproduced in an FFT of the window
function associated with the occultations. Thus, we find
no compelling evidence for periodic modulation of the
occultation depths.

2.4. Checks on the Validity of the Data
Because of the unusual exoplanet phenomenon pre-

sented in this work, we need to be especially careful to
ensure that there are no spurious artifacts in the Ke-
pler data for this object. In this regard, we performed a
number of tests on the data.

First, as mentioned above, we checked that the oc-
cultations are present in all of the quarters of released
(i.e., public) data (Q1-Q6), and that the behavior of the
occultations does not change abruptly across quarterly
boundaries.

Orbital Phase Orbital Phase

folded about 15.685 hr folded, binned, averaged

fast
ingress

out-of-eclipse variation < 5e-5

⇒ M < 3 MJ (no ellipsoidal light variation)

variable
eclipse depth

0.2 - 1.3%

pre-ingress bump

slow
egress



What it could be

R

Ro

R✴
A disintegrating super-Mercury

R ~ 0.5 R⊕♁  M ~ 0.1 M⊕♁

occulting size Ro ≾ 0.1 R✴ 
                                  ≾ 15 R 

Teff ~ 2100 K
⇒ cs ~ 0.7 km/s

⇒ vesc ≾ a few km/s (sub-Earth) Rappaport, Levine,
EC+ 12



R

Ro

~RoṀd ∼ ρdvoR
2

oMass loss rate

optical
depth

eclipse depth f ∼ τR2

o
/R2

∗

s2/(ρbs
3)

∼ 0.5 M⊕Gyr−1

(

f

0.01

) (

s

0.1 µm

)

⇒ Ṁd ∼ fsvoρbR
2

∗
/Ro

pyroxene grain 
sublimation 

lifetime ~ 104 s
 ~ travel time 

across Ro

τ ∼ ρd Ro κd ∼

ρdRo

ρbs}

planet lifetime

M

Ṁ
=

M

Ṁd + Ṁg

∼ 0.1 Gyr

Ṁ

M

Grain and Planet Lifetimes 

TBD
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•  Coriolis force + stellar radiation pressure on grains
    creates trailing tail
•   Tail causes prolonged egress
•   Scattered light off head of “comet” causes pre-ingress bump
•   Predictions: (i) infrared eclipses shallower
                      (ii) deeper eclipses in gas absorption lines



•   Disk properties / Planet-disk interaction (Herschel,  ALMA)
•   Highly eccentric hot Jupiters (RV, Kepler)
•   Hot Jupiter magnetospheres (LOFAR, SKA)
•   Evaporating atmospheres (HST, JWST)



What it is not:

●  gas giant (dynamically unstable)

●  background blend with RR Lyrae
     variable star
    (background blends will be further
     checked with deep imaging)

RR Lyrae star with 
Kepler

What it is probably not:

●  hierarchical triple containing accretion disk
   (no out-of-eclipse variability)

KPorb = 15.7 hr



How much extra power and where?

Where :
convective

interior

Radiative-
convective (RC) 

boundary

How much :
Frad|RC ∼

σT 4
eq

τRC

Spiegel+ 09

Isothermal
radiative

layer

Convective zone

L∗

4πa2
∼ σT

4
eq

P ∼
L∗

4πa2
πR

2
× τ

−1

RC




