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Planet-Metallicity correlation

Massive planets
: higher detectability for 
  stars with higher metallicities

RV data from Mayor et al 2011
Kepler data from Buchhave et al 2012

e.g. Santos et al 2004, Udry & Santos 2007, Mayor et al 2011, 
      Schlaufman & Laughlin 2011, Buchhave et al 2012

Low-mass planets
:no such a trend



Population Synthesis Calculations

Core accretion scenario
: dust/planetesimals 
 => cores of gas giants
 => gas giants

Mordasini et al 2012

e.g. Ida & Lin 2004a,b, 2005, 2008a,b, 2010, 
     Mordasini et al 2009a,b, 2012, Alibert, Mordasini, & Benz 2011 

Monte Carlo methods
: the initial conditions 
 (stellar/disk parameters) 
 are randomly selected



Population Synthesis Calculations

Mordasini et al 2012

e.g. Ida & Lin 2004a,b, 2005, 2008a,b, 2010, 
     Mordasini et al 2009a,b, 2012, Alibert, Mordasini, & Benz 2011 

Comparison with 
the observations 



Population Synthesis Calculations

Problem 1
: fine tuning of many 
 physical processes

Mordasini et al 2012

e.g. Ida & Lin 2004a,b, 2005, 2008a,b, 2010, 
     Mordasini et al 2009a,b, 2012, Alibert, Mordasini, & Benz 2011 

Comparison with 
the observations 

Problem 2
: loss of direct 
 connection with theories



Population Synthesis Calculations

Problem 1 Concern 1
: fine tuning of many 
 physical processes

Mordasini et al 2012

e.g. Ida & Lin 2004a,b, 2005, 2008a,b, 2010, 
     Mordasini et al 2009a,b, 2012, Alibert, Mordasini, & Benz 2011 

Comparison with 
the observations 

Problem 2 Concern 2
: loss of direct 
 connection with theories



Step 1: the presence of distinct populations
           in the observed exoplanets

Step 2: planet traps - direct connection with 
           disk evolution

Step 3: evolutionary tracks of growing planets at    
          traps & the statistical treatment of them

A method to derive invaluable information from 
observations easily



A method to derive invaluable information from 
observations easily

Calibrate the mass 
of cores

of massive planets



Step 1: Distinct populations

>900 exoplanets 
(>3000 candidates) 
http://exoplanet.eu/ 

Chiang & Laughlin 2013, Hasegawa & Pudritz 2013



>900 exoplanets 
(>3000 candidates) 
http://exoplanet.eu/ 

Step 1: Distinct populations

Hot Jupiters Exo-Jupiters

Low-mass
Planets

Chiang & Laughlin 2013, Hasegawa & Pudritz 2013

Hot Jupiters are NOT dominant



Planet-Metallicity correlation (again!!)

Hot Jupiters may be more
sensitive to metallicities
than Exo-Jupiters



Step 2: Planet traps
e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
      Lyra et al 2010, Hasegawa & Pudritz 2010, 2011
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Step 2: Planet traps
e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
      Lyra et al 2010, Hasegawa & Pudritz 2010, 2011

Put appropriate traps 
at appropriate locations !!
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Step 2: Planet traps
e.g. Masset et al 2006, Matsumura, Pudritz, & Thommes 2007,
      Lyra et al 2010, Hasegawa & Pudritz 2010, 2011

Dullemond & Monnier 2010

3 types of traps in single disks
: dead zones, ice lines, heat transitions

Traps move inward slowly, following disk evolution
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Planets form locally at traps

Hasegawa & Pudritz 2011



Step 3: Tracks & Statistics
e.g. Hasegawa & Pudritz 2012, 2013
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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

(< 106years)

(⇠ 2⇥ 106years)

(< 105years)

Step 3: Tracks & Statistics
e.g. Hasegawa & Pudritz 2012, 2013

Hasegawa & Pudritz 2012

Mdisk ⇠ 0.03M�

Gas giants

Dust/Planetesimals

Phase III

Cores + low-mass atmospheres

Phase I1

Cores move inward,
following moving traps

Cores of gas giants

Phase I



Step 3: Tracks & Statistics
e.g. Hasegawa & Pudritz 2012, 2013
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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).

Compute lots of tracks

Hasegawa & Pudritz 2012

A disk around a classical 
T Tauri star is considered
Mdisk ⇠ 0.03M�

⌧disk ⇠ 8.8⇥ 106years
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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
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planet traps constitutes a theoretical mass-period rela-
tion, wherein the final distribution of the mass of the
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of our tracks (see Fig. 5).
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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
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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).

Compute lots of tracks

Partition the diagram

Hasegawa & Pudritz 2012

A disk around a classical 
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planet traps. The tracks for the dead zone are denoted by the
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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
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the trend that planetary mass increases with period. Earlier pa-
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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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frequencies (PFFs)

⇥wmass(⌘acc)wlifetime(⌘dep)

PFFs ⌘
X

⌘acc

X

⌘dep

N(⌘acc, ⌘dep)

Nint

Weight functions related to disk observations
Hasegawa & Pudritz 2012

A disk around a classical 
T Tauri star is considered
Mdisk ⇠ 0.03M�

⌧disk ⇠ 8.8⇥ 106years



Total
: PFFs are steadily increasing 
 with metallicities

Low mass planets
: PFFs are insensitive to 
  metallicity

: formed as “failed” gas giants

Hasegawa & Pudritz 2014 submitted



Massive planets
: PFFs are high for 
               high metallicities

: PFFs of exo-Jupiters are 
  higher than hot Jupiters

Total
: PFFs are steadily increasing 
 with metallicities

Low mass planets
: PFFs are insensitive to 
  metallicity

: formed as “failed” gas giants

Hasegawa & Pudritz 2014 submitted



= the mean mass of cores
  just before gas accretion

Massive planets
:                   of exo-Jupiters  
  is higher than hot Jupiters

    => higher PFFs for 
         exo-Jupiters
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= the mean mass of cores
  just before gas accretion

Massive planets
:                   of exo-Jupiters  
  is higher than hot Jupiters

    => higher PFFs for 
         exo-Jupitersテキス  ト
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Low mass planets
:                     
  = the threshold mass of cores  
     that start gas accretion
  

< Mc,crit >

< Mc,crit >

< Mc,crit >

intersections 
   => the critical metallicities
        for forming gas giants
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Mp > Mc,crit

Mc,crit ⌘ Mc,crit0

⇣
Ṁc

10�6M�yr�1

⌘1/4
Mc,crit0 = 5M�

Ikoma et al 2000, Ida & Lin 2004
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Mc,crit0 = 3M�Mc,crit0 = 5M�



Comparison with observations

                                  is the most likely value 
     of the critical mass of planetary cores
     to reproduce the current observations 

Hasegawa & Pudritz 2014 submitted

Mc,crit0 = 5M�(< 10M�)



Opacity effects

 : grain opacity in the atmosphere 

Mc,crit0 = 10M�

⇣


1cm2g�1

⌘0.2�0.3

Ikoma et al 2000, Ida & Lin 2004, Hori & Ikoma 2010

Our results (                           ,                         )   
imply that grain growth in the atmosphere 
of observed exoplanets may commonly occur
during the formation process

Mc,crit0 ' 5M�  ' 0.1cm2g�1



Caveats
The effectiveness of planet traps
: effects of planetary mass & orbital periods as well as disk evolution

Planet-planet interactions
: effects on the final architecture of planetary systems

Gas accretion onto cores & the final mass of planets
: effects on the PFFs for low-mass planets

A wide range of stellar masses
: effects on comparison with observations



• the Planet-Metallicity correlation is one of the most 
prominent features in exoplanet observations

• Developed a brand-new statistical approach:         
(1) partition of the mass-semimajor axis diagram,  
(2) planet traps (3) tracks & statistics

• The critical mass of planetary cores is very likely to 
be                                     to account for the 
current observations of exoplanets

• This would suggest that grain growth may occur in 
the atmosphere of observed exoplanets

Summary

Mc,crit0 = 5M�(< 10M�)


