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Exoplanet around a Sun-like Star
They are everywhere!



Diversity of Extrasolar Planets

Hot Jupiters

Solar System-like
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New Theories of Planet Formation
P. Armitage

Illustration by E. Chiang; Adaptations E. Ford
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Hot Jupiters via
Disk Migration

?

Illustration Adapted from E. Chiang 



GLS

Hot Jupiters via
Planet Scattering + Tidal Circularization

Rasio & Ford 1996          Illustration adapted from E. Chiang
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GLS

Eccentric Giant Planets via
Planet Scattering

Illustration Adapted from E. Chiang Rasio & Ford 1996; Weidenschilling & Marzari 1996



Chatterjee et al. 2007Juric & Tremaine 2007
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Secular Evolution of Ups And

Ford, Lystad, Rasio 2005; see also Malhotra (2002), Chiang et al. (2002); Barnes & Greenberg (2006); Veras & Ford 2009
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Measuring Exoplanet Inclinations
• Tidal dissipation in the planet rapidly damps eccentricity
• Search for planets with inclination excited by strong scattering

(Chatterjee et al. 2008; Fabrycky & Tremaine 2007; Nagasawa et al. 2007)

Gaudi & Winn 2006



Stars & Hot-Jupiter’s can be Misaligned

Amaury Triaud; adapted from Winn et al. 2010
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Launch of Kepler Mission
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Hot Jupiters are Lonely

• 63 Hot Jupiters
• No other transiting 

planets
• No TTV signals
• Consistent with

eccentricity excitation 
followed by tidal 
circularization

(Steffen et al. 2012 PNAS; 
see Szabo et al. arxiv)



GLS

Hot Jupiters via
Planet Scattering + Tidal Circularization

Rasio & Ford 1996          Illustration adapted from E. Chiang
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Hot Jupiters via
Disk Migration?

?

Illustration Adapted from E. Chiang 



Orbital Resonances Among 
Multi-Planet Systems Disovered via RVs

Fabrycky
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Kepler-30: Coplanarity via Spot Crossings

Sanchis-Ojeda+ 2012



Fabrycky et al. 2012

Extremely Compact 
Multi-transiting 

Planetary Systems



Fabrycky et al. 2012

Extremely Compact 
Multi-transiting 

Planetary Systems

TextHigher solid density close to star- 
idea of minimum mass extrasolar nebula 
(Laughlin et al. 2012, also see Hansen & 
Murray 2012)

Inside-out planet formation 
(Chatterjee & Tan)



Inside-Out Planet Formation 3

dead

zone

pebble driftMRI

zone

pebble ring 

forms at P max
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(iii)

dead zone

retreat

planet 

formation
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Fig. 1.— Schematic overview of the stages of the inside-out planet formation scenario. (i) Pebble formation and drift to the inner disk.
Pebbles form via dust coagulation in the protoplanetary disk. Those with ∼cm–m sizes attain high radial drift velocities and quickly reach
the dead zone inner boundary, where they become trapped at the pressure maximum. (ii) Pebble ring formation. A ring of pebbles gradually
builds up over a timescale set by the pebble formation and supply rate from the outer disk. (iii) Planet formation and gap opening. A planet
forms either via gravitational (Toomre) instability of the ring or via core accretion. In both cases, a gradual accumulation of the bulk of
the ring mass into a single planet is anticipated. In the case of gravitational instability, this ring mass, once organized into a single planet,
may be larger than the mass needed to open a gap in the gas disk. For core accretion, the final planet mass may be limited by such gap
opening. In both cases, gap opening is soon followed by viscous clearing of the gas disk interior to the planet’s orbit. (iv) Dead zone retreat
and subsequent pebble ring and planet formation. Gap opening and associated viscous clearing of the inner disk allow greater penetration
of X-ray photons from the protostar to the disk mid-plane, increasing its ionization fraction and thus activating the magneto-rotational
instability (MRI). The inactive dead zone retreats, along with the pressure maximum associated with its inner boundary. A new pebble
ring starts to form at this location that can form a new planet. This cycle repeats leading to sequential formation of a planetary system
from the inside-out.

where we have adopted σH2 = 2 × 10−15 cm2. In this

regime CD = 29/2cs/(3
√
πv∆). As discussed by Ar-

mitage (2007), the pebble inward radial drift velocity

vr,p, depends on pebble size and the disk’s pressure pro-

file P = P0(r/r0)−kP , and is given by
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where τfric ≡ ΩKtfric is the normalized pebble frictional

time, where ΩK = (GM/r3)1/2, and fτ ≡ (τfric+τ−1

fric
)−1.

For the alpha disk given by Equation 1, kP = 51/20 =

2.55.
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If τfric ∼ O(1), then tdrift for pebbles is much shorter than

the disk lifetime, expected to be � 1 Myr (Williams &

Cieza 2011).

Growing from small dust grains, pebbles will first be

in the Epstein drag regime. In this case
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Extremely Compact Multi-transiting 
Planetary Systems



Very Tightly Packed Planetary Systems

Kepler-36b&c:  Chaotic due to 29:34 and 6:7 MMRs!

Carter et al. 2012; Deck et al. 2012



Resonances in Kepler Multi-Planet Systems

• Rarer than in
RV systems
– Predicted!

• Most near, but 
not in resonance

• Near resonant
great for TTVs
– esp. closely 

spaced pairs!

Rein et al. 2012; 
Ford & Rasio 2008; Veras et al. 2012

RV Multi-Planet Systems

Kepler Multi-Planet Candidates

Period Ratio

C
um

ul
at

iv
e 

N
um

be
r o

f P
la

ne
t P

ai
rs

To
ta

l P
la

ne
t M

as
s 

(M
Ju

p)



Kepler’s Near Resonant Systems

Fabrycky et al. 2012;         see also Rein et al. 2012;  Ford & Rasio 2008; Veras et al. 2012
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L22 H. Rein

with a protoplanetary disc (Lee & Peale 2001). This set-up allows
us to choose two-dimensional parameters for each planet, the mi-
gration time-scale τ a and the eccentricity damping time-scale τe.
Most Kepler planets are not massive enough to open a gap in a
minimum mass solar nebula (Weidenschilling 1977; Crida, Mor-
bidelli & Masset 2006; Crida 2009) and migrate in the Type I
regime (Ward 1986). We therefore choose τ a to be a typical value
of the Type I migration rate for these planets, 103–104 yr. Note that
many effects such as a non-isothermal disc may change the Type
I migration rate (Paardekooper et al. 2010). We set the eccentric-
ity damping time-scale to be 10 times shorter than the migration
time-scale in all our simulations, τe = τa/10. This choice has been
adopted by many authors in the past and has been justified by
hydrodynamical simulations (Kley, Peitz & Bryden 2004). Tests
have shown that the results do not strongly depend on this precise
value. We use a 15th order RADAU integrator with a time-step set to
10−3 times the innermost planet’s period. Further tests have shown
that the results do not depend on the choice of integrator or time
step.

To study the effects of migration, we set up systems that closely
resemble those observed by Kepler. In fact, we initialize the en-
tire set of 364 multiplanetary systems and take the stellar mass,
the planet periods and the planet radii directly from the published
Kepler Objects of Interest (KOI) tables. From transit observations
only the planet radius is known. We follow Fabrycky et al. (2012)
and assume a simple mass–radius power-law to get a reasonably
estimate of the planet mass: mp

M⊕ = (
rp
R⊕ )2.06. Each planet is initialized

on a circular orbit. All systems are coplanar. This seems a reason-
able assumptions given that most Kepler planets are expected to be
highly aligned (e.g. Sanchis-Ojeda et al. 2012; Tremaine & Dong
2012). Almost all systems are stable for at least 104 yr when ini-
tialized this way and we ignore those few (<1 per cent) that are
unstable. We also do not take into account that several KOI objects
have already been confirmed and now have improved orbital fits.
We are confident that this procedure sets up systems that are indeed
similar to the real planetary systems, at least in an average sense.
We have furthermore tested that a perturbation of the initial orbital
parameters (such as starting with a more hierarchical period ratio
distribution) does not change the outcome of our simulations.

3 SM O OT H P L A N E TA RY M I G R AT I O N

We add smooth, dissipative migration forces to the equations of
motions for the outermost planet in each system. All other planets
only feel the gravitational forces from the star and the other planets.
This set-up naturally leads to convergent migration. As the outer
planet moves in, it captures the other planets in resonance. Which
resonance is chosen depends on the initial position, the migration
speed and the planet masses (Mustill & Wyatt 2011). We stop the
integrations after 104 periods of the outer planet at it’s initial loca-
tion. By that time it has moved in significantly. We tested removing
the migration forces after a different amount of time but did not see
any qualitative difference.

In Fig. 1 we show the cumulative distribution of period ratios
of neighbouring planets in all observed KOI systems as a solid
(red) curve. Note that there are surprisingly few features near inte-
ger ratios.2 However, by closely inspecting the curve near 3:2 and

2 Rein et al. (2012) present a similar plot for radial velocity system.

Figure 1. Cumulative distribution of the period ratios in KOI systems with
multiple planets – solid (red) line: observed period ratios; long dashed line:
period ratios after migration with τ a = 104 years; and short dashed line:
period ratios after migration with τ a = 103 yr.

2:1 period ratios, one can see a deficit of planets exactly in the
commensurability and a slight pile-up just outside.

The dashed curves show the final period ratios in our integrations.
We plot the results for two different migration rates: τ a = 104 and
103 yr. There are now very clear and sharp features that can be
associated with resonances. Most planets end up in the 3:2 resonance
followed by the 2:1 and 4:3 resonance. This is clearly not consistent
with the observed distribution. By closely inspecting each of these
locations, one can see a tiny asymmetry favouring larger period
ratios over the exact commensurability. However, this is nowhere
near the very apparent deficit of planets in the observed period ratio
distribution.

4 STO C H A S T I C P L A N E TA RY M I G R AT I O N

It is very likely that some kind of stochastic force was acting on
planets at least during some parts of their past. These forces could
result form Magneto Rotational Instability (MRI) turbulence in the
protoplanetary disc (e.g. Rein & Papaloizou 2009; Gressel, Nelson
& Turner 2011). Another possibility is the gravitational interaction
with a remnant planetesimal disc. This scenario also leads to migra-
tion containing both a smooth and stochastic component (Ormel,
Ida & Tanaka 2012). Even the interaction with other planets can be
described as a random walk in certain cases (see e.g. Zhou, Lin &
Sun 2007; Wu & Lithwick 2011). Each of these processes is not
completely explored and it is hard to estimate the precise amplitude
(or the diffusion coefficient) of the stochastic forces in each of those
scenarios. We therefore parametrize the forces in this study.

Stochastic forces are modelled following the procedure described
in Rein & Papaloizou (2009). The radial and azimuthal components
of the stochastic force are modelled independently as a Markov
process. The forces have an exponentially decaying autocorrelation
function with a finite correlation time. This mimics the forces of a
turbulent accretion disc. We set the correlation time to be half of
the orbital period of the outer planet. The strength of the forces is
measured relative to the gravitational force from the central star by
the dimensionless parameter α. Rein & Papaloizou (2009) estimate
the value for α to be ∼5 × 10−6 for small mass planets that are
embedded in a fully MRI turbulent disc (see their section 3.1). It is

C© 2012 The Author, MNRAS 427, L21–L24
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
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Kepler’s Near Resonant Systems

Rein et al. 2012;  see also Ford & Rasio 2008; Veras et al. 2012



Period ratios in multiplanetary systems L23

Figure 2. Cumulative distribution of the period ratios in KOI systems with
multiple planets – solid (red) line: observed period ratios; long dashed line:
period ratios after migration with stochastic forces with α = 10−6; and
short dashed line: period ratios after migration with stochastic forces with
α = 10−5.

important to point out that this value is not well constrained. In our
model each planet is forced stochastically, whereas only the outer
planet feels a net inward (Type I/II) migration force as described in
the previous section.

In Fig. 2 we show again the cumulative distribution of period
ratios. The solid (red) line is the observed distribution. The dashed
lines are from simulations where both smooth and stochastic migra-
tion forces are turned on. The long and short dashed lines correspond
to α = 10−6 and 10−5, respectively.

One can see that when the stochastic forces are sufficiently strong,
α = 10−5, every resonant feature in the distribution is lost. Fur-
thermore, several planetary systems become unstable and several
planets get ejected (note that the total number of pairs is smaller).
The number of ejected planets cannot be easily inferred from the
observed distribution of (not ejected) planets. Additional simula-
tions with no net migration (τ a = ∞, not plotted) show the same
behaviour.

For a small level of stochastic forcing, α = 10−7, most resonant
features remain. This is not shown on the plot as it looks almost
identical to the long dashed line in Fig. 1. This is once again not
consistent with the observed distribution.

However, for a more moderate level of stochastic forcing, α =
10−6, some of the resonant features remain. Especially the features
near strong resonances such as 4:3 and 2:1 can still be seen. This
looks surprisingly similar to the observed distribution. There is a
pile-up of planets just outside the exact commensurability. However,
one should note that this model still produces slightly too many
planets that are too close to the exact commensurability. But the
tendency of planets to have slightly larger period ratios is reproduced
correctly.

Finally, note that the overall net migration of planets moves the
distribution to the left. This should not be misunderstood as a pre-
diction but rather illustrates the fact that we start the planetary sys-
tems at their current location and then migrate them closer together.
Eventually, one should use an initial distribution that is motivated
by models of planet growth and then integrated forwards in time
until it resembles the observed distribution. But this kind of popu-
lation synthesis introduces many new parameters and we therefore
decided not to go down this route.

5 E C C E N T R I C I T Y D I S T R I BU T I O N

When planets migrate and capture into resonances, their eccentric-
ities rise. Eventually the excitation from the convergent migration
and the eccentricity damping from the disc reach an equilibrium
(Papaloizou 2003). Stochastic forces also cause the planet’s eccen-
tricities to grow (Rein & Papaloizou 2009).

If the combination of the smooth and stochastic migration scenar-
ios, as presented in Section 4, is indeed responsible for the observed
period ratio distribution, then we can make a prediction for the ec-
centricity distribution. The mean eccentricity in our simulation with
parameters τ a = 104 yr and α = 10−6 is 〈e〉 ∼ 0.01. In the simulation
with parameters τ a = 104 yr and α = 10−5 we have 〈e〉 ∼ 0.05.

In Fig. 3 we plot the final cumulative eccentricity distribution in
our simulations. The run with a short migration time-scale, τ a =
103 yr, produces high eccentricity planets. Planets are captured into
resonance earlier and eccentricities grow faster. The simulations
without stochastic forcing, illustrated by a short and medium dashed
curve (blue), show signs of a bimodal distribution. This is because
planets that do (do not) capture in resonance have a high (low)
eccentricity. Finally, note that the run with α = 10−5 also leads to
high eccentricities. This is due to the random excitation and not due
to resonances.

Unfortunately eccentricities are not known for most of the Kepler
candidates. Only radial velocity follow-up observations or transit-
timing variations allow a measurement of the eccentricities. How-
ever, the eccentricity distribution of multiplanetary systems can be
estimated statistically. Tremaine & Dong (2012) and Moorhead
et al. (2011) report values of e between ∼0.1 and 0.25.

It is unfortunate that the simulation which gives the best fit to
the period ratio distribution is not the best solution in terms of the
mean eccentricity. However, it is worth pointing out that observed
eccentricities have the tendency to be overestimated and the actual
eccentricities might be lower. This is a well-known effect in radial
velocity observations (Zakamska, Pan & Ford 2011) and most likely
also present in the Kepler sample. For example, noise in the data
or non-transiting planets creating additional transit timing variation
might lead to an overestimate of the mean eccentricity. The under-
lying reason for this is that the eccentricity is a positive definite
quantity. In addition to that, there are multiple possible physical so-
lutions to this discrepancy. First, one can fine-tune the eccentricity
damping and migration time-scales. The ratio was fixed in our sim-
ulations. Further experiments have shown that this ratio indeed has

Figure 3. Cumulative distribution of the final eccentricities in runs with
α = 0, 10−6 and 10−5, and τ a = 103 and 104.

C© 2012 The Author, MNRAS 427, L21–L24
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
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Kepler’s Near Resonant Systems

Rein et al. 2012;  see also Ford & Rasio 2008; Veras et al. 2012



The Astrophysical Journal Letters, 756:L11 (5pp), 2012 September 1 Lithwick & Wu

Figure 3. Timescale for resonant repulsion to move the period ratio of Kepler
planet pairs by a distance |∆|, where ∆ is the observed fractional distance to the
closest first order resonance. We adopt KIC system parameters, with updated
values for KOI-961 (red dots) from Muirhead et al. (2012). For tidal dissipation,
Q1 = 10 and k2 = 0.1. The lower panel zooms in to the resonant region. If
tRR ! system age (the horizontal line is the age of the Sun), the period ratios
should have evolved little since birth, while for tRR " age, we do not expect the
systems to linger at the observed ratios. The fact that most pairs lie at or above the
horizontal line is consistent with resonant repulsion by tides. Close inspection
of systems with very small tRR reveal many are related to three-body effects: the
turquoise circles indicate pairs where one or both planets are engaged in at least
two resonances simultaneously (defined as |∆| < 3%). Our simple picture of
resonant repulsion may break down in these cases. “Uncertain systems” refer to
those where the nominal total mass !1000 M⊕ (assuming Earth density), and
we discard them from consideration for fear of contamination.
(A color version of this figure is available in the online journal.)

repulsion, while all those with shorter tRR should have moved
to the right.

A number of inferences may be drawn. First, most systems
far from resonances (|∆| ! 10%) have experienced negligible
resonant repulsion and were most likely born with the period
ratio they have today.

Second, systems within 1%–10% of resonance exhibit tRR
that are as long as, or longer than, the typical age of systems
(a few Gyr). This is consistent with resonant repulsion by tides:
systems with shorter tRR would have been moved to the right
until tRR was comparable to the age of the system. Near the 2:1
resonance, it appears that pairs as far left as 1.8 and as far right
as 2.2 could have been affected by the repulsion.

Last, many systems very near resonances (|∆| " 1%) exhibit
such short tRR that they should have migrated to much larger
∆ values. At first sight, their presence is troubling. However,
an inspection of the Kepler catalog reveals that many of these
are in triples or higher multiple systems, and these planets are
engaged simultaneously in two or more two-body resonances.
The worst-off cases are in simultaneous resonances, reminiscent
of the Laplace resonance of Jupiter’s moons (Yoder & Peale
1981). Moreover, the fraction of multiples is much higher among
systems with tRR falling below the solar age line than for other
random pairs. Our simple picture of resonant repulsion fails
when the planet is subject to two or more resonances. In this
case, exact resonance may be maintained for a much longer

time because the planets form a heavy ladder with an effectively
large inertia. The prevalence of simultaneous resonances in these
short tRR systems spurs us to hypothesize that all pairs with short
tRR in Figure 3 are results of three-body effects, and that these
resonances are not primordial, but a combined effect of resonant
repulsion and three-body effects.

Removing the colored circles in Figure 3, we see a relatively
clear picture that most pairs stay where they were born with,
while pairs very close to resonances experience repulsion and
are shifted by a few percent to larger period ratios.

4. DISCUSSION

In this work, we investigate the peculiar fact that there is an
excess of Kepler planet pairs just wide of resonance, and a deficit
just inward of resonance. We propose that dissipation is respon-
sible for this asymmetry. Two nearly resonant planets whose
eccentricities are weakly damped repel each other (Greenberg
1981; Lithwick & Wu 2008; Papaloizou 2011). This is because
dissipation damps away the planets’ free eccentricities, but the
eccentricities that are forced by the resonance persist despite
dissipation. Planets are typically repelled when dissipation acts
on these forced eccentricities. As such, resonant interaction al-
lows dissipation to continuously extract energy from the orbits.
Resonant repulsion pushes pairs from the near side to the far
side of resonance, and naturally explains the Kepler result. Pairs
accumulate at a fractional distance ∆mig wide of each resonance,
with ∆mig ∼ (µ2t/tdamp)1/3, where tdamp is the typical eccentric-
ity damping time and t is the system age (Equations (24)–(25)).

For the source of dissipation, we focused on tidal damping
in the inner planet. The typical distance planets can repel each
other is of order a few percent or less for Kepler parameters if
the tidal damping is efficient. The deficit of pairs immediately
inward of resonance may be explained by this repulsion, and the
distances outward of resonance where planet pairs are found are
consistent with the theoretically estimated repulsion distance.

However, a number of inconsistencies between theory and
data require further investigation. For instance, many pairs
remain very close to resonance despite a short resonant repulsion
time. These are often found in systems with more than two
planets where the planet pairs are engaged simultaneously in
more than one resonance. We therefore speculate that in fact all
systems with short resonant repulsion time are consequences of
three-body effects. This may be confirmed using transit-timing
variation or other tools.

If resonant repulsion is the reason behind the resonance asym-
metry, its signature should be observable in future studies. The
planets should currently have nearly zero free eccentricities,
and as a result both of the resonant angles should be locked at
their center-of-resonance values, with very small libration am-
plitude. This can be tested with radial velocity measurements or
with transit-time variations (Lithwick et al. 2012). Furthermore,
if tidal damping is the dominant dissipation mechanism, we ex-
pect that the resonance asymmetry should vanish for planets
at orbital periods greater than 10–20 days. Long-term Kepler
monitoring will decide between tides or alternative damping
mechanisms, e.g., damping by a gaseous or planetesimal disk.

Our study suggests that the initial period distribution of Kepler
planets was relatively flat, without major pile-ups at or near
resonances.6 This is in contrast to Jovian mass planets and
6 The chain of resonances observed in systems like KOI-500, KOI-730
(Lissauer et al. 2011), KOI-2038 (Fabrycky et al. 2012) might also not be
primordial, but a combined result of resonant repulsion (a two-body effect) and
three-body interactions.

4

Kepler’s Near Resonant Systems
resonant repulsion

Lithwick et al. 2012;  see also Ford & Rasio 2008; Veras et al. 2012



Eccentricities of Transiting Planets 
via Transit Duration Distribution

• Consistent w/ RV distribution
• Smaller planets have smaller 

eccentricities
• Subject to uncertainties in stellar 

properties (A. Moorhead+ 2011)

Cool Host Stars
  Teff < 5400K

A. Moorhead+ 2011; see also Dawson+ 2012, Kane+ 2012



Testing Planet Formation Theory with Kepler

Orbital eccentricities, inclinations & multiplicity are 
key probes of planet formation:

•  Eccentricity distribution (+ stellar densities) → 
  Transit duration distribution   

•  Inclination distribution + Frequency of multiple 
 planet systems (+ period distribution) → 
  Frequency of multiply transiting systems &
  transit duration variations

•  Frequency of multiple planet systems + 
 Eccentricity distribution (+ period distribution) → 
  Distribution of TTV signatures

One complex inverse problem!
 (Observables, Desired Distributions, Both)



Planet Multiplicity & Mutual Inclinations

p(N;λ) = λN exp(-λ) / N!   (Poisson)
p(i;σ) = i / σ2 exp(-i2/2σ2)  (Rayleigh)

Ragozzine see also Lissauer+ 2011; Tremaine & Dong 2011; Fang et al. 2012

p(N;λ) = λN exp(-λ) / N!  
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Period-Normalized Transit Duration Ratio

R. Morehead; see poster 343.04



R. Morehead in prep.; see also Fabrycky et al. 2012; Fang et al. 2012; poster 343.04



Testing Planet Formation Theory with Kepler

Orbital eccentricities, inclinations & multiplicity are 
key probes of planet formation:

•  Eccentricity distribution (+ stellar densities) → 
  Transit duration distribution   

•  Inclination distribution + Frequency of multiple 
 planet systems (+ period distribution) → 
  Frequency of multiply transiting systems &
  transit duration variations

•  Frequency of multiple planet systems + 
 Eccentricity distribution (+ period distribution) → 
  Distribution of TTV signatures

One complex inverse problem!
 (Observables, Desired Distributions, Both)







Long-Term TTVs

Ford+ 2012



Kepler’s Multiple Planet Systems
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How Common are TTVs?
• First 16 months of Kepler data (Ford+ 2012):

– 39 – 175 TTV candidates 
– 8% – 18% of suitable KOIs show TTVs
– More for multis & long period planets

• Planets Confirmed by TTVs: 73 of ~105
• Sensitivity to long-term TTVs grows ~t5/2

– Many more KOIs w/ TTVs in extended mission



Eric Lopez

Super-Earths or Mini-Neptunes?



Future Prospects for
Measuring Masses via TTVs

 1 Earth-mass, 3:2 MMR, Kp=13  2 Earth-mass, 3:2 MMR, Kp=13

Ford



Detecting Small Planets w/ Large TTVs

Undetectable in 8 years

Detected despite any TTVs
w/ 8 years of Kepler data

Detectable w/ New Algorith
ms

Ford+ 2012
New Algorithms: Carter & Agol in prep; Moorhead+ in prep



Testing Planet Formation Theory with Kepler

Must combine many elements simultaneously:
• Detection efficiency/completeness
• Planetary systems 

(not just superposition of individual planets)
• Variety of observational constraints

(e.g., RV, TTV, spectra, imaging, seismology)
• Observational uncertainties 
• How planets were chosen for follow-up 

observations or more detailed analyses



Future Space Missions



Direct Imaging & ALMA

NASA, ESA, & Kalas (UC, Berkeley & SETI Institute)

Boley et al. 2012
ALMA: ESO/NAOJ/NRAO + HST: NASA/ESA



PlanetHunters.org

Invite Students to Join the Hunt!
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Questions

NASA



Movie of Collapse & 
Fragmentation



Movie of Collapse & 
Fragmentation


