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Hot 
Jupiters

Super Earths/
Hot Neptunes
“STIPs”

Most masses are 
very uncertain - 
derived from 
empirical relation: 
Mpl=M⊕(Rpl/R⊕)2.06

(Lissauer et al. 2011)



Systems with 
Tightly-packed 
Inner 
Planets 
(STIPs)

Architecture of Kepler Multiplanets 3

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.

Fabricky et al. (2014)



Properties of STIPs
• ≥3 planets per system
• Sizes of ~1-3 R⊕, consecutive planets have 
similar sizes or slightly bigger
• Periods from ~1-100 days; peak at ~10-20 days
• Tightly-packed (period ratios near 1.5-3; 
separations of ~10-20 RHill), but not on verge of 
instability
• Mostly non-resonant period ratios, but ~10% just 
wide of 1st order resonances (mostly 2:1 & 3:2)
• Low dispersion in inclinations (≲3°)
• Wide range of densities
• Occur around tens of percent of (single) stars
• May be the dominant mode of planet formation

Ragozinne (2013 - From Stars to Life)



Migration 
(e.g., Alibert et al. 2006; McNeil & Nelson 2010; Kley & Nelson 2012) 

- Form planets in outer disk 

- Migration to inner disk

Migration or In Situ Formation?

? Core Accretion
(c.f. Gravitational Instability)
But still many open questions,
including the meter-sized barrier

from A. Youdin

Fig. 1.— Relative perturbation of the surface density of a gaseous
protoplanetary disc perturbed by a 5 Earth-mass planet located at
x = rp and y = 0. The planet induces a one-armed spiral density
wave – the wake – that propagates throughout the disc, and density
perturbations confined in the planet’s horseshoe region. Typical
gas trajectories relative to the planet are shown with white curves
and arrows in the bottom panel.

and temperature T (⌃ / r�↵, T / r��), and the torque is
normalised by
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where q is the planet-to-star mass ratio, h = H/r is the
aspect ratio and quantities with subscript p refer to the loca-
tion of the planet. Note that in general we expect ↵,� > 0,
i.e. both surface density and temperature decrease outward.
For reasonable values of ↵, the wave torque on the planet is
negative: it decreases the orbital angular momentum of the
planet, and thus its semi-major axis (the planet being on a
circular orbit), leading to inward migration. The linear ap-
proximation remains valid as long as q ⌧ h3 (Korycansky
and Papaloizou, 1996). For a disc around a Solar mass star
with h = 0.05 this means that the planet mass needs to be
much smaller than 40M�.

The factor � in Eq. (1) is due to the difference in sound
speed between isothermal and adiabatic discs (Baruteau
and Masset, 2008a). For discs that can cool efficiently, we
expect the isothermal result to be valid (� ! 1), while for
discs that can not cool efficiently, the adiabatic result should
hold. It is possible to define an effective � that depends
on the thermal diffusion coefficient so that the isothermal
regime can be connected smoothly to the adiabatic regime
(Paardekooper et al., 2011).

A generalized expression for the Lindblad torque has
been derived by Masset (2011) for 2D discs where the den-
sity and temperature profiles near the planet are not power
laws, like at opacity transitions or near cavities. This gen-
eralized expression agrees well with Eq. (1) for power-law
discs. We stress that there is to date no general expression
for the wave torque in 3D non-isothermal discs. The analyt-
ics is involved (Tanaka et al., 2002; D’Angelo and Lubow,
2010) and it is difficult to measure the wave torque inde-
pendently from the corotation torque in 3D numerical sim-
ulations of planet-disc interactions.

The above discussion neglected possible effects of
self-gravity. Pierens and Huré (2005) showed that in a
self-gravitating disc, Lindblad resonances get shifted to-
wards the planet, thereby making the wave torque stronger.
This was confirmed numerically by Baruteau and Masset
(2008b). The impact of a magnetic field in the disc and
of possibly related MHD turbulence will be considered in
Section 2.1.4.

The normalisation factor �0 sets a time scale for Type I
migration of planets on circular orbits:
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where M? denotes the mass of the central star. Assuming a
typical gas surface density of 2000 (rp/1AU)�3/2

g cm

�2,
M? = M�, and h = 0.05, the migration time scale in years
at 1 Astronomical Unit (AU) is given approximately by 1/q.
This means that an Earth-mass planet at 1 AU would mi-
grate inward on a time scale of ⇠ 3 ⇥ 10

5 years, while the
time scale for Neptune would only be ⇠ 2⇥ 10

4 years. All
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So mechanisms invoked to prevent trapping in resonances 
(Stochastic Turbulent Migration: Rein 2012; Eccentricity damping during migration: 
Goldreich & Schlichting 2014)
and/or move planets out of resonance (e.g., Papaloizou 2011; Lithwick 
& Wu 2012; Batygin & Morbidelli 2013).

Migration or In Situ Formation?
Migration (e.g., McNeil & Nelson 2010; Kley & Nelson 2012) 
- Form planets in outer disk 
- Type I or Type II migration to inner disk
- Expect pile-ups of orbits near resonances

an artificial flood of the CPD, and to obtain numerical con-
vergence at high resolution. Furthermore, as we have seen
in Section 2.2.4, in simulations that discard self-gravity, the
torque exerted on the planet should exclude the circumplan-
etary disc. D’Angelo et al. (2005) find indeed that taking
that torque into account may inhibit type III migration.

Type III migration has allowed to rule out a recent model
of the Solar Nebula (Desch, 2007), more compact than the
standard model of Hayashi (1981). Indeed, Crida (2009)
has shown that Jupiter would be subject to type III migra-
tion in Desch’s model and would not survive over the disc’s
lifetime. The occurrence of type III migration may thus
provide an upper limit to the surface density of the disc
models in systems known to harbor giant planets at sizable
distances from their host stars.

It has been pointed out above that the exact expression
of the coorbital mass deficit involves the inverse vortensity
rather than the surface density across the horseshoe region.
This has some importance in low-viscosity discs: vorten-
sity can be regarded as materially conserved except during
the passage through the shocks triggered by a giant planet,
where vortensity is gained or destroyed. The corresponding
vortensity perturbation can be evaluated analytically (Lin
and Papaloizou, 2010). Eventually, the radial vortensity
distribution around a giant planet exhibits a characteristic
two-ring structure on the edges of the gap, which is unstable
(Lovelace et al., 1999; Li et al., 2000) and prone to the for-
mation of vortices (Lin and Papaloizou, 2010). The result-
ing vortensity profile determines the occurrence of type III
migration. If vortices form at the gap edges, the planet can
undergo non-smooth migration with episodes of type III mi-
gration that bring the planet inwards over a few Hill radii (a
distance that is independent of the disc mass), followed by
a stalling and a rebuild of the vortensity rings (Lin and Pa-
paloizou, 2010).

The above results have been obtained for fixed-mass
planets. However, for the high gas densities required by
the type III migration regime, rapid growth may be ex-
pected. Using 3D hydrodynamical simulations with sim-
ple prescriptions for gas accretion, D’Angelo and Lubow
(2008) find that a planetary core undergoing rapid runaway
gas accretion does not experience type III migration, but
goes instead from the type I to the type II migration regime.
Future progress will be made using more realistic accretion
rates, like those obtained with 3D radiation-hydrodynamics
calculations (e.g., D’Angelo and Bodenheimer, 2013).

2.3.3. Feedback of coorbital dynamics on type I migration

It has been shown that type I migration in adiabatic discs
could feature a kind of feedback reminiscent of type III mi-
gration. The reason is that in adiabatic discs, the corotation
torque depends on the position of the stagnation point rela-
tive to the planet (see section 2.1.2). This position, in turn,
depends on the migration rate, so that there is here as well
a feedback of the coorbital dynamics on migration. Masset
and Casoli (2009) found that this feedback on type I migra-

Fig. 4.— Surface density of a disc with two Jupiter-mass planets
located in a common gap, and engaged in a 2:1 mean-motion res-
onance. The inner planet mainly interacts with the inner disc, and
the outer planet with the outer disc, which helps to maintain the
resonant configuration. From Kley and Nelson (2012).

tion is negative, and that is has only a marginal impact on
the drift rate for typical disc masses.

2.4. Orbital evolution of multi-planet systems
So far, we have examined the orbital evolution of a single
planet in a protoplanetary disc, while about 1/3 of con-
firmed exoplanets reside in multi-planetary systems (see ex-
oplanets.org). In such systems, the gravitational interac-
tion between planets can significantly influence the planet
orbits, leading, in particular, to important resonant pro-
cesses which we describe below. A fair number of multi-
planetary systems is known to have at least two planets
in mean-motion resonance. Szuszkiewicz and Podlewska-
Gaca (2012) list for example 32 resonant or near-resonant
systems, with many additional Kepler candidate systems.
The mere existence of these resonant systems is strong ev-
idence that dissipative mechanisms changing planet semi-
major axes must have operated. The probability of forming
resonant configurations in situ is likely small (e.g., Beaugé
et al., 2012).

2.4.1. Capture in mean-motion resonance

We consider a system of two planets that undergo migration
in their disc. If the migration drift rates are such that the
mutual separation between the planets increases, i.e. when
divergent migration occurs, the effects of planet-planet in-
teractions are small and no resonant capture occurs. Con-
versely, resonant capture occurs for convergent migration
under quite general conditions, which we discuss below.

Planets can approach each other from widely separated
orbits if they have fairly different migration rates, or if
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tential that act with non-zero forcing frequency in an iner-
tial frame when the star does not rotate, have to be inef-
fective. Instead one has to rely on components that appear
to be stationary in this limit. These have a frequency that
is a multiple of the stellar rotation frequency, expected to
be significantly less than the orbital frequency, as viewed
from the star when it rotates. As such components depend
only on the time averaged orbit, they are insensitive to the
sense of rotation in the orbit. Accordingly there is a sym-
metry between prograde and retrograde aligning orbits with
respect to the stellar equatorial plane. This is a strict sym-
metry when the angular momentum content of the star is
negligible compared to that of the orbit, otherwise there is
a small asymmetry (see Rogers and Lin, 2013). Notably,
a significant population of retrograde orbits with aligned
orbital planes, that is expected in this scenario, is not ob-
served.

Dawson and Murray-Clay (2013) have recently exam-
ined the dependence of the relationship between mass and
orbital period on the metallicity of the central star. They
find that the pile up for orbital periods in the range 3 � 5

days characteristic of hot Jupiters is only seen at high metal-
licity. In addition, high eccentricities, possibly indicative of
dynamical interactions, are also predominantly seen at high
metallicity. This indicates multi-planet systems in which
dynamical interactions leading to close orbiters occur at
high metallicity, and that disc-driven migration is favoured
at low metallicity.

Finally, misalignments between stellar equators and or-
bital planes may not require strong dynamical interactions.
Several mechanisms may produce misalignments between
the protoplanetary disc and the equatorial plane of its host
star (see section 2.2.5). Another possibility is that internal
processes within the star, such as the propagation of gravity
waves in hot stars, lead to different directions of the angular
momentum vector in the central and surface regions (e.g.,
Rogers et al., 2012).

3.1.2. Low-mass planets

The Kepler mission has discovered tightly packed plane-
tary systems orbiting close to their star. Several have been
determined to be accurately coplanar, which is a signature
of having formed in a gaseous disc. These include KOI
94 and KOI 25 (Albrecht et al., 2013), KOI 30 (Sanchis-
Ojeda et al., 2012), and Kepler 50 and Kepler 55 (Chaplin
et al., 2013). We remark that if one supposed that formation
through in situ gas free accumulation had taken place, for
planets of a fixed type, the formation time scale would be
proportional to the product of the local orbital period and
the reciprocal of the surface density of the material mak-
ing up the planets (e.g., Papaloizou and Terquem, 2006).
For a fixed mass this is proportional to r3.5. Scaling from
the inner Solar system, where this time scale is taken to
be ⇠ 3 ⇥ 10

8 yr (Chambers and Wetherill, 1998), it be-
comes . 10

5 yr for r < 0.1 AU. Note that this time scale is
even shorter for more massive and more compact systems.

Fig. 6.— The period ratio histogram for confirmed exoplanets
is shown in the upper panel. The same histogram is shown in the
lower panel for Kepler candidates from Quarters 1 to 8. Vertical
dashed lines show the period ratio of a few mean-motion reso-
nances. Data were extracted from exoplanets.org.

This points to a possible formation during the disc lifetime,
although the formation process should be slower and qui-
eter in a disc, as protoplanets are constrained to be in non-
overlapping near circular orbits. Under this circumstance,
disc-planet interactions cannot be ignored.

Notably, Lissauer et al. (2011b) found that a signifi-
cant number of Kepler multiplanet candidate systems con-
tain pairs that are close to first-order resonances. They
also found a few multi-resonant configurations. An exam-
ple is the four planet system KOI-730 which exhibits the
mean motion ratios 8:6:4:3. More recently, Steffen et al.
(2013) confirmed the Kepler 60 system which has three
planets with the inner pair in a 5:4 commensurability and
the outer pair in a 4:3 commensurability. However, most of
the tightly packed candidate systems are non-resonant.

The period ratio histogram for all pairs of confirmed ex-
oplanet systems is shown in the upper panel of Fig. 6.
This shows prominent spikes near the main first-order res-
onances. However, this trend is biased because many of
the Kepler systems were validated through observing tran-
sit timing variations, which are prominent for systems near
resonances. The lower panel of this figure shows the same
histogram for Kepler candidate systems announced at the
time of writing (Quarters 1-8). In this case, although there
is some clustering in the neighbourhood of the 3:2 commen-
surability and an absence of systems at exact 2:1 commen-
surability, with there being an overall tendency for systems
to have period ratios slightly larger than exact resonant val-
ues, there are many non resonant systems.

At first sight, this appears to be inconsistent with results
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But most STIPs pairs 
are non-resonant
(Fabrycky et al. 2014; 
Baruteau et al. 2014)



Migration or In Situ Formation?
 
- Concentration of solids (~20-100 
ME inside ~1AU) arranged in an 
inner enriched disk of protoplanets

- They model final stages of 
oligarchic growth of planets (Ida 
& Lin 1998; Kokubo & Ida 2002)

- Some of the initial protoplanets 
are already >1M⊕

- Orbital evolution with gas leads to 
orbital architectures that differ from 
observed systems (Ogihara, 
Morbidelli & Guillot 2015)

Initial condition

0.1 Myr

10 Myr

(see also Chiang & Laughlin 2013)

In Situ Formation: Hansen & Murray (2012, 2013)



Observational Evidence

de Gregorio-Monsalvo et al. (2013)
HD 163296

CO(3-2)
1st moment

850μm 
dust 
continuum

Inward radial drift of dust with respect to gas

see also, e.g., 
Perez et al. (2012); 
Testi et al. (2014).

Grain Growth in Disks
CQ Tau
Trotta et al. (2013)



Overview of Inside-Out Planet Formation
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Rapid radial drift of cm to m-sized 
“pebbles” via gas drag. They collect 
at the pressure maximum at the 
dead zone inner boundary (DZIB), 
likely first set by thermal ionization 
of alkali metals at ~1200K.

Pebbles concentrate in narrow ring. 
Begin to dominate local gas mass 
surface density, Σp>Σg, eventually 
by factors ~10.

A planet forms from the pebble ring. 
It grows to then clear a gap, leading 
to viscous clearing of the inner disk.

With reduced extinction from the 
inner disk, the DZIB retreats 
outwards and the process repeats.

Chatterjee & Tan (2014)
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• Chatterjee & Tan, 2014, ApJ, 780, 53, 
Inside-out Planet Formation

• Hu, Tan & Chatterjee 2014, IAUS, 310, 66, 
Pebble Delivery for Inside-Out Planet Formation

• Chatterjee & Tan, 2015, ApJ, 798, L32, 
Vulcan Planets: Inside-out Formation of 
the Innermost Super-Earths

• Hu, Zhu, Tan & Chatterjee, 2015, ApJ, sub., 
Planet Disk Interaction at the Dead Zone 
Inner Boundary



Innermost Planets from IOPF 5

Fig. 4.— Mass of innermost planets (Mp,1) in multiplanet systems versus r. Left to right, panels show Mp,1 values obtained using
PL1–3, respectively (§3). Top to bottom, panels show observed and synthetic data with ↵ = 10�3 and 2⇥ 10�4, respectively (§4). Black
dots denote the actual Mp,1 of the synthetic data, following Eq. 3. Grey dots denote estimated Mp,1 for a given Rp using one of the Mp-Rp

power-laws (PL1–3). Green ’+’s are undetectable planets. Blue dashed lines show best-fit power-laws Mp,1/M� = p0r
p1
AU, p0 and p1 with

1� errors shown in each panel. PL1,2 systematically predict a higher ⇢p for a given Rp relative to our fitted lognormal mean ⇢p (Fig. 2)
resulting in typically higher estimated masses compared to actual Mp.

ent from the actual one, due to the intrinsic dispersion in
density. This highlights the importance of further TTV
analysis and RV followup.
Assuming that our selected observed sample of inner-

most planets truly are innermost, “Vulcan” planets, their
observed heliocentric distances can also constrain ṁ via
Eq. 1. Figure 5 shows histograms of the expected ṁ for
the observed systems if formed via IOPF. The estimated
e↵ective ṁ for a given innermost planet’s position de-
pends on ↵. We find that the majority of the observed
sample of innermost planets predict e↵ective ṁ between
⇠ 10�11–10�8 M�yr�1 for ↵ = 2 ⇥ 10�4. The tail to-
wards very large ṁ & 10�7 may indicate that some se-
lected planets are not actually innermost planets: either
there is an undetected inner planet (Nesvorný et al. 2012,
2013; Barros et al. 2014), or perhaps the original inner
planet has been removed via, for example, collision or

ejection.

5. DISCUSSION AND CONCLUSIONS

We showed that IOPF predicts STIPs innermost planet
mass, Mp,1, increases linearly with r, independent of ṁ,
m⇤, or . Absolute values for Mp,1, however, depend
strongly on disk properties, especially viscosity parame-
ter ↵.
Using fiducial disk parameters and observationally mo-

tivated mass-based density ranges we found the IOPF
Rp,1-r scaling is consistent with that in observed Ke-
pler multis (Fig. 3). Comparing mass scalings involved
assuming a Mp-Rp relation (Fig. 2). The estimated
Mp,1-r scalings vary depending on which Mp-Rp rela-
tion was chosen, even when the real underlying relation
is Mp,1 / r. We showed that Mp,1-r scalings for theo-
retical and observed populations agree within expected
uncertainties for all adopted Mp-Rp relations. Assuming

Consistent model if reduce 
DZIB viscosity:
𝛂-3 = 0.2 

Synthetic planet population with
MG = 5.0 φG,0.3 𝛂-3 r0.1AU M⊕
[include Kepler observational biases]

- Power law index, p1, agrees
- Dispersion consistent with 
being due to density variations
- But normalization, p0, too high

Inner, “Vulcan” Planet Mass 
versus Orbital Radius
MG = 5.0 φG,0.3 𝛂-3 r0.1AU M⊕
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Systems with Tightly-packed Inner (Super-Earth) Planets 
(STIPs) are common. Migration or In Situ Formation?

Inside-Out Planet Formation: 
• Radial drift of cm-m sized solids
• Massive “pebble” ring at pressure maximum of dead zone 
inner boundary
• Planet formation & growth from pebble ring 
• Planet mass grows until gap-opening
• Gap-opening leads to dead zone retreat
• New pebble ring forms, process repeats

Features of this planet formation model: 
• Rapid radial drift of pebbles, i.e., meter-sized barrier, is not a problem for this model.
• Creates ~1-10M⊕ planets on tightly-packed close orbits, starting from typical disks.
• Predicts flat scalings of planet mass with orbital radius, consistent with observed systems.
• Orbital spacings should be ≥3 Hill radii of inner planet. Spacing from first to second planet 
should be larger than subsequent spacings, as observed.
• Inner “Vulcan” planet mass vs orbital radius MG = 5.0 φG,0.3 𝛂-3 r0.1AU M⊕, independent of 
accretion rate. Consistent with observed planets (both scaling and normalization).
How to stop STIP Inside-Out Planet Formation? (Solar System?)
• Outer pressure trap, e.g., due to opacity jump?
• Maintain MRI inner midplane region out to large radii - extra ionization due to radionuclides (26Al)?
• Suppress MRI inner region (anti-aligned B-fields leading to Hall Effect suppression)?


