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1.1. The Red Lines of Planet Formation

Johansen et al. [6] called their review “multifaceted planetesimal formation”. Indeed planets
and planetesimal formation have many aspects. Nevertheless, some milestones and processes from
micrometer dust to planet size objects are accepted by most in the field. Previous research has focused
on different details along these few red lines in planet formation. Aspects of planet formation along
these lines that are currently considered to have a reasonable share in planet formation are shown in
Figure 1.

Figure 1. Some standard ideas on planet formation. The top left, blue shaded region concerns the
processing of small grains and is, in part, accessible to laboratory experiments. Sand, pebble, and boulder
are used for particles of different size ranges. Solid lines indicate standard ways to proceed in size.
Dotted lines are alternatives or still under discussion. Dashed ways refer to the influence of pebbles
(cm-sized objects), currently studied for a number of different phases of planet formation. Red: some
dominating processes in certain phases; bold: most important milestones.

Starting in a protoplanetary disk, gas giants have to form at least within a few million years
before the disk is dispersed [10,11]. In the core accretion scenario, a core that would count as a nice
Super Earth by itself has to be formed first to efficiently accrete gas afterwards [12,13]. Much of
the planet formation in this scenario and for terrestrial planets anyway is a bottom up perspective
where dust is the starting point and ever larger bodies evolve one way or the other. The details of
“one way or the other” is actually the important and interesting, debatable part of planet formation.
Laboratory experiments are one possible way to constrain these details, especially, the formation of
km-size planetesimals.

The two mechanisms that have been discussed for planetesimal formation are collisional
growth [14] and self-gravity [15]. Initially, all relevant experiments and simulations show that
conquering the first few orders of magnitude in size can easily proceed by collisional aggregation.
Starting from Brownian motion-induced collisions between sub-micrometer dust grains [16,17] over
fractals [18,19] to compact sub-mm aggregates [20–22], there is no doubt that collisional growth is
efficient. Exact timescales are set by the local dust densities and variations in collision velocities related
to the disk’s gas. If the aggregates are in the sub-mm or mm range after this initial dust merging might
be debated, but the first of several hard stops in growth is then encountered.

Planet Formation Summary
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Fig. 1. Normalized histogram of the observed semimajor axis dis-
tribution of all extrasolar planets with known semimajor axes and
masses > 0.1 MJ around stars with masses 0.75 M�  M?  1.25 M�
(672 in total). Data are from the Extrasolar Planets Encyclopaedia at
http://exoplanet.eu (Schneider et al. 2011) as of 9 January 2019. The
solid lines illustrate the 1/

p
a and 1/a dependences of the RV amplitude

and the geometric transit probability, respectively. Orbital positions of
19 planets with known stellar obliquities are shown with open ( > 45�)
and closed (  45�) circles. While the scaling of the abscissa is log-
arithmic, the bin width is constant to suppress binning artefacts (see
Appendix A).

explain the existence and even pile-up of hundreds of known hot
Jupiters at about 0.05 AU around Sun-like stars.

The e�ciency of tidal dissipation in the star is determined
by the presence and extent of the convective envelope of the star
(Zahn 1977; Ogilvie & Lin 2007). While Sun-like stars on the
main sequence have their core–envelope boundary at about 0.7
solar radii (R�), pre-main sequence stars are much larger than
our Sun today and can have much more extended envelopes. As
a consequence, while solar-type stars on the main sequence re-
spond to the tidal perturbation by close-in massive planets with
a tidal dissipation function of 105 . Q? . 108, young stars are
much more dissipative (Bolmont & Mathis 2016) with Q? as
low as ⇡ 103, depending on the exact structure of a given star.
The source of this dissipation is in the so-called dynamical tide
within the convective regions of the star, which is due to inertial
waves that are caused by the Coriolis acceleration (Ogilvie & Lin
2007). Inertial waves are driven as long as the modulus of the or-
bital mean motion of the planet is |n| < 2|⌦?|, where ⌦? is the
stellar spin rate. As the tidal dissipation, and therefore the tidally
induced orbital decay of the planet, depends on both n and ⌦?, a
consistent picture for the tidal migration of hot Jupiters requires
a model of the stellar spin evolution and its e↵ects on the trans-
fer of rotation to orbital angular momentum. Toward the end of
the lifetime of a star, stellar mass loss and the engulfment of the
planet within the extended gaseous envelope of the star can fur-
ther a↵ect the orbital evolution of a planet under the e↵ect of the
dynamical tide (Rao et al. 2018).

With n and ⌦? a↵ecting the tidal dissipation regime, the ini-
tial rotational spin-up and subsequent magnetic braking of a star
are key ingredients to hot-Jupiter formation and evolution. Stas-
sun et al. (1999) found that solar-mass stars in the ⇠1 Myr old
Orion Nebula have typical rotation periods (Prot) between about
0.5 and 8 d (the upper threshold being uncertain due to observa-
tional biases), implying corotation radii between about 0.01 and
0.08 AU. The rotation periods of stars with ages between 1 and

5 Myr cluster between breakup periods (⇠0.5 d) and about 8 d
with a long tail in the period distribution up to ⇠30 d (Irwin et al.
2008). We use this information to parameterize our disk model
and the resulting torques on the planet (Sect. 2.1).

Figure 1(a) shows the well-known pile-up in the semima-
jor axis distribution of all known exoplanets with masses > 0.1
Jupiter masses (MJ) around sun-like stars. The open and closed
circles refer to hot Jupiters with known stellar spin-orbit obliqui-
ties ( ), which illustrates that the pile up is present in both low-
and high-obliquity hot Jupiters.1 Appendix A shows the same
data plotted along a linear abscissa. In this paper, we develop a
theory of hot-Jupiter formation that can at least partly explain
the existence of a pile-up in the sample of Kepler planets with
RV measurements.

2. Methods

In the early phase of planet formation, giant planets supposedly
form beyond the circumstellar ice line at a few AU around Sun-
like stars (Hayashi 1981). They then migrate to close-in orbits
at about 0.1 AU or less within the protoplanetary disk. Before
a protoplanet has accreted su�cient mass to open up a gap in
the disk, its radial drift is referred to as type-I migration and
it is driven by the Lindblad torque (�LB) and, in certain cases,
the corotation torque (Goldreich & Tremaine 1979; Lin & Pa-
paloizou 1986). Planets with masses similar to or larger than that
of Jupiter however open up a gap in the disk, which then leads
to type-II migration on the viscous timescale of the disk (Ward
1997; Nelson et al. 2000)2. As we are interested in hot Jupiters in
this study, we consider disk torques on the planet in the type-II
migration regime (�II).

If the tidal dissipation in the star is strong enough, the inward
migration of a planet may halt at a stellar distance where the
torque on the planet exerted by stellar tide (�t) compensates for
�II, that is, where �t + �II = 0. We refer to this distance as the
tidal migration barrier.

2.1. Disk model

The disk torque on the planet depends on the local disk proper-
ties. We assume that the planet orbits the star in the disk mid-
plane, which has a temperature Tm. We model a rotationally
symmetric, 2D optically gray disk with a vertical temperature
gradient determined by the viscous heating of the disk and by
the stellar irradiation. The disk e↵ective temperature is given by
(Hubeny 1990)

Te↵,d =
4
3

T 4
m � T 4

i

⌧ext/2 + 1/
p

3 + 1/(3⌧abs)
, (1)

where Ti is the temperature due to stellar illumination, ⌧ = ⌃p/2
with ext as the Rosseland mean extinction opacity, abs as the
Rosseland mean absorption opacity, and ⌃p as the disk gas sur-
face density at the position of the planet. The use of mean Rosse-
land mean extinction opacities is justified because the Planck
mean and Rosseland mean extinction opacities are comparable
in fully mixed dusty disks (Pollack et al. 1994). Furthermore,

1 Data from the TEPCAT catalog at www.astro.keele.ac.uk/jkt/tepcat/
(Southworth 2011).
2 But see Du↵ell et al. (2014) and Dürmann & Kley (2015) whose sim-
ulations suggest that gap opening does not necessarily couple planetary
migration to the evolution of the viscous disk.
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What might happen to a system initially like the SS, if a gas giant 
migrates in to become a hot Jupiter?

manuscript submitted to JGR: Planets

studies from ground-based radial velocity and space-based transit surveys have revealed
that of order 1/100 Sun-like stars host hot a Jupiter (e.g., Howard et al. 2012a, Wright
et al. 2012). In this contribution we will first explore the origins of these planets, before
examining planetary structure and evolution, and then moving on to atmospheres, along
the way pointing towards the many open questions still in need of exploration.

2 Origins and orbital evolution

Over the past 25 years astronomers have made significant progress in understand-
ing how hot Jupiters came to reside so close to their host stars. Here we summarize hy-
potheses for their origins (Section 2.1), constraints from orbital properties (Section 2.2)
and stellar and companion (Section 2.3) properties, and take aways (Section 2.4).

2.1 Origins hypotheses

There are three main hypotheses for the origins of hot Jupiters: in situ formation,
disk migration, and high eccentricity migration (Fig. 1). In situ formation posits that
hot Jupiters grew or assembled their cores and accreted gaseous envelopes at their present
day locations. Alternatively, hot Jupiters may have formed much further out and mi-
grated through the gaseous disk that surrounds a young star. After the gas disk dissi-
pates, a hot Jupiter far from its star could be disturbed onto a highly elliptical orbit and
migrate through tidal dissipation. Investigations of hot Jupiters’ origins have run par-
allel to those of giant planets in the Solar System, for which we also debate the roles of
planetesimal (e.g., Malhotra 1993) and gas disk migration (e.g., Walsh et al. 2011) and
scattering to elliptical orbits (e.g., Thommes et al. 1999). From a theory standpoint, all
three mechanisms are viable but lead to di↵erent expectations for hot Jupiter proper-
ties.

In situ 
formation

Ex situ formation

Disk 
migration

Disk 
disappears 

Eccentricity 
excitation

Disk disappears 

Tidal migration

Figure 1. Origins hypotheses for hot Jupiters: in situ formation, disk migration, and high

eccentricity tidal migration.

Giant planets are thought to form either by core accretion, in which a rocky proto-
planet core accretes many times its mass in gas from the proto-planetary disk (e.g., Perri
& Cameron 1974, Pollack et al. 1996; see Chabrier et al. 2014 for a review), or gravita-
tional instability, in which part of the proto-planetary disk fragments into bound clumps
(e.g., Boss 1997; see Durisen et al. 2007 for a review). Close to the star, gas conditions
prevent formation by gravitational instability (Rafikov, 2005). Core accretion can op-
erate close to the star (e.g., Lee et al. 2014, Batygin et al. 2016), but building a su�-
ciently large core (⇠ 10M�) is challenging. Feeding zones are small so the local avail-
able solids are insu�cient (e.g., Schlichting 2014), mergers of multiple smaller cores are

–3–



Considerations from Observations of 
Exoplanets
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Fig. 1. Eccentricity versus mass for the sample of substellar ob-
jects. Open squares: planets with a < 0.1 AU. Crosses: planets
with 0.1 AU < a < 0.5 AU. Filled squares: planets with a > 0.5
AU. Triangles: Planets with a > 0.5 AU in systems with more
than one detected planet. Stars: Objects that have been found
to have a stellar mass fromHipparcos astrometric observations.

One can also appreciate from Fig. 1 that there is a tendency
for the orbital eccentricity to increase with mass, as mentioned
in the introduction. The effect is, however, a weak one (we have
included the two recently discovered planets by Jones et al.
2006, which go against this mean tendency). There is a nat-
ural concern that this correlation might be induced by obser-
vational selection effects: according to Cumming (2004), high
eccentricities tend to be more easily detectable for long period
orbits, and low eccentricities are easier to detect for short pe-
riods. Because low-mass planets are harder to detect for long
periods (because of the low velocity amplitude), a change in
the eccentricity distribution with orbital period due to selec-
tion bias might induce the observed dependence of eccentric-
ities with planet mass. To check for this possibility, in Fig. 2
we plot the eccentricity versus the period for the sample of all
the exoplanets and brown dwarfs that have a > 0.2 AU (to
remove the objects affected by tidal circularization), using dif-
ferent symbols for different ranges of M sin i (the largest points
correspond to more massive planets). While one can also dis-
cern in Fig. 2 the tendency for eccentricity to increase with
mass, there is no obvious variation of eccentricity with period
for planets of fixed mass. We shall assume in this paper that
the mass-eccentricity relation is not being severely affected by
selection effects, although this will require more careful exam-
ination as the number of known exoplanets increases.

We also use the sample of binary stars based on The 9th
Catalog of Spectroscopic Binary Orbits (Pourbaix et al. 2004).
From this catalog we selected binary stars according to several
criteria: (a) A quality flag of 2 or greater to ensure reasonably

Fig. 2. Eccentricity versus orbital period for all planets and
brown dwarfs of different mass groups; objects with a < 0.2
AU have been removed from the sample. Small open squares:
M sin i < MJ; medium open squares: MJ < M sin i < 2 MJ;
large open squares: 2 MJ < M sin i < 4 MJ; large filled
squares: 4 MJ < M sin i < 13 MJ; extra-large filled squares:
13 MJ < M sin i.

firm orbital solutions and reliable eccentricities (tests using dif-
ferent selections in the quality flag indicate that this does not
introduce any bias in the eccentricity distribution); (b) the or-
bital period is required to be larger than 30 days, large enough
so that circularization processes have not played an important
role; (c) only main-sequence or subgiant components are kept
to minimize the range of stellar radii and permit the use of the
orbital period as a measure of the significance of circularization
processes. Similar criteria were recently used by Abt (2005) to
study the eccentricity distribution of binary stars. The resulting
sample is composed of 200 spectroscopic binaries meeting the
restrictions described above. In addition, we consider the sub-
sample of these 200 binaries having star components of FGKM
spectral type, for similarity with exoplanet host stars. This sub-
sample is composed of 130 spectroscopic binaries.

The eccentricity distributions of the samples considered in
this work are shown as histograms in Fig. 3. The top panel is
for the spectroscopic binaries with components of FGKM spec-
tral types. The middle and bottom panels show the eccentricity
distributions of substellar objects with minimum masses above
and below 4 MJ, respectively (the middle panel includes the
8 objects with 13 MJ < M sin i < 80 MJ that we consider to
be likely brown dwarf companions, as discussed above). The
placing of the mass division at 4 MJ is somewhat arbitrary
at this point, although there are observational indications of a
change in planet properties around this value (Udry et al. 2002).
Further discussion on the mass limit is provided in Sect. 4. All
substellar objects with a < 0.2 AU have been eliminated from
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Planets exchange angular momentum with the disk, giving rise to torques on 
the planets. 

Torque is generally expected to be negative -> planets lose angular 
momentum to the disk and drift towards the star. 
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FIG. 31 Nominal locations of the corotation (red) and Lind-
blad resonances (blue) for a planet on a circular orbit. Only
the low order Lindblad resonances are depicted — there are
many more closer to the planet.

surface density scales as the planet mass in the linear
regime so the torque scales as M2

p . The factor fc(⇠) is
the torque cuto↵ function (Artymowicz, 1993), which en-
codes the fact that resonances very close to the planet
contribute little to the net torque. The torque cuto↵
function peaks at,

⇠ ⌘ m
⇣ cs
r⌦

⌘

p
' 1 (258)

i.e. at a radial location r ' rp ± h, where h is the disk
scale height (this result immediately implies that a three-
dimensional treatment is necessary for the dominant res-
onances if the planet is completely embedded within a gas
disk, as is the case for low mass planets). The strength of
the torque exerted at each resonance is essentially inde-
pendent of properties of the disk such as the disk viscos-
ity, though of course the viscosity still matters inasmuch
as it controls the value of the unperturbed disk surface
density ⌃.

Figure 32 illustrates the di↵erential torque exerted on
the disk by the planet, after smoothing over the Lind-
blad resonances (Ward, 1997). The flux of angular mo-
mentum is initially deposited in the disk as waves, which
propagate radially before dissipating. The details of this
dissipation matter little for the net rate of angular mo-
mentum exchange.

Angular momentum transfer at corotation requires ad-
ditional consideration, and as we will see later thinking
of these torques in terms of resonances is not as prof-
itable as for the Lindblad torques. Formally though, in
a two-dimensional disk the rate of angular momentum
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FIG. 32 Schematic illustration of the smoothed torque den-
sity due to angular momentum exchange between a planet
and a gas disk at the location of Lindblad resonances, after
Ward (1997). The peak torque occurs at r ⇡ rp±h. The disk
gains angular momentum from the planet as a result of the in-
teraction for r > rp, and loses angular momentum for r < rp.
The interaction is almost invariably asymmetric, such that
when integrated over the entire disk the planet loses angular
momentum and migrates inward.

deposition at corotation is proportional to (Goldreich &
Tremaine, 1979; Tanaka, Takeuchi & Ward, 2002),

TCR /
d

dr

✓
⌃

B

◆
(259)

where B is the Oort parameter,

B(r) = ⌦+
r

2

d⌦

dr
. (260)

This implies that in a two-dimensional disk, the reso-
nant corotation torque vanishes identically in the mod-
erately interesting case of a disk with a surface density
profile ⌃ / r�3/2. This result does not apply to three-
dimensional disks (Tanaka, Takeuchi & Ward, 2002).

3. Type I migration

For low mass planets (generically Mp ⇠ M�, though
the exact mass depends upon the disk properties) the
angular momentum flux injected into the disk as a con-
sequence of the planet-disk interaction is negligible when
compared to the viscous transport of angular momentum.
As a result, the gas surface density profile ⌃(r) remains
approximately unperturbed, gas is present at the loca-
tion of each of the resonances, and the net torque on the
planet is obtained by summing up the torque exerted at
each resonance. Schematically,

Tplanet =
X

ILR

TLR +
X

OLR

TLR + TCR (261)
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Type I Migration
A lower-mass planet doesn’t perturb the disk very much -> Type I migration  

Lindblad torques act on the planet 
Numerical simulations find that the net torque is always negative -> inward migration 

Fast: a 10 MEarth planet at 5 AU drifts into the star in 10 000 years! 
-> too fast to allow giant planet formation 

-> Neptune would have been ingested by the Sun. 

The material 
leading the planet 
pulls it ahead and 
makes it gain 
angular momentum. 
The trailing material 
brakes the planet 
making it lose 
angular momentum.
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Fig. 16 Gap opened by a
Jupiter-mass planet orbiting a
Sun-like star.

migration. Such planets satisfy the gap-opening criterion given by Eq. (34). Assum-
ing, for instance, a protoplanetary disc with aspect ratio ⇠ 5% and alpha viscosity
av ⇠ 10�2, type II migration typically applies to planets more massive than Jupiter
orbiting Sun-like stars. Compared to the type I and type III migration regimes de-
scribed previously, the amplitude of the corotation torque is much reduced due to
the clearing of the planet’s coorbital region, and the differential Lindblad torque
balances the viscous torque exerted by the disc. The net torque on the planet can
be written as a fraction CII of the viscous torque due to the outer disc [17]. This
factor CII features the time-dependent fraction of gas fgas remaining in the planet’s
coorbital region.

The particular case with fgas going to zero corresponds to what is usually referred
to as standard type II migration regime. Its timescale can be approximated as

tII ⇡
2r

2
o

3n(ro)

✓
1+

Mp

4pS(ro)r2
o

◆
, (38)

where n denotes the disc’s kinematic viscosity, S the surface density of the disc
perturbed by the planet, and ro is the location in the outer disc where most of the
planet’s angular momentum is deposited. It can be approximated as the location of
the outer separatrix of the planet’s horseshoe region, which, for gap-opening planets,
is ro ⇡ a+2.5RH [70]. The first term on the right-hand side of Eq. (38) corresponds
to the viscous drift timescale at radius ro, and the second term features the ratio
of the planet mass to the local disc mass at radius ro. Two migration regimes can
therefore be distinguished:

1. Disc-dominated type II migration. When the planet mass is much smaller than the
local disc mass (by which we refer to the quantity 4pS(ro)r2

o), the planet behaves
much like a fluid element that the disc causes to drift viscously. The planet’s mi-
gration timescale then matches the disc’s viscous drift timescale ⇡ 2r

2
o/3n(ro)

[52]. In this migration regime, called disc-dominated type II migration, the planet
remains confined within its gap. Should the planet migrate slightly faster than

Type II Migration
High-mass (~Saturn-mass +) 
planets can clear a gap in the 
disk. 
This ends Type I migration 
and allows Type II to take 
over.

Two conditions necessary for 
gap formation: 
1) the Hill sphere of the 

planet needs to be 
comparable to the 
thickness of the gas disk 

2) tidal torques must be able 
to remove gas from the 
gap region faster than 
viscosity can fill the gap 
back in
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Some pairs of exoplanets may be caught in a 2:1 resonance Planet Migration
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in a common gap. In this mechanism, the innermost planet is massive enough to
open a deep gap and migrate inwards on a timescale comparable to that of type
II migration. The outermost, less massive planet migrates inwards at a larger pace
while carving a partial gap around its orbit. If both planets open overlapping gaps,
and maintain a mean-motion resonance between their orbits, their joint migration
could proceed outwards. The global picture is the following: as the inner planet is
more massive, the torque it experiences from the inner disc (inner Lindblad torque)
is larger than the (absolute value of the) torque the outer planet experiences from the
outer disc (outer Lindblad torque). To maintain joint outward migration in the long
term, the fluid elements outside the common gap must be funnelled to the inner disc
by embarking on horseshoe trajectories. Otherwise, material would pile up at the
outer edge of the common gap, much like a snow-plough, and the torque balance as
well as the sense of migration would eventually reverse. An illustration of the joint
outward migration mechanism is shown in Fig. 17.

Fig. 17 Illustration of the joint outward migration of a pair of resonant massive planets. The left
panel shows the evolution of the disc’s surface density perturbed by a Jupiter-mass planet (inner
planet) and a Saturn-mass planet (outer one). After an episode of rapid convergent migration (top-
left quadrant) resulting in their capture into mean-motion resonance, planets open overlapping
gaps (top-right quadrant), which leads to their joint outward migration (lower quadrants). The right
panels illustrate the outcome of the same mechanism applied to an inner 3-Jupiter mass planet, and
an outer 2-Jupiter-mass planet orbiting a 2M� mass star (taken from [16]). The time evolution of
the planets semi-major axis is shown in the top-right panel, and that of their 2 : 1 critical resonance
angle is in the bottom-right panel.

The migration reversal described above requires an asymmetric density profile
within the common gap. It is thus sensitive to the disc’s aspect ratio and viscosity,
which enter the gap-opening criterion. It is also sensitive to the mass ratio of the
two planets. If the outer-to-inner planets mass ratio is too small, the density contrast
within the common gap will be too large to affect the evolution of the innermost
planet (the gas density near the outer planet’s orbit remains too large to signifi-
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