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Abstract: The compact multi-transiting planet systems discovered by Kepler challenge planet 
formation theory. Formation in situ from disks with radial mass surface density, Σ, profiles 
similar to the minimum mass solar nebula (MMSN) but boosted in normalization by factors ≳10 
has been suggested.  We propose that a more natural way to create these planets in the inner 
disk is formation sequentially from the inside-out via creation of successive gravitationally 
unstable rings fed from a continuous stream of small (~cm-m size) “pebbles”, drifting inwards 
via gas drag. Pebbles collect at the pressure maximum associated with the transition from a 
magneto-rotational instability (MRI)-inactive (“dead zone”) region to an inner MRI-active zone.  
A pebble ring builds up until it either becomes gravitationally unstable to form an ~1-10M⊕ 
planet directly or induces gradual planet formation via core accretion. The
planet may undergo Type I migration into the active region, allowing a new pebble ring and 
planet to form behind it. Alternatively if migration is inefficient, the planet may continue to 
accrete from the disk until it becomes massive enough to isolate itself from the accretion flow.  
A variety of densities may result depending on the relative importance of residual gas accretion 
as the planet approaches its isolation mass.  The process can repeat with a new pebble ring 
gathering at the new pressure maximum associated with the retreating dead zone boundary. 
Our simple theoretical model for this scenario of inside-out planet formation yields planetary 
masses, relative mass scalings with orbital radius, and minimum orbital separations consistent 
with those seen by Kepler. It provides an explanation of how massive planets can form with 
tightly-packed system architectures, starting from typical protoplanetary disk properties.

For more details see
Chatterjee & Tan 

(2013, arXiv:1306.0576)



1. STIPs require formation from a gaseous disk

Kepler has found many systems with tightly-packed inner planets 
(STIPs), with closely-spaced ~1-10 Earth-mass planets on well-
aligned orbits. There are about 250, 84, 26, and 8 systems with 
2, 3, 4, and 5 or more planets in the latest data release from 
Kepler (Batalha et al. 2013). Most of these planets have orbital 
periods <100 day. The figure shows systems with 3+ planets 
(from Fabrycky et al. 2012). Planet radii are to scale and colored 
by decreasing size in each system: red, orange, green, light blue, 
dark blue, and grey. These systems also have low (<~3 degree) 
inclination dispersion (Fang & Margot 2012). 
Compact architecture and low inclination dispersion suggest lack 
of strong dynamical encounters for these planets. They almost 
certainly formed from gaseous disks, enriched in solids.
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Figure 1. Systems of three or more planets. Each line corresponds to one system, as labelled on the right side. Ordering is by the
innermost orbital period. Planet radii are to scale relative to one another, and are colored by decreasing size within each system: red,
orange, green, light blue, dark blue, gray.

A scenario of planet formation in the outer disk followed by 
subsequent migration to the inner region has been proposed by, 
e.g. Kley & Nelson (2012). However, this tends to produce orbits 
trapped near low-order mean motion resonances, which are not 
a particular feature of the observed STIPs. Alternatively, Hansen 
& Murray (2012, 2013) proposed this concentration (>~20M⊕ 
inside 1AU) is achieved via migration of small bodies to form an 
inner enriched disk. They then considered a standard model of 
planet formation via oligarchic growth from such a disk (see also 
Chiang & Laughlin 2013). Here we consider a model involving 
simultaneous enrichment and formation.



2. A model for in situ formation near the star
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Rapid radial drift of cm to m-sized 
“pebbles” via gas drag. They collect 
at the pressure maximum near the 
dead zone (DZ) inner boundary (IB), 
likely first set by thermal ionization 
of alkali metals at ~1200K.

Pebbles concentrate in a relatively 
narrow ring, and begin to dominate 
the local gas mass surface density 
in the disk, Σp>Σg, eventually by 
factors of ~10.

A planet forms from the pebble ring, 
perhaps via gravitational instability. 
It may grow to then clear a gap in 
the gas disk, leading to viscous 
clearing of the inner disk. Or it may 
(Type I) migrate inwards. 

With reduced extinction from the 
inner disk, the dead zone inner 
boundary retreats outwards and the 
process repeats. Or, for the 
migration scenario, a new ring and 
planet form at the fixed DZIB. 



3. Radial drift of pebbles to the dead zone inner boundary

Pebbles are created by dust grain coagulation in the outer disk. Then...

The drift time is short! (evaluating for a 
standard Shakura-Sunyaev α-disk model) 

A pressure maximum is expected at the inner dead zone boundary:

So pebbles will collect at this boundary.



  4. Mass scales of planet formation

Various processes can set masses of planets forming 
from the pebble-dominated ring:
1. Toomre Mass, MT [assume vel. disp. ~ vr(r0); Q~1]
2. Ring Mass, MR [if most of the ring accreted to 1 planet]
3. Gap-opening Mass, MG [fraction ϕG =0.3 (Zhu et al. 
2013) of viscous-thermal criterion; note strong dependence on α]
4. Isolation Mass in gas, MI,g, or pebble-dominated, 
MI,p, disk [assuming planet sweeps up material out to ϕH(~3; 
Lissauer 1987) Hill radii (RH); isolation may also be achieved by 
pebble trapping at a larger radius due to dead zone retreat] 

Results for disk with 
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5. Subsequent planet formation

After gap opening by the first planet, protostellar X-ray ionization will penetrate 
further and the inner boundary of the dead zone will tend to move outwards, by at 
least ϕH~3RH, i.e. at least several Hill radii of the already-formed planet.

A new pressure maximum will be established and 
thus a new pebble ring can form, as long as the 
supply of pebbles from the outer disk continues. The 
mass of solids available in the disk out to radius r1 is:

A large region of the outer disk, 
out to a few x 10AU is needed to 
supply enough pebbles to make 
STIPs with several planets.Another possible scenario for subsequent planet 

formation involves inward Type I migration of the 
planet from the dead zone inner boundary, followed by 
new ring and planet formation at this same location.



6. Comparison of mass scales with Kepler systems

Mass scale lines as in figure in slide 4. (a) Top-left: planets with R<10R⊕ are shown from Batalha et al. (2013) 
(16-month data release). (b) Top-right: Only 4-planet systems shown. (c) Bottom-left: Only 5-planet systems 
shown. (d) Bottom-right: Only the 6-planet system shown. Note, planet masses are rough estimates from a 
simple scaling with radius (Mpl=M⊕(Rpl/R⊕)⊕2.06, Lissauer et al. 2011).

The masses of the 
observed planets are 
consistent with the 
fiducial model predictions 
assuming isolation in a 
gas-dominated disk, i.e. 
after the pebble-
dominated ring has been 
accreted to the planet. 
Describing the planet 
mass dependence on 
radius as

then for Mpl ≈ MI,g ≈ MG, 
we have kM≈0.1 (for 
r<1AU), approximately 
consistent with the 
observed systems.



7. Masses of the TTV systems

The masses shown in slide 6 are derived from observed sizes 
and so are quite approximate. A much smaller number of 
systems have direct mass measurements via transit timing 
variations (TTV):

Averaging all 6 systems:

Averaging all adjacent 
pairs:

More masses are needed!



8. Orbital spacings between adjacent planets
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We measure orbital spacing between 
adjacent planets normalized by the 
Hill radius of the inner planet, ϕΔr, and 
ϕΔr,i uses i to index the inner planet of 
the pair i and i+1 (planet 1 is closest 
to the star).

Probability distribution of ϕΔr  for Kepler 
systems with Np ≥ 2 (top-left), 3 (top-right), 
4 (bottom-left), and 5 (bottom-right), 
where ϕΔr values for the 6-planet system 
are shown with inscribed circles.



9. Properties of Kepler planets with direct mass measurements 



10. Conclusions

Inside-Out Planet Formation: radial drift of cm-m sized solids by gas drag is fast and 
leads to build up of a massive “pebble” ring at a location of a local pressure maximum. 
This location is likely to be the inner boundary of the dead zone. Planet formation occurs 
in this ring, perhaps via gravitational instability. The planet mass may grow until gap-
opening, which then causes retreat of the dead zone inner boundary. A new pebble ring 
forms, slightly further out, and the process repeats. Or the planet Type I migrates inwards, 
allowing a new ring and planet to form behind it at the fixed dead zone inner boundary.

Features of this model: 
- The radial drift of pebbles (part of the “meter-sized barrier” for planet formation) helps 
direct solids to the inner region for sequential planet formation.
- This process can create ~1-10M⊕ planets on tightly-packed orbits close to the host star, 
starting from typical protoplanetary disk properties.
- It predicts relatively flat scalings of planetary mass with orbital radius, consistent with 
observed systems (for the scenario that assumes subsequent migration is negligible).
- Planetary orbital spacings should be >~3 Hill radii of the inner planet of the pair, and the 
spacing from first to second planet may be relatively larger than subsequent spacings, as 
is observed.

Next steps: 
- Calculation of pebble formation rate for more realistic model of global evolution of pebble 
population in the disk.
- Numerical simulation of the pebble-dominated ring formation (i.e. Σp ~10 Σg) and planet 
formation from such conditions.
- Numerical simulation of dead zone inner boundary evolution.
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