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All the planets (except Mercury) are  
in the circular (e < 0.1), coplanar (i ~ 6 degree) orbit



“Classical” Picture 
of Planet Formation

All the planets should have formed 
in a disk around the sun

The composition of planets was
determined by their location

(in-situ formation)

The presence of icy bodies 
increased the mass of planetary 

cores and 
enhanced gas giant formation

The natal disk was composed of
gas and solid

e.g., Hayashi 1981



the First Detection of
an Extra Solar Planet
about 20 years ago



Exoplanetary Populations
e.g., Mayor et al 2011, Howard et al 2012, 

Batalha et al 2013, Holczer et al 2016

>3300 confirmed
(>4600 candidates)



Exoplanetary Populations
e.g., Mayor et al 2011, Howard et al 2012, 

Batalha et al 2013, Holczer et al 2016

Hot Jupiters

Exo-Jupiters

Low-mass 
Planets
(Super-Earths)

>3300 confirmed
(>4600 candidates)

: rare (~ 1 %)

: more (~ 10 - 20 %)

: dominant ( > 50 %)

Planet-forming materials or planets should move 
in protoplanetary disks!! 



Key idea: Planet Traps (or Planetary Migration)

Result 1: Orbital Distributions of Planets 
                Formed at Planet Traps

Result 2: the Mass-Radius Diagram for 
                Observed Close-in Super-Earths

Exoplanetary populations can be reproduced well
by coupling planet traps with core accretion



Key Idea: 
Planet Traps 
(or Planetary Migration)
Hasegawa & Pudritz, 2010b, ApJ, 710, L167
Hasegawa & Pudritz, 2011b, MNRAS, 417, 1236



Planetary Migration

Masset 2002

Angular momentum transfer

Lindblad resonances:
Inner disk => planet => outer disk

Corotation resonances:
Inner disk <= planet <= outer disk

e.g. Goldreich & Tremaine 1980, Ward 1986, Lin & Papaloizou 1986,
      Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002
      Baruteau & Masset 2008, Paardekooper et al 2010, 2011



Planetary Migration

Masset 2002

Angular momentum transfer

Lindblad resonances:
Inner disk => planet => outer disk

Corotation resonances:
Inner disk <= planet <= outer disk

The net of transferred angular 
momentum regulates migration

e.g. Goldreich & Tremaine 1980, Ward 1986, Lin & Papaloizou 1986,
      Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002
      Baruteau & Masset 2008, Paardekooper et al 2010, 2011



2 Modes of Migration

Masset 2002

Type I migration (no gap)
: effective for low mass planets such as 
  terrestrial planets & cores of gas giants

Nelson et al 2000

Type II migration (gaps)

: effective for massive planets 
  such as Jovian planets

e.g. Goldreich & Tremaine 1980, Ward 1986, Lin & Papaloizou 1986,
      Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002
      Baruteau & Masset 2008, Paardekooper et al 2010, 2011



Planet Traps

Masset 2002

Type I migration (no gap)
: effective for low mass planets such as 
  terrestrial planets & cores of gas giants

e.g. Goldreich & Tremaine 1980, Ward 1986, Lin & Papaloizou 1986,
      Nelson et al 2000, Masset 2001, 2002, Tanaka et al 2002
      Baruteau & Masset 2008, Paardekooper et al 2010, 2011

The direction and the speed of migration depend on disk 
properties such the surface density & the disk temperature

Planet traps = disk structures 
at which the net torque is zero



Cavity

Planet Traps

Masset et al 2006

Inner edge of disks



Cavity

Planet Traps

Masset et al 2006

Inner edge of disks Planets are trapped 
at the inner edge



Masset et al 2006

Ida & Lin 2008, Morbidelli et al 2008

Hasegawa & Pudritz 2010b, Lyra et al 2010

Hasegawa & Pudritz 2011b, Bitsch & Kley 2011

.

.

.

Matsumura, Pudritz, & Thommes 2007, 2009

Hellary & Nelson 2012, Kretke & Lin 2012, Mordasini et al 2012

Pierens et al 2013, Bitsch et al 2013, etc...

Planet Traps



Masset et al 2006

Ida & Lin 2008, Morbidelli et al 2008

Hasegawa & Pudritz 2010b, Lyra et al 2010

Hasegawa & Pudritz 2011b, Bitsch & Kley 2011

.

.

.

Hellary & Nelson 2012, Kretke & Lin 2012, Mordasini et al 2012

Pierens et al 2013, Bitsch et al 2013, etc...

Acceptable conclusion may be...

some kinds of traps are very likely 
to be present in protoplanetary 

disks

Matsumura, Pudritz, & Thommes 2007, 2009

Planet Traps
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3 types of traps in single disks
: the outer edge of dead zones, ice lines, heat transitions

Locations of traps are 
specified by disk evolution

Planets form locally at traps
before type II migration

Mass dependence of traps 
: planet traps are effective until protoplanets obtain 
 the gap-opening mass & undergo type II migration

Planet Traps

Similarities??

HL Tau by ALMA



Result 1: 
Orbital Distributions of Planets
Formed at Planet Traps
Hasegawa & Pudritz, 2012, ApJ, 760, 117
Hasegawa & Pudritz, 2013, ApJ, 778, 78



Planet Traps
(Orbital Evolution)

Core Accretion
(Mass Growth)
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+ Pollack et al 1996



Pollack et al 1996

Core Accretion: Mass Growth of Planets
e.g., Mizuno 1980, Stevenson 1982, Bodenheimer & Pollack 1986,
      Pollack et al 1996, Ikoma et al 2000, Hubickyj et al 2005,
      Lissauer et al 2009, Movshovitz et al 2010

Gas giants

Cores + 
low-mass atmospheres

Dust/Planetesimals

Cores of gas giants
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Core Accretion: Mass Growth of Planets
e.g., Mizuno 1980, Stevenson 1982, Bodenheimer & Pollack 1986,
      Pollack et al 1996, Ikoma et al 2000, Hubickyj et al 2005,
      Lissauer et al 2009, Movshovitz et al 2010
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and type II migration of the planetary core.
When the mass of the gaseous envelope cannot be sup-

ported by the gas pressure, runaway gas accretion onto
the core takes place (Phase III). The timescale of this
phase is very short (. 105 years), and consequently its
evolutionary path is almost vertical in the mass-semi-
major axis diagram. These three successive phases are
the main path to forming gas giants in the core accretion
scenario (Pollack et al. 1996; Lissauer et al. 2009). The
massive planet opens up a gap in the disk and undergoes
type II migration. This switch from type I to type II
migration results in ”dropping-out” of the planet from
the moving trap and decouples it from the movement of
the planet trap.
The onset of Phase IV completes the formation of a gas

giant. During this phase (& 106 years), type II migra-
tion moves the gas giant inward further. However, this
process is minimized by the inertia of the massive planet
(Syer & Clarke 1995; Ivanov et al. 1999).
Planets arrive at their final position in the mass-semi-

major axis diagram when the disk is finally dissipated.
Photoevaporation of the disk by high energy radiation
from the central star is likely to be the dominant mech-
anism of gas dispersal in the disks (e.g. Gorti & Hollen-
bach 2009), and will terminate type II migration. As a
result, the final orbital period and mass of the planet
are achieved. Thus, Fig. 3 summarizes how concurrent
evolution of planetary growth and migration proceeds in
the mass-semi-major axis diagram: a core is formed in a
dead zone trap that is initially located at ⇠ 7 AU. Fol-
lowing the movement of the dead zone trap, the core is
transported to ⇠ 3 AU. Simultaneously, it undergoes the
two main phases of gas giant formation. The completion
of the final runaway gas accretion onto the core and sub-
sequent type II migration involve further evolution of the
planet in the diagram. When photoevaporation becomes
important, the disk is removed and the position of the
planet in the diagram ”freezes-out”.

7.2. Planetary growth in all the three planet traps

Fig. 4 shows the computed evolutionary tracks of plan-
ets that grow at all three disk inhomogeneities. Di↵erent
lines at each planet trap correspond to di↵erent evolu-
tionary tracks in which planetary growth starts at dif-
ferent times (see Table 5). Despite the di↵erence in the
starting time (and position), most planets formed at the
dead zone and heat transition traps end up at r ⇠ 1 AU
(⇠ 500 days) and r ⇠ 0.1 AU (⇠ 10 days), respectively.
At the heat transition trap, the surface density of dust is
low. Therefore, cores that grow there spend a long time
in the trapping phases (Phase I and II). This maximizes
the distance over which cores are transported and re-
sults in the distribution of cores that hover preferentially
around & 1 AU. Since the low mass cores get distributed
over smaller orbital radii and less time remains for the
cores to grow up to gas giants, they finally remain less
massive (. 100M�), and are located around smaller or-
bital radii (⇠ 0.1 AU). The same argument is applied
to planets formed in the dead zone trap. However, the
surface density of dust at the dead zone is considerably
higher than that at the heat transition. Consequently,
the final mass of cores trapped at dead zones becomes
larger, core formation completes earlier, and the distri-
bution of cores is shifted to ⇠ 3 AU. These combined dif-

Figure 3. An evolutionary track of a planet that grows in a dead
zone trap. The track (denoted by the thick line) can be divided into
four phases. In Phase I, core formation takes place very rapidly in
⌧ ⇠ 105�106 years, which is much faster than the radial movement
of the trap at that time. This results in largely vertical motion in
the diagram. In Phase II, the core accretes gas onto its envelope.
Its timescale is very slow (⇠ 2⇥ 106 years in this case). Therefore,
it moves horizontally in this diagram. The mass of the core in
Phase I and most of Phase II is within the trapping regime that
is represented by the upper and lower thin lines. Toward the end
of Phase II, the core drops-out from the trap by opening up a
gap in the disk and undergoing type II migration. Phase III is
runaway gas accretion onto the core. The timescale of this phase
is very short (< 105 years). As a result, it moves vertically in
this diagram. Planet formation completes during Phase I to III.
In Phase IV (& 106 years), the gas giant moves inward due to
type II migration that is slowed down by the inertia of the planet.
When photoevaporation of the gas disk becomes important, type
II migration is terminated and its final radial position and orbital
period are obtained.

ferences result in the populations of more massive planets
orbiting at ⇠ 1 AU.
The evolutionary tracks associated with protoplanets

carried by the ice line trap show some di↵erences. The
resultant planetary population spreads out over a wider
range in the mass-semi-major axis diagram (see Fig. 4).
Nonetheless, this can be also understood by the the sur-
face density of dust and the resultant core formation
there. At the ice line, the surface densities are sub-
stantially higher than that at the dead zone and heat
transition and hence the formation of cores is most e�-
cient. This typically results in most massive cores. At the
early stage of disk evolution, therefore, the most massive
cores are preferentially formed there. They can readily
drop-out from the moving trap and pile up around larger
orbital radii (r ⇠ 5 AU). These massive cores at larger
orbital radii lead to the formation of more massive gas
giants that finally orbit at & 1 AU. In the later stage of
disk evolution, the high dust densities at the ice line can
still form cores while at that time the other traps not due
to lower dust density there. This is the physical reason
of the wide spread of planetary population due to the ice
line traps.

7.3. Comparisons with the observations

We now compare our results with the observations. As
already presented in Fig. 4, our model shows that the
superposition of all tracks for planets that grow in three

A disk around a classical 
T Tauri star is considered

⌧disk ⇠ 8.8⇥ 106years

Hasegawa & Pudritz 2012

Mdisk ⇠ 0.03M�

Evolutionary Tracks



10 Hasegawa & Pudritz

and type II migration of the planetary core.
When the mass of the gaseous envelope cannot be sup-

ported by the gas pressure, runaway gas accretion onto
the core takes place (Phase III). The timescale of this
phase is very short (. 105 years), and consequently its
evolutionary path is almost vertical in the mass-semi-
major axis diagram. These three successive phases are
the main path to forming gas giants in the core accretion
scenario (Pollack et al. 1996; Lissauer et al. 2009). The
massive planet opens up a gap in the disk and undergoes
type II migration. This switch from type I to type II
migration results in ”dropping-out” of the planet from
the moving trap and decouples it from the movement of
the planet trap.
The onset of Phase IV completes the formation of a gas

giant. During this phase (& 106 years), type II migra-
tion moves the gas giant inward further. However, this
process is minimized by the inertia of the massive planet
(Syer & Clarke 1995; Ivanov et al. 1999).
Planets arrive at their final position in the mass-semi-

major axis diagram when the disk is finally dissipated.
Photoevaporation of the disk by high energy radiation
from the central star is likely to be the dominant mech-
anism of gas dispersal in the disks (e.g. Gorti & Hollen-
bach 2009), and will terminate type II migration. As a
result, the final orbital period and mass of the planet
are achieved. Thus, Fig. 3 summarizes how concurrent
evolution of planetary growth and migration proceeds in
the mass-semi-major axis diagram: a core is formed in a
dead zone trap that is initially located at ⇠ 7 AU. Fol-
lowing the movement of the dead zone trap, the core is
transported to ⇠ 3 AU. Simultaneously, it undergoes the
two main phases of gas giant formation. The completion
of the final runaway gas accretion onto the core and sub-
sequent type II migration involve further evolution of the
planet in the diagram. When photoevaporation becomes
important, the disk is removed and the position of the
planet in the diagram ”freezes-out”.

7.2. Planetary growth in all the three planet traps

Fig. 4 shows the computed evolutionary tracks of plan-
ets that grow at all three disk inhomogeneities. Di↵erent
lines at each planet trap correspond to di↵erent evolu-
tionary tracks in which planetary growth starts at dif-
ferent times (see Table 5). Despite the di↵erence in the
starting time (and position), most planets formed at the
dead zone and heat transition traps end up at r ⇠ 1 AU
(⇠ 500 days) and r ⇠ 0.1 AU (⇠ 10 days), respectively.
At the heat transition trap, the surface density of dust is
low. Therefore, cores that grow there spend a long time
in the trapping phases (Phase I and II). This maximizes
the distance over which cores are transported and re-
sults in the distribution of cores that hover preferentially
around & 1 AU. Since the low mass cores get distributed
over smaller orbital radii and less time remains for the
cores to grow up to gas giants, they finally remain less
massive (. 100M�), and are located around smaller or-
bital radii (⇠ 0.1 AU). The same argument is applied
to planets formed in the dead zone trap. However, the
surface density of dust at the dead zone is considerably
higher than that at the heat transition. Consequently,
the final mass of cores trapped at dead zones becomes
larger, core formation completes earlier, and the distri-
bution of cores is shifted to ⇠ 3 AU. These combined dif-

Figure 3. An evolutionary track of a planet that grows in a dead
zone trap. The track (denoted by the thick line) can be divided into
four phases. In Phase I, core formation takes place very rapidly in
⌧ ⇠ 105�106 years, which is much faster than the radial movement
of the trap at that time. This results in largely vertical motion in
the diagram. In Phase II, the core accretes gas onto its envelope.
Its timescale is very slow (⇠ 2⇥ 106 years in this case). Therefore,
it moves horizontally in this diagram. The mass of the core in
Phase I and most of Phase II is within the trapping regime that
is represented by the upper and lower thin lines. Toward the end
of Phase II, the core drops-out from the trap by opening up a
gap in the disk and undergoing type II migration. Phase III is
runaway gas accretion onto the core. The timescale of this phase
is very short (< 105 years). As a result, it moves vertically in
this diagram. Planet formation completes during Phase I to III.
In Phase IV (& 106 years), the gas giant moves inward due to
type II migration that is slowed down by the inertia of the planet.
When photoevaporation of the gas disk becomes important, type
II migration is terminated and its final radial position and orbital
period are obtained.

ferences result in the populations of more massive planets
orbiting at ⇠ 1 AU.
The evolutionary tracks associated with protoplanets

carried by the ice line trap show some di↵erences. The
resultant planetary population spreads out over a wider
range in the mass-semi-major axis diagram (see Fig. 4).
Nonetheless, this can be also understood by the the sur-
face density of dust and the resultant core formation
there. At the ice line, the surface densities are sub-
stantially higher than that at the dead zone and heat
transition and hence the formation of cores is most e�-
cient. This typically results in most massive cores. At the
early stage of disk evolution, therefore, the most massive
cores are preferentially formed there. They can readily
drop-out from the moving trap and pile up around larger
orbital radii (r ⇠ 5 AU). These massive cores at larger
orbital radii lead to the formation of more massive gas
giants that finally orbit at & 1 AU. In the later stage of
disk evolution, the high dust densities at the ice line can
still form cores while at that time the other traps not due
to lower dust density there. This is the physical reason
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cores to grow up to gas giants, they finally remain less
massive (. 100M�), and are located around smaller or-
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zone trap. The track (denoted by the thick line) can be divided into
four phases. In Phase I, core formation takes place very rapidly in
⌧ ⇠ 105�106 years, which is much faster than the radial movement
of the trap at that time. This results in largely vertical motion in
the diagram. In Phase II, the core accretes gas onto its envelope.
Its timescale is very slow (⇠ 2⇥ 106 years in this case). Therefore,
it moves horizontally in this diagram. The mass of the core in
Phase I and most of Phase II is within the trapping regime that
is represented by the upper and lower thin lines. Toward the end
of Phase II, the core drops-out from the trap by opening up a
gap in the disk and undergoing type II migration. Phase III is
runaway gas accretion onto the core. The timescale of this phase
is very short (< 105 years). As a result, it moves vertically in
this diagram. Planet formation completes during Phase I to III.
In Phase IV (& 106 years), the gas giant moves inward due to
type II migration that is slowed down by the inertia of the planet.
When photoevaporation of the gas disk becomes important, type
II migration is terminated and its final radial position and orbital
period are obtained.

ferences result in the populations of more massive planets
orbiting at ⇠ 1 AU.
The evolutionary tracks associated with protoplanets

carried by the ice line trap show some di↵erences. The
resultant planetary population spreads out over a wider
range in the mass-semi-major axis diagram (see Fig. 4).
Nonetheless, this can be also understood by the the sur-
face density of dust and the resultant core formation
there. At the ice line, the surface densities are sub-
stantially higher than that at the dead zone and heat
transition and hence the formation of cores is most e�-
cient. This typically results in most massive cores. At the
early stage of disk evolution, therefore, the most massive
cores are preferentially formed there. They can readily
drop-out from the moving trap and pile up around larger
orbital radii (r ⇠ 5 AU). These massive cores at larger
orbital radii lead to the formation of more massive gas
giants that finally orbit at & 1 AU. In the later stage of
disk evolution, the high dust densities at the ice line can
still form cores while at that time the other traps not due
to lower dust density there. This is the physical reason
of the wide spread of planetary population due to the ice
line traps.

7.3. Comparisons with the observations

We now compare our results with the observations. As
already presented in Fig. 4, our model shows that the
superposition of all tracks for planets that grow in three
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Figure 4. Evolutionary tracks of planets that grow in all three
planet traps. The tracks for the dead zone are denoted by the
red thick lines, the ice line by the green, and the heat transition
by the light-blue. Corresponding thin lines represent the trapping
regimes. Di↵erent tracks correspond to planetary growth that ini-
tiates at di↵erent times (see Table 5). The transport mechanism
of cores by planet traps plays the crucial role in producing the
mass-period relation; low mass cores that need longer time to grow
are more likely to be transported toward smaller orbital radii while
massive cores that can readily drop out of the moving traps tend
to distribute further away from the star. Thus, there are distinct
populations that arise from the di↵erence in the properties of the
planet traps and the resultant planetary growth, which results in
the trend that planetary mass increases with period. Earlier pa-
pers Ida & Lin (2004, 2008b) predicted a planet desert demarcated
by the black rectangle. We emphasizes that our model predicts the
presence of planets there.

planet traps constitutes a theoretical mass-period rela-
tion, wherein the final distribution of the mass of the
planets is an increasing function of their periods. This is
consistent with the observed mass-period relation, as the
observational data scatter around the locus of end points
of our tracks (see Fig. 5).
This is one of the most important findings in this pa-

per. As discussed in § 7.2, this arises from the fact that
there are considerable di↵erences in the properties of the
planet traps that regulate planet formation and migra-
tion. As a result, di↵erent planet traps have di↵erent
preferred loci at which evolutionary tracks end up in the
mass-semi-major axis diagram. Thus, planet traps act as
a filter for distributing cores - massive cores readily drop
out from moving traps and tend to orbit further away
from the central star while low-mass cores are trapped
for a long time and tend to orbit close to the host star
- and play the central role in generating the theoretical
mass-period relation.
In addition, the prediction that distinct sub-

populations can arise depending on the trapping mecha-
nism has several observational consequences. For exam-
ple, our model provides a physical explanation for the
observed pile up of gas giants at ⇠ 1 AU. This again
relies on the argument that planet formation e�ciency
highly depends on the surface density of dust at planet
traps. At the dead zone and ice lines, the dust density
is expected to be high due to the low disk turbulence,
and hence planet formation rates are high there. On the
other hand, the formation rate would be low at the heat

Figure 5. Comparisons with the observations. The observational
data are adopted from Mayor et al. (2011) (as Fig. 1). Our the-
oretical mass-period relation is consistent with the observations.
Also, the presence of many observed low mass planets (. 50M�)
at r . 0.5 AU provides further support on our model.

transition trap due to low dust density. This results in
a general trend that more planets are readily formed at
the dead zone and ice line traps that end up at r ⇠ 1 AU
(see Fig. 5).
Furthermore, our model predicts the population of low

mass planets (. 50M�) with r . 0.5 AU. This arises
from planet formation that takes place in the moving
ice line trap (see Fig. 5). Even in the later stage of
disk evolution, the highest dust density there enables the
formation of low-mass planets that end up in the desert.
On the contrary, the most advanced population synthesis
models predict a planet desert there (Ida & Lin 2004,
2008b, also see the footnote 3 in § 1). The presence of
the many observed exoplanets in the region agrees well
with our findings.
Finally, our models predict the existence of planet

deserts that are quite di↵erent in the mass-period space
than those claimed by Ida & Lin (2004, 2008b). Fig.
6 shows our deserts, denoted by hatched regions. They
are produced due to trapping and subsequent transport
of cores. This leads to the evacuation of the cores from
these regions in which they have initially grown up. As
a result, these regions are regarded as void of planets.
More specifically, we define our deserts by estimating
the mass ranges of planets that can be captured at the
planet traps and following their movement: Mp < Mgap

and ⌧mig,I < ⌧vis (see § 5). This kind of planet desert is
active only for gas disks. There are a number of possi-
bilities to fill out our deserts; that successive formation
of rocky planets after gas disks disperse may ultimately
fill out the regime; that, even in the epoch of gas disks,
planetary cores formed far beyond our deserts may even-
tually distribute there due to planetary migration; and
that planet-planet scatterings induced by convergence of
multiple planet traps may deliver the scattered cores into
our deserts. Nonetheless, our predictions are valuable in
a sense that such regions are the primary target of the
current and ongoing observational surveys (Mayor et al.
2011; Howard et al. 2012).
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Hot Jupiters Exo-Jupiters Super-Earths Total
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The Mass-Radius Diagram for observed 
close-in super-Earths

e.g.,Weiss & Marcy 2014, Marcy et al 2014, Rogers 2014, Wolfgang & Lopez 2014
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: not purely rocky
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: likely to be purely rocky Sub-set of samples from Weiss & Marcy 2014

(mass measurements better than 2-sigma)
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Hot Jupiters Exo-Jupiters Super-Earths Total

PFF ~ 7.6 % ~ 25.3 % ~ 10.2 % 43.1%
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A considerable fraction of observed super-Earths may be 
formed as failed cores of gas giants (mini-gas giants)
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Why                              MCA
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1) photoevaporative mass loss of planets

=> No, for our model, since it is NOT included yet
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1) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion
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1) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

3) planetary migration in gas disks

Two kinds of migration
 in our model

Planet traps
: transport forming cores
  from large radii to >1 AU

Type II migration
: transport cores with atmospheres
  from > 1 AU to < 1 AU
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and type II migration of the planetary core.
When the mass of the gaseous envelope cannot be sup-

ported by the gas pressure, runaway gas accretion onto
the core takes place (Phase III). The timescale of this
phase is very short (. 105 years), and consequently its
evolutionary path is almost vertical in the mass-semi-
major axis diagram. These three successive phases are
the main path to forming gas giants in the core accretion
scenario (Pollack et al. 1996; Lissauer et al. 2009). The
massive planet opens up a gap in the disk and undergoes
type II migration. This switch from type I to type II
migration results in ”dropping-out” of the planet from
the moving trap and decouples it from the movement of
the planet trap.
The onset of Phase IV completes the formation of a gas

giant. During this phase (& 106 years), type II migra-
tion moves the gas giant inward further. However, this
process is minimized by the inertia of the massive planet
(Syer & Clarke 1995; Ivanov et al. 1999).
Planets arrive at their final position in the mass-semi-

major axis diagram when the disk is finally dissipated.
Photoevaporation of the disk by high energy radiation
from the central star is likely to be the dominant mech-
anism of gas dispersal in the disks (e.g. Gorti & Hollen-
bach 2009), and will terminate type II migration. As a
result, the final orbital period and mass of the planet
are achieved. Thus, Fig. 3 summarizes how concurrent
evolution of planetary growth and migration proceeds in
the mass-semi-major axis diagram: a core is formed in a
dead zone trap that is initially located at ⇠ 7 AU. Fol-
lowing the movement of the dead zone trap, the core is
transported to ⇠ 3 AU. Simultaneously, it undergoes the
two main phases of gas giant formation. The completion
of the final runaway gas accretion onto the core and sub-
sequent type II migration involve further evolution of the
planet in the diagram. When photoevaporation becomes
important, the disk is removed and the position of the
planet in the diagram ”freezes-out”.

7.2. Planetary growth in all the three planet traps

Fig. 4 shows the computed evolutionary tracks of plan-
ets that grow at all three disk inhomogeneities. Di↵erent
lines at each planet trap correspond to di↵erent evolu-
tionary tracks in which planetary growth starts at dif-
ferent times (see Table 5). Despite the di↵erence in the
starting time (and position), most planets formed at the
dead zone and heat transition traps end up at r ⇠ 1 AU
(⇠ 500 days) and r ⇠ 0.1 AU (⇠ 10 days), respectively.
At the heat transition trap, the surface density of dust is
low. Therefore, cores that grow there spend a long time
in the trapping phases (Phase I and II). This maximizes
the distance over which cores are transported and re-
sults in the distribution of cores that hover preferentially
around & 1 AU. Since the low mass cores get distributed
over smaller orbital radii and less time remains for the
cores to grow up to gas giants, they finally remain less
massive (. 100M�), and are located around smaller or-
bital radii (⇠ 0.1 AU). The same argument is applied
to planets formed in the dead zone trap. However, the
surface density of dust at the dead zone is considerably
higher than that at the heat transition. Consequently,
the final mass of cores trapped at dead zones becomes
larger, core formation completes earlier, and the distri-
bution of cores is shifted to ⇠ 3 AU. These combined dif-

Figure 3. An evolutionary track of a planet that grows in a dead
zone trap. The track (denoted by the thick line) can be divided into
four phases. In Phase I, core formation takes place very rapidly in
⌧ ⇠ 105�106 years, which is much faster than the radial movement
of the trap at that time. This results in largely vertical motion in
the diagram. In Phase II, the core accretes gas onto its envelope.
Its timescale is very slow (⇠ 2⇥ 106 years in this case). Therefore,
it moves horizontally in this diagram. The mass of the core in
Phase I and most of Phase II is within the trapping regime that
is represented by the upper and lower thin lines. Toward the end
of Phase II, the core drops-out from the trap by opening up a
gap in the disk and undergoing type II migration. Phase III is
runaway gas accretion onto the core. The timescale of this phase
is very short (< 105 years). As a result, it moves vertically in
this diagram. Planet formation completes during Phase I to III.
In Phase IV (& 106 years), the gas giant moves inward due to
type II migration that is slowed down by the inertia of the planet.
When photoevaporation of the gas disk becomes important, type
II migration is terminated and its final radial position and orbital
period are obtained.

ferences result in the populations of more massive planets
orbiting at ⇠ 1 AU.
The evolutionary tracks associated with protoplanets

carried by the ice line trap show some di↵erences. The
resultant planetary population spreads out over a wider
range in the mass-semi-major axis diagram (see Fig. 4).
Nonetheless, this can be also understood by the the sur-
face density of dust and the resultant core formation
there. At the ice line, the surface densities are sub-
stantially higher than that at the dead zone and heat
transition and hence the formation of cores is most e�-
cient. This typically results in most massive cores. At the
early stage of disk evolution, therefore, the most massive
cores are preferentially formed there. They can readily
drop-out from the moving trap and pile up around larger
orbital radii (r ⇠ 5 AU). These massive cores at larger
orbital radii lead to the formation of more massive gas
giants that finally orbit at & 1 AU. In the later stage of
disk evolution, the high dust densities at the ice line can
still form cores while at that time the other traps not due
to lower dust density there. This is the physical reason
of the wide spread of planetary population due to the ice
line traps.

7.3. Comparisons with the observations

We now compare our results with the observations. As
already presented in Fig. 4, our model shows that the
superposition of all tracks for planets that grow in three
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1) photoevaporative mass loss of planets

2) the critical core mass to start gas accretion

3) planetary migration in gas disks

< MGap >

= the mean value of
 the gap-opening mass of
 planets which end up 
in the low-mass regime 
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Implication for the Mass-Radius Diagram

Embryo assembly scenario (in situ formation)
can form planets with < 10 M_Earth e.g., Ogihara & Ida 2009, 

Hansen & Murray 2013 
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Implication for the Mass-Radius Diagram

Inclusion of photoevaporative mass loss from planets
Lopez & Fortney 2013
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Exoplanet “Phase” Diagram
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Summary
• The currently observed exoplanetary populations are quite 

different from that of the solar system

• Planetary migration or the resultant planet traps can play an 
important role in regulating the orbital distribution of planets

• computed the position of 3 types of traps (dead zone, ice line, 
heat transition) that evolves with time

• calculated evolutionary tracks of planets formed at these traps & 
investigated the resultant orbital distribution of planets - the 
trend of observed massive exoplanets is well reproduced

• switching of migration modes determines the minimum mass of 
super-Earths formed by our model, which is M_p > 4-5 M_Earth, 
& the mass-radius diagram can serve as an Exoplanet “phase” 
diagram


