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ABSTRACT
We present models of giant planet migration in evolving protoplanetary disks. Our disks evolve subject to

viscous transport of angular momentum and photoevaporation, while planets undergo Type II migration. We
use a Monte Carlo approach, running large numbers of models with a range in initial conditions. We find
that relatively simple models can reproduce both the observed radial distribution of extra-solar giant planets,
and the lifetimes and accretion histories of protoplanetary disks. The use of state-of-the-art photoevaporation
models results in a degree of coupling between planet formation and disk clearing, which has not been found
previously. Some accretion across planetary orbits is necessary if planets are to survive at radii. 1.5AU, and if
planets of Jupiter mass or greater are to survive in our models they must be able to form at late times, when the
disk surface density in the formation region is low. Our model forms two different types of “transitional” disks,
embedded planets and clearing disks, which show markedly different properties. We find that the observable
properties of these systems are broadly consistent with current observations, and highlight useful observational
diagnostics. We predict that young transition disks are more likely to contain embedded giant planets, while
older transition disks are more likely to be undergoing diskclearing.
Subject headings: accretion, accretion disks – planetary systems: formation– planetary systems: protoplane-

tary disks

1. INTRODUCTION

Understanding how planets form has been an active topic of
research for centuries, but interest in this subject has increased
dramatically since the discovery of the first extra-solar plan-
ets (Mayor & Queloz 1995; Marcy & Butler 1996). Over 350
such planets are now known, with a diverse range of proper-
ties (e.g., Udry et al. 2007). It was recognized very quickly
that many extra-solar planets orbit very close to their parent
stars, and that such planets could not have formed at their cur-
rent locations. This in turn sparked renewed interest in the
established theory of planet migration (Goldreich & Tremaine
1980; Lin & Papaloizou 1986), in which planets form far from
their parent stars and “migrate” to smaller radii through the
action of tidal torques. The migration of low-mass planets re-
mains controversial, but so-called Type II migration, which
applies to planets sufficiently massive (& 0.5MJup) to open
gaps in their parent gas disks, is now relatively well under-
stood (see, e.g., the review by Papaloizou et al. 2007).

In a similar vein, it was discovered in the 1980s that young
stars, such as the T Tauri stars (TTs), possess circumstellar
disks (e.g., Sargent & Beckwith 1987). These disks are of or-
der a percent of the mass of their central star (Beckwith et al.
1990; Andrews & Williams 2005), and we now have a well-
established evolutionary picture where disk-bearing, classical
T Tauri stars (CTTs) evolve into disk-less, weak-lined T Tauri
stars (WTTs) on timescales of a few Myr (e.g., Hartmann et
al. 1998; Haisch et al. 2001). The dominant processes driv-
ing (gas) disk evolution are angular momentum transport, and
evaporation due to heating by energetic photons (e.g., Hollen-
bach et al. 2000; Dullemond et al. 2007; Alexander 2008), and
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these evolving “protoplanetary” disks are the sites of planet
formation.

Statistically, it is clear that some fraction of observed proto-
planetary disks must contain planets. Identifying these planet-
bearing disks is of considerable interest, since doing so would
provide evidence as to where and when planets typically form
within disks, and discriminate between different models for
giant planet formation. Unfortunately, although we have a
reasonable idea of what a disk containing a planet would look
like (an ordinary disk at large radii, but depleted of gas and
dust interior to the planet’s orbit), we cannot say that all the
disks observed to show such signatures (the so-called tran-
sitional disks; Strom et al. 1989; Najita et al. 2007) contain
planets. A significant fraction of transitional disks may in-
stead represent an intermediate stage of disk evolution prior
to final disk clearing (e.g., Cieza et al. 2008), a process that
occurs in the presence or absence of planets. Here, we seek to
construct models that include both disk evolution and planet
formation. By comparing the models against both exoplanet
and disk evolution statistics we seek to make maximum use
of available observational constraints, and thereby predict the
observational appearance of planets within evolving disks.

In this paper we present models of giant planet migration in
evolving protoplanetary disks. We restrict ourselves to con-
sidering relatively massive planets,≥ 0.5MJup, primarily be-
cause searches for exoplanets are presently only complete to
around the Jupiter mass level (e.g., Fischer & Valenti 2005;
Udry et al. 2007). Consequently, throughout this paper the
term “planet” always refers to gas giant planets; we make
no attempt to model planets of lower mass. Our models in-
clude viscous transport of angular momentum, photoevapora-
tion, and Type II planet migration. We adopt a Monte Carlo
approach, running large numbers of models with a range of
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initial conditions in order to follow the time evolution of dis-
tributions of disk and planet properties. In §2 we present our
numerical model, and compare the results to the observed ra-
dial distribution of extra-solar planets, and to a large range
of observations of protoplanetary disks. Our results compare
favourably with the observed properties of both planets and
disks, and we discuss how the observational data can con-
strain various properties of the model. This is the first study
to model populations of transitional disks theoretically,and
in §3 we discuss the transition disk phenomenon. Our rela-
tively simple model reproduces the known properties of these
objects well. The model produces transition disks via two
different mechanisms (gap-opening by planets and disk clear-
ing), and we discuss the relative efficiency of these processes
in the models. We show that observations of transition disk
masses and accretion rates remain the most straightforward
means of distinguishing between different types of transition
disks, and make predictions for future observations of such
objects.

2. MODELS

2.1. Planet migration model

In our model, protoplanetary disks evolve due to viscous
transport of angular momentum and photoevaporation by the
central star. Planets migrate due to tidal interaction withthe
disk (in the Type II migration regime), and the disk is also
subject to tidal torques from planets. The coupled evolution of
a protoplanetary disk and a planet is described by the equation
(e.g., Lin & Papaloizou 1986)
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HereΣ(R,t) is the disk surface density,t is time,R is cylin-
drical radius,ν is the kinematic viscosity, andM∗ = 1M⊙ is
the stellar mass. The first term on the right-hand side de-
scribes ordinary viscous evolution of the disk (Lynden-Bell
& Pringle 1974; Pringle 1981), and thėΣw(R,t) term repre-
sents the mass-loss due to photoevaporation. The second term
describes how the disk responds to the planetary torque: here
Λ(R,a) is the rate of specific angular momentum transfer from
the planet to the disk. Following Trilling et al. (1998) and Ar-
mitage et al. (2002), for a planet of massMp = qM∗ at radius
(semi-major axis)a we adopt the following form forΛ

Λ(R,a) =
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where
∆p = max(H, |R − a|) (3)

andH is the disk scale-height. This form forΛ is the same
as that used by Lin & Papaloizou (1986), but modified to give
a symmetric treatment inside and outside the planet’s orbit.
This transfer of angular momentum causes the planet to mi-
grate at a rate
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∫
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This treatment of planet migration is necessarily idealized, but
has previously been shown to give results comparable to more
sophisticated numerical models (e.g., Takeuchi et al. 1996).

The kinematic viscosityν governs the transport of angular
momentum in the disk, and we adopt an alpha-disk model

ν(R) = αΩH2 , (5)

whereα is the standard Shakura & Sunyaev (1973) viscosity
parameter andΩ(R) =

√

GM∗/R3 is the orbital frequency. We
adopt a scale-height consistent with a flared disk model (e.g.,
Kenyon & Hartmann 1987)

H(R) ∝ Rp , (6)

where the power-law indexp = 5/4. This choice ofp gives a
viscosityν ∝ R, consistent with high-resolution observations
of disk structure (e.g., Andrews & Williams 2007; Andrews et
al. 2009). As in Alexander & Armitage (2007), we normalize
this relationship so that the disk aspect ratioH/R = 0.0333 at
R = 1AU. This parametrization assumes that stellar irradiation
dominates over viscous heating, and is thus strictly valid only
for accretion rates less than a few times 10−8M⊙yr−1 (e.g.,
D’Alessio et al. 1999). In practice, this means that our model
of angular momentum transport in the disk is only physical at
timest & 105yr.

The rate of mass-loss due to photoevaporation is

Σ̇w(R,t) =

{

Σ̇diffuse(R) if Σinner > Σcrit

Σ̇direct(R) if Σinner < Σcrit.
(7)

The “diffuse” profile applies when the inner disk is optically
thick to ionizing photons, and was studied in detail by Hol-
lenbach et al. (1994) and Font et al. (2004, see also Liffman
2003). In this case radiation from the star creates a thin ion-
ized layer on the disk surface, with a sound speedcs ≃ 10km
s−1, and the diffuse (recombination) radiation field from the
disk atmosphere is the dominant source of ionizing photons at
∼AU radii. Outside some critical radius the heated layer is un-
bound and flows as a wind. The mass-loss profile is strongly
concentrated close to the critical radius

Rcrit ≃ 0.2Rg ≃ 1.8

(

M∗

1M⊙

)

AU , (8)

whereRg = GM∗/c2
s is the “gravitational radius” defined by

Hollenbach et al. (1994)2. The “direct” profile applies when
the inner disk has been cleared (by either viscous or tidal
torques) and is optically thin to ionizing photons. In this case
stellar irradiation ionizes the inner edge of the disk directly,
and the disk is cleared from the inside out (Alexander et al.
2006a,b). We make use of the numerical parametrizations
given in the appendix of Alexander & Armitage (2007), and
switch between the two profiles when the surface density in
the inner disk (R < Rcrit) falls below some critical valueΣc.
We setΣc = 10−5g cm−2, but note that the results are not very
sensitive to the exact value adopted (see discussion in Alexan-
der & Armitage 2007). We assume a stellar ionizing flux of
Φ = 1042photons per second (e.g., Alexander et al. 2005; Pas-
cucci & Sterzik 2009; Hollenbach & Gorti 2009), which re-
sults in a (diffuse) wind rate oḟMw ≃ 4×10−10M⊙yr−1.

The initial surface density profile is taken from the similar-
ity solution of the diffusion equation (Lynden-Bell & Pringle
1974; Hartmann et al. 1998):

Σ(R) =
Md

2πRsR
exp(−R/Rs) , (9)

2 Rg is found by equating the Keplerian orbital speed with the sound speed
of the ionized gas,cs.
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where Md is the initial disk mass. The scaling radiusRs
defines the initial disk size, and also sets the viscous time-
scale of the disk. Following Hartmann et al. (1998) we set
Rs = 10AU, which results in a viscous time-scale oftν =
R2

s/3ν(Rs) ≃ 5×104yr for α = 0.01.

2.2. Numerical method

We solve the diffusion equation for the gas surface density
(Equation 1) numerically using a standard first-order explicit
finite difference scheme, on a grid of points equispaced in
R1/2 (e.g., Pringle et al. 1986). We choose a grid covering
the range [0.04AU,10000AU], and adopt zero-torque bound-
ary conditions (i.e., we setΣ = 0 in the boundary cells). In
the absence of a planet the gas disk can be evolved on a fairly
coarse grid, but higher resolution is required to maintain ac-
curacy when calculating the effect of the planetary torque.In
order to make efficient use of computing resources we there-
fore use two resolutions: a low resolution with cell spacing
∆R1/2 = 0.2AU1/2 and 1000 grid cells, and a high resolution
with with ∆R1/2 = 0.05AU1/2 and 4000 grid cells. In the ab-
sence of a planet the low resolution is used, but we switch to
high resolution when a planet is present. Switching to high
resolution is achieved by simple linear interpolation, which
is sufficient to conserve mass and angular momentum at very
high accuracy.

The time-step is typically limited by the radial velocity of
the gas very close to the location of the planet, and evolv-
ing the system on such a short time-step is unnecessary after
the planet has opened a gap in the disk. Consequently we
impose a maximum torque (and therefore a maximum gas ve-
locity in the radial direction) of|Λ| ≤ 0.1RHΩ

2. In addition,
we make no attempt to model the interaction of the planet
with the inner edge of the gas disk (which is truncated by the
stellar magnetosphere), and simply remove planets when they
migrate to radiia < 0.15AU. The cumulative numerical er-
rors in the conservation of mass and angular momentum are
typically < 0.1% over the lifetime of the model.

2.3. Planetary accretion

The description of planetary migration above does not al-
low any material to flow across the gap in the disk induced by
the presence of a planet. However, numerical simulations of
the disk-planet interaction show that tidal streams of gas do
flow across the gap, allowing accretion on to both the planet
and the inner disk to persist after the gap has been opened
(e.g., Artymowicz & Lubow 1996). The rate of accretion on
to the planet can be parametrized as the fractionǫ of the disk
accretion rate that would be measured in a steady disk in the
absence of a planet. Simulations show that the efficiencyǫ
varies strongly with the mass of the planet, and can approach
(and even exceed) unity for planets which are marginally able
to open a gap in the disk (Lubow et al. 1999; D’Angelo et al.
2002).

Fig.1 shows values ofǫ obtained from two-dimensional nu-
merical simulations of planets embedded in gaseous disks.
Simulations of low-mass and high-mass planets have been
normalized by demanding consistency atMp = 1MJup, and fur-
ther normalized so that the maximum value of the efficiency,
ǫmax, is equal to unity. In addition, we also show a simple
fitting function which provides a good fit to the numerical re-
sults (Veras & Armitage 2004). The fitting function takes the

FIG. 1.— Relative efficiency of accretion from the disk on to the planet,
plotted as a function of the planet mass. The crosses show thenumerical
results from D’Angelo et al. (2002), and the filled circles the results from
Lubow et al. (1999). The solid line shows the fitting formula from Veras
& Armitage (2004) described in Equation 10. The lowest planet mass we
consider in our models is 0.5MJup.

form

ǫ(Mp)
ǫmax

= 1.67
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Mp

1MJup

)1/3

exp

(

−Mp

1.5MJup

)

+ 0.04. (10)

More recent numerical studies suggest that, in addition to al-
lowing accretion on to the planet, tidal streams also permit
accretion across the gap from the outer to the inner disk. Fol-
lowing Lubow & D’Angelo (2006), we define the accretion
rate across the gap to be

Ṁinner =
1

1+ ǫ
Ṁp (11)

where the accretion rate on to the planet is

Ṁp = ǫ(Mp)Ṁdisk. (12)

Operationally, we compute the disk accretion rate expected
in the absence of a planet,Ṁdisk as the accretion rate at three
times the radius of the planet:

Ṁdisk = 3πν(3a)Σ(3a) (13)

At each timestep we subtract a massdM = dt(Ṁp + Ṁinner)
from the cell(s) immediately outside the gap, and add the ap-
propriate fractions of this mass to the planet and inner gap
edge. For consistency with the results of Lubow & D’Angelo
(2006) we adoptǫmax = 0.5, but note that our results are not
very sensitive to the exact value ofǫmax. This procedure does
not explicitly conserve angular momentum, as mass is moved
from larger to smaller radii without regard for the different
angular momenta of these orbits. What should happen to this
“excess” angular momentum is not clear (Lubow & D’Angelo
2006), but tests show that if all of the excess angular momen-
tum goes to the planet (the extreme case), the migration rate
is slowed only at the 1–2% level. This is smaller than many
of the other uncertainties in the migration model, so we are
satisfied that our planetary accretion procedure is robust.

2.4. Code Tests

In order to test the accuracy of our numerical method, we
performed a comparison with the semi-analytic results of Ar-
mitage (2007). For this test we set the initial disk mass to
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FIG. 2.— Final planet radii as a function of formation time. The points
show our numerical results: black and red represent models with α = 0.01 and
α = 0.003 respectively. Circles denote the model where accretionacross the
planet-induced gap is permitted (ǫmax = 0.5); crosses the model where no gas
flows across the gap. The lines show the corresponding curvesfrom Armitage
(2007), for both partially (dotted) and fully suppressed (dashed) migration
models. The small discontinuities in the numerical data forthe “flow” models
at final radii∼ 3AU occur when the planet triggers disk clearing, as discussed
in the text. When gas does not flow across the gap this triggering is much
more dramatic, and no planets survive at radii. 1.5AU.

beMd = 10−1.5M⊙ ≃ 0.0316M⊙, and “form” planets of initial
mass 1MJup at a = 5AU. Figure 2 shows the final planet radii
as a function of formation time, for disks withα = 0.01 and
α = 0.003 and models withǫmax = 0.5 andǫmax = 0 (i.e., with
and without accretion flow across the planet’s orbit). Also
shown are the semi-analytic predictions of Armitage (2007),
with parameters adjusted to match the disk model used here,
for both “partially suppressed” and “fully suppressed” mod-
els (see also Syer & Clarke 1995; Ivanov et al. 1999)3. In
both cases the numerical results agree very well with the pre-
dictions of the fully suppressed migration model, so we are
satisfied that our numerical procedure is accurate. The fact
that our models appear consistent with the fully suppressed
migration model is not altogether surprising, because by al-
lowing gas to flow across the gap we prevent the pile-up of
material near the outer gap edge that drives systems into the
partially suppressed regime.

We also see from Fig.2 that the inclusion of the direct pho-
toevaporative wind results in a degree of coupling between
the formation of planets and the onset of disk clearing. If a
planet suppresses accretion in the inner disk sufficiently,the
resulting gap in the disk can become optically thin to ionizing
photons. As a result the wind switches to the direct regime
and clears the disk, preventing further planet migration; effec-
tively, the planet triggers disk clearing. This behaviour is dis-
tinct from that considered in previous models (e.g., Armitage
et al. 2002; Armitage 2007), which assumed that disk clearing
was independent of planet formation and migration. When ac-
cretion across the gap is significant the consequences of this
are not dramatic (as seen in Fig.2): the location of the small

3 Suppression of Type II migration occurs when the planet massMp ex-
ceeds the local disk mass 4πΣa2, as the planet’s inertia then causes it to
migrate on a time-scale longer than the local viscous time-scale. The degree
of suppression is characterised by the parameterB = 4πΣa2/Mp: for partial
suppression the migration rate is reduced by a factorB1/2, while in the fully
suppressed case it is reduced by a factorB.

discontinuity in allowed final planet radii differs for differ-
ent disk models, and when we assume a spread in disk initial
conditions the discontinuity is not reflected in the resulting
distribution of planet radii. However, when accretion across
the gap is suppressed (i.e., for very low values ofǫ) we see
strong coupling between planet formation and disk clearing,
with significant implications for the final distribution of planet
semi-major axes. In this case planets can only survive if the
outer edge of the gap they induce is outside the critical ra-
dius where photoevaporation opens a gap in the disk (approx-
imately 2AU); at smaller radii, the planet is always swept on
to the star when the inner disk is cleared. Consequently, plan-
ets can only survive at radii. 1.5AU if there is an accretion
flow across the gap. Such planets are commonly observed, so
we conclude that some accretion flow across planetary orbits
must occur in real systems.

2.5. Reference model

In order to study the effects of migration and accretion on
the disk and planet properties, we run sets of models in which
we randomly sample various model parameters. We first de-
scribe our reference model set, and then a number of further
model sets in which we explore the effects of varying different
parameters in the model.

In the reference model set the parameters of the disk model
are fixed to the values described above, but we allow for a
spread in initial disk masses. We use a log-normal distribution
of initial disk masses (see, e.g., Kennedy & Kenyon 2009),
with a mean of log10(〈Md〉/M⊙) = −1.5 and a 3-σ spread of
0.5dex. In the absence of a planet the mean disk model has an
initial accretion rate of≃ 4×10−7M⊙yr−1, starts to undergo
photoevaporative clearing after a “lifetime” of≃ 4.2Myr, and
is completely cleared after≃ 4.7Myr.

Not all stars are observed to possess giant planets at AU
radii, so we form planets only in a subset of our models: the
probability of a giant planet forming in each individual model
is 10% (this value chosen arbitrarily in order to reproduce the
observed frequency of giant planets). In each model which
forms a planet, we then allow a single planet of massMp to
“form” at time tp and radiusap. In the reference model set we
use a constant planet formation radius ofap = 5AU. We as-
sign the initial planet masses by randomly sampling a distri-
butionp(Mp) ∝ 1/Mp (e.g., Marcy et al. 2008), over the range
0.5MJup< Mp < 5.0MJup. Here the lower limit of 0.5MJup is
approximately the minimum gap-opening mass for our disk
model, and the upper limit is chosen, somewhat arbitrarily,
near the limit set by the most massive known extra-solar plan-
ets.

The time of formation is assigned randomly in the range to
0.25Myr< tp < tc. The lower limit represents the earliest time
at which our disk model is physical (see §2.1 above), and the
upper limit is the time at which the wind begins to clear the
gas disk. Following Clarke et al. (2001) and Ruden (2004) we
define this time as

tc =
1
3

tν

(

3Md

2tνṀw

)2/3

. (14)

In addition, we limit the maximum value oftp such that the
planet mass cannot exceed the instantaneous disk mass attp.
In practice, however, the wind begins to clear the gas disk
when the disk mass reaches∼ 5–10MJup, so this constraint
only applies to the most massive planets. We ranN = 1000
randomly realized models: a total of 93 models formed plan-
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FIG. 3.— Cumulative distributions of planet semi-major axes. The black
line shows the data from Fischer & Valenti (2005), cut to be complete in both
mass (M sini) and semi-major axis. The red line is the corresponding distri-
bution from our reference model. The dotted red line shows the distribution
from a second random realisation of our reference model, andillustrates the
typical Poisson errors associated with samples of this size.

ets. 54 of these planets survived; the remainder were accreted
on to the central star.

2.6. Results

2.6.1. Planet properties

A first test of this approach is to reproduce the observed
semi-major axis distribution of extra-solar planets. We fol-
low the approach of Armitage (2007) in creating a uniformly-
selected, complete sample of extra-solar planets, using the
data from the Lick radial velocity survey given in Fischer &
Valenti (2005)4. These data are complete for Doppler ve-
locities K > 30m s−1 and orbital periodsP < 4yr. Conse-
quently, we apply cuts to the sample so thatM sini > 1.65MJup
anda < 2.5AU. Our model makes no attempt to model the
survival of “hot Jupiters” at small radii, so we also require
that a > 0.1AU. This results in a final sample of 23 extra-
solar planets (from 850 host stars). The radial distribution of
these planets is shown in Fig.3, along with the corresponding
distribution from our reference model (for the 21 surviving
planets with final masses> 1.65MJup and semi-major axes
< 2.5AU). The two distributions are qualitatively similar, and
a Kolmogorov-Smirnov (KS) test fails to reject the (null) hy-
pothesis that that the two data sets are drawn from the same
underlying distribution. (The KS probability is 10%, with
a KS statistic ofD = 0.35.) The apparent lack of planets
around 1.5–2AU is a chance fluctuation, and is not statisti-
cally significant (see also Fig.2 and the associated discussion
in §2.4). Also shown in Fig.3 is the distribution resulting
from a second randomly realized set of 1000 models: this
time 105 planets formed, and 56 survived. The null hypoth-

4 Where possible, we have updated the data from Fischer & Valenti (2005)
using the improved orbital parameters given in Butler et al.(2006).

esis is again not strongly rejected by a KS test, but the KS
probability of 2% is somewhat lower than before: this illus-
trates the typical Poisson errors associated with data setsof
this size. A less conservative cut of the data (K > 20m s−1,
P < 5yr, M sini > 1.2MJup, 0.1 < a < 3AU) results in slightly
improved number statistics (33 exoplanets), but quantitatively
similar distributions of planet semi-major axes.

As a further test, we confirm that the frequency of plan-
ets in our models is also consistent with the observed exo-
planet statistics. Cumming et al. (2008) report frequencies
of 2.1± 0.7% for planets withM sini > 2MJup and 0.1AU
< a < 2AU; 0.6±0.4% for M sini > 2MJup and 2AU< a <
3AU; 1.3± 0.5% for 1MJup < M sini < 2MJup and 0.1AU
< a < 2AU; and 0.6±0.4% for 1MJup < M sini < 2MJup and
2AU < a < 3AU5. The corresponding frequencies for our ref-
erence model are 1.3%, 0.1%, 2.4% & 0.6% (13, 1, 24 & 6
planets respectively), which show good agreement with the
data. However, it should be noted that both the absolute fre-
quency and the mass function of planets are primarily deter-
mined by their input values, and are essentially free parame-
ters in our model. We have chosen these in a simple manner
in order to be consistent with the observed data, but the ra-
dial distribution of planets is the more powerful test of migra-
tion physics. In addition, there is a suggestion that our model
over-produces planets of 1–2MJup at radii< 2AU. Given the
small numbers of planets this discrepancy is not statistically
significant, but it highlights the need for better statistics in this
field. Larger statistical samples of exoplanets will dramati-
cally increase our ability to discriminate between models,and
have the potential to provide precise constraints on theories of
planet migration (see also Armitage 2007).

We are therefore confident that our reference model cor-
rectly reproduces both the frequency and the radial distribu-
tion of known extra-solar giant planets, at least at the≃ 1-σ
level. The fact that simple models can reproduce this distri-
bution has been noted before (e.g., Armitage 2007), but pre-
vious such studies have used analytic methods, rather than
integrating each model explicitly as we do. Our method in-
stead ensures that the disk properties (surface density, accre-
tion rate, etc.) of every model are known throughout, and this
“brute force” method allows us to study the effects of migrat-
ing planets on the disk population in a manner that is not pos-
sible using more typical population synthesis methods (Ida&
Lin 2004a,b; Mordasini et al. 2009a,b).

2.6.2. Disk properties

In addition to studying the properties of the migrating plan-
ets in our model, we are also able to study the evolution of
observable disk properties over the lifetime of the model. In
particular, we are able to follow the accretion rate on to the
star (i.e., at the inner boundary) and the disk fraction as func-
tions of time, for our compete set of 1000 disk modes. The
evolution of the accretion rate is shown in Fig.4: the color
scale denotes the probability of finding an individual disk at
any given position in thėM–t plane6. The accretion rates de-
cline from a median value of≃ 5×10−8M⊙yr−1 at t ≃ 105yr
to≃ 10−10M⊙yr−1 at t ≃ 4Myr, at which point the photoevap-
orative wind becomes dominant and the accretion rate drops

5 The quoted uncertainties here are purely Poisson errors. Inthe Cumming
et al. (2008) sample of 475 stars, the (completeness-corrected) numbers of
objects in these four independent bins are 10, 3, 6 & 3 respectively.

6 Note that this probability is computed as a fraction of the total lifetime of
our models, and therefore does not account for the duration of the disk-less,
WTT phase.
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FIG. 4.— Evolution of accretion rate as a function of time in the reference
model (upper panel). The color scale shows the probability of any individual
model being found at any given point on the plot. We regard 10−12M⊙yr−1as
an arbitrary sensitivity limit, denoted by the dotted line:pixels immediately
below this line include all points with accretion rates lessthan 10−12M⊙yr−1,
and can be regarded as loci of observational upper limits. The green dashed
line shows the evolution of the median disk model in the absence of a planet.
The data points are taken from Hartmann et al. (1998). The lower panel shows
the corresponding results for theSCALE model (see §2.6.3): the effects of
increased dispersion in the disk model are clearly seen.

FIG. 5.— Disk fraction as a function of time. The black lines are from
our reference model; the red lines from theSCALE model. In both cases the
solid line is the disk fraction (NC/Ntot; see §3), and the dotted line is the
fraction of transitional disks (NT/Ntot; see §3). The data points and error bars
are the observed disk fractions for a number of nearby star-forming regions,
measured primarily by near-infrared excess, compiled by Mamajek (2009).
[These data also have significant systematic uncertaintiesin the derived ages
(typically ±1Myr), but for clarity we have omitted these error bars.] The
dashed lines shows the disk fractions multiplied by 0.8, andrepresent the
expected infrared excess fractions once close binaries aretaken into account.

precipitously. There is also significant scatter in the evolu-
tion: the shortest disk lifetime is 2.3Myr, while the longest is
10.7Myr. Much of this scatter is due to the intrinsic dispersion
in our disk model, but the effects of migrating planets increase
the scatter significantly compared to a disk-only model. The
accretion rates in the model are somewhat lower than in the
Hartmann et al. (1998) data, by a factor of≃ 3. However, this
is within the systematic uncertainties associated with both the
measured stellar ages and accretion rates, and given the addi-
tional uncertainties in our understanding of angular momen-
tum transport in disks this discrepancy is probably not signif-
icant. In addition, the maximum disk masses in the model are
≃ 0.12M⊙, with a median value of 0.0045M⊙, in good agree-
ment with the observations of Andrews & Williams (2005). It
has previously been shown that viscous accretion disk models
are broadly consistent with the observed evolution of accre-
tion rates in CTTs (e.g., Hartmann et al. 1998; Armitage et al.
2003), and our results re-confirm this conclusion.

Fig.5 shows the decline in the disk fraction as a function
of time. We define the disk fraction as the fraction of disks
of a given age that are “normal” viscous disks. Disks con-
taining migrating planets, and disks which are undergoing
photoevaporative clearing, are excluded from this definition
and are instead classed as “transitional” disks (see §3 be-
low). This definition should be broadly consistent with pre-
vious observational studies of the disk fraction in young star-
forming regions (e.g., Haisch et al. 2001; Sicilia-Aguilaret
al. 2006), which identify disks through near- or mid-infrared
excess emission (which is suppressed or absent in both transi-
tional disks and WTTs). We see that the disk fraction declines
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from nearly 100% att < 2Myr to almost zero att > 8Myr,
with a median disk lifetime of approximately 4Myr. This be-
haviour agrees qualitatively with observational studies (e.g.,
Haisch et al. 2001; Mamajek 2009), but results in a disk life-
times that are somewhat too long (although, given the large
systematic uncertainties in determining the ages of pre-main-
sequence stars, it is not clear if this discrepancy is significant).
However, our model set considers only the evolution of disks
around single stars, and a significant fraction of young stars
are binary or multiple systems. The evolution of disks in bi-
nary systems is complex (e.g., Monin et al. 2007), and be-
yond the scope of this paper, but we note that CTT binaries
with small separations (. 10AU) show significantly reduced
infrared excesses compared to single CTTs (due to tidal dis-
ruption of the inner disk). Disks in binary systems are inter-
esting in their own right (see, e.g., the discussion in Kennedy
& Kenyon 2009), but for our purposes these binaries can be
regarded as contaminants in photometric studies of disk frac-
tions in young clusters. Some nearby star-forming regions,
such as Taurus-Auriga, have been the subject of detailed mul-
tiplicity surveys (e.g., White & Ghez 2001), but more dis-
tant and more heavily embedded regions have not been simi-
larly studied. In addition, recent surveys using high-resolution
imaging have discovered significant numbers of close binaries
even in regions that had previously been well studied (Ireland
& Kraus 2008; Kraus et al. 2008), suggesting that the fraction
of stars that exist as binaries with separations of∼ 3–30AU is
not well constrained. Comparisons to field stars (Duquennoy
& Mayor 1991), and preliminary results from new observa-
tional studies (Kraus et al. 2009), suggest that the fraction of
binaries with such separations is approximately 10–20%. We
note also that even in the youngest clusters the IR excess frac-
tions rarely exceed 80–85%, and are inconsistent with 100%
even at ages. 0.5Myr (e.g., Haisch et al. 2001; Mamajek
2009). The suggestion that some young stars are born with-
out disks poses serious questions of our understanding of star
formation, but a simpler interpretation is that the majority of
these “disk-less” objects are in fact binary or multiple sys-
tems. If we assume that 20% of young stars are binaries which
do not show strong infrared excesses, then our model agrees
very well with the observed data (see Fig.5). We do not repro-
duce the long tail of the distribution observed in some older
clusters (e.g., Lawson et al. 2004; Sicilia-Aguilar et al. 2006),
but realistic dispersion in some of the parameters held con-
stant in our models (α, Φ, H/R), or dispersion in the ages of
stars in individual star-forming regions, could easily produce
such a tail. Moreover, some long-lived disks are known to be
circumbinary (e.g., Furlan et al. 2007), so “contamination” by
binaries probably plays a role here too. We are therefore satis-
fied that our reference model successfully reproduces both the
observed distribution of giant extra-solar planets, and the ob-
served properties of disks around young pre-main-sequence
stars.

2.6.3. Effects of model parameters

In order to study the effect of various parameters on the re-
sults of our modeling, we also ran a number of model sets
with parameters different from those of the reference model.
In the reference model all planets form at a fixed radius
ap = 5AU. In reality we expect giant planets to form over a
range of radii, so we also considered sets of models whereap
was assigned randomly in the ranges 2AU≤ ap ≤ 10AU and
5AU≤ ap ≤ 10AU. In addition, we consider three other vari-
ant model sets: one with log10(〈Md〉/M⊙) = −1.0; one with

Simulation α log10(〈Md〉/M⊙) Rs/AU ap/AU Mp/MJup

REFERENCE 0.01 −1.5 10 5 [0.5,5]
RADIUS 0.01 −1.5 10 [2,10] [0.5,5]
RADIUS2 0.01 −1.5 10 [5,10] [0.5,5]
DISKMASS 0.01 −1.0 10 5 [0.5,5]
ALPHA 0.003 −1.5 10 5 [0.5,5]
SCALE 0.01 −1.5 [5,20] 5 [0.5,5]
FIXEDMASS 0.01 −1.5 10 5 0.5

TABLE 1
List of model sets run. For each model set 1000 individual models were run,

with planets forming in 10% of the disks. The values listed for the initial
disk mass are the means of the log-normal distributions sampled, as

described in the text. Where the other listed parameters were not fixed, they
were randomly drawn from the distributions described in thetext

[p(Rs) = constant,p(ap) = constant,p(Mp) ∝ 1/Mp].

α = 0.003; and one with the scale radiusRs assigned randomly
in the range 5AU≤ Rs ≤ 20AU. (This last variant has the ef-
fect of creating a dispersion in the characteristic viscousscal-
ing time tν .) Lastly, we ran a set of models where planets
formed with a fixed mass of 0.5MJup, rather than the distribu-
tion of masses used in the reference model. The parameters
of our model sets are listed in full in Table 1.

The resulting distributions of planet radii unfortunatelydo
not discriminate significantly between the various models.KS
tests fail to reject any of the models which allow for a range
of initial planet masses (probabilities in the range 0.5–15%),
and on this basis none of these models are strongly preferred
(or disfavoured) with respect to the reference model. The fre-
quencies of surviving planets vary only weakly between the
models, and given that this depends primarily on the input
planet formation frequency this also fails to constrain on the
model parameters significantly. The low-viscosity (ALPHA)
and high disk mass (DISKMASS) models are somewhat dis-
favoured due to their long disk lifetimes (mean disk lifetimes
of 7.4 & 9.8Myr respectively), but given the intrinsic uncer-
tainties in our understanding of angular momentum transport
in disks this is also not especially significant. Similarly,the
SCALE model, in which the disk scale radiusRs varies, is
weakly preferred over the reference model, due to the in-
creased dispersion in the resulting disk lifetimes and accre-
tion rates (see Fig.4). Allowing for ranges in planet formation
radii does not significantly alter the distribution of planets in
the “migration zone” (. 3AU), but does give rise to signif-
icant differences in the distribution of planets at larger radii
(∼ 5–10AU). When the radial velocity surveys for planets be-
come complete to larger radii (longer orbital periods), they
will provide stronger constraints on the radii at which giant
planets form (see also Armitage 2007).

The one model which is strongly rejected is that in which
planets form with a fixed mass of 0.5MJup (model FIXED-
MASS). In this model dispersion in planet masses is solely
due to differences in the accretion history of planets during
the migration phase, and consequently the final planet masses
correlate strongly with radius. Planets which spend a longer
time migrating accrete more gas, so the most massive plan-
ets are always found at small radii; such a correlation is not
observed in exoplanet surveys. Moreover, planetary accretion
is not fast enough to account for the observed range in planet
masses: the most massive surviving planets have masses of
≃ 1.5MJup. We are therefore able to reject this model at high
confidence, and conclude that giant planets must enter the
Type II migration regime with a large range of masses.
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2.7. Discussion

A critical feature of our migration model is the maximum
time at which planets are allowed to form,tc. Planets which
form at late times are only able to migrate a limited distance
before the disk is cleared (see Fig.2), so the latest time at
which planets can form has important implications for the
resulting distribution of planets, especially close to thefor-
mation radiusap. Variations intc do not strongly affect the
distribution of planets in the reference model at radii. 3AU,
but changingtc by as little as 10% can result in 3-σ changes
in the distribution at larger radii. We therefore attach lim-
ited significance to our predicted distributions of planetsin
the range∼3–10AU. However, we note that even the forma-
tion of the observed population of giant planets (in the mi-
gration zone) requires planets to form at relatively late times,
&1–2Myr (see Fig.2). This result is predicated on the assump-
tion that protoplanetary disks accrete in a manner consistent
with our viscous accretion model. Adopting lower values of
α reduces the efficiency of Type II migration somewhat, but
one cannot adopt arbitrarily low values and still reproducethe
observed accretion rates. As long as disks are accreting vis-
cously at the observed rates, it is difficult to avoid the conclu-
sion that giant planets must be able to form late. At these
times the disk masses in our models are low,. 0.01M⊙,
with surface densities at 5–10AU of. 10g cm−2. This is
at least an order of magnitude smaller than the surface den-
sity in the canonical Minimum Mass Solar Nebula (Weiden-
schilling 1977; Hayashi 1981), which is treated as a fiducial
value in many calculations of planet formation. Forming plan-
ets in disks with such low surface densities may be challeng-
ing for modern theories of planet formation (e.g., Johansenet
al. 2007).

A further limitation of our models is that we consider only
the formation of one planet per disk, while in reality many
planetary systems contain multiple planets. In such systems
planet-planet interactions can be important, and can modify
the extra-solar planet distribution after the dispersal ofthe gas
disk. Indeed, it seems likely that planet-planet scattering is
responsible for the observed distribution of exoplanet eccen-
tricities (Juríc & Tremaine 2008; Chatterjee et al. 2008). In
this scenario many planets in the migration zone undergo ad-
ditional migration after the gas disk is cleared, and this pro-
cess causes the innermost planet to migrate by an amount that
depends, on average, on the number of giant planets present
at the end of the disk lifetime. If this number is typically
small (2–3) scattering will result in a modest re-mapping of
our planet distributions to smaller radii, but will not remove
the need for the distribution of planets at small semi-major
axes to be primarily established through disk migration. The
shape of the distribution would also change if the scattering
properties are not scale-free in radius. Considering theseef-
fects would be necessary in precision tests of data against the-
ory, but is not warranted with the limited suitable data samples
available at present.

3. TRANSITIONAL DISKS

Since their discovery by Strom et al. (1989), the so-called
“transitional disks” have been thought to represent a crucial
step in the evolution of planet-forming disks around young
stars. These disks are characterized by reduced emission in
the infrared but longer wavelength emission consistent with
normal CTT disks, and this is generally attributed to some
degree of inner disk clearing. The fraction of disks which
appear transitional is small, typically 5–10% (Skrutskie et

al. 1990; Kenyon & Hartmann 1995; Andrews & Williams
2005), which leads to the conclusion that the transitional
phase is short-lived (Simon & Prato 1995; Wolk & Wal-
ter 1996). Unfortunately this also means that the sample of
well-studied transitional disks is small, and this small sample
shows considerable diversity in disk properties. A detailed
understanding of this important phase of disk evolution has
thus so far remained elusive (see the discussion in Alexander
2008).

Theoretically, a number of different physical processes are
expected to give rise to disks with “transitional” spectralen-
ergy distributions: planets (Rice et al. 2003; Quillen et al.
2004), dust evolution (Dullemond & Dominik 2005; Krauss
et al. 2007), disk clearing (Alexander et al. 2006b; Chiang &
Murray-Clay 2007) and the presence of companions (Jensen
& Mathieu 1997; Ireland & Kraus 2008) probably all play a
role. However, recent observational studies, especially those
with the Spitzer Space Telescope, have led to a dramatic in-
crease in the number of known transitional disks, resulting
in the first demographic studies of their properties. Najita
et al. (2007) identified a sample of 12 transitional disks in
the Taurus-Auriga cloud, using 5–30µm data from theSpitzer
spectroscopic survey of Furlan et al. (2006). All of the 8 sin-
gle stars in their sample are actively accreting, but the accre-
tion rates for the transitional disks were found to be, on aver-
age, an order of magnitude lower than for CTTs with similar
disk masses. Najita et al. (2007) concluded that partial in-
ner disk clearing by embedded planets was the most probable
explanation for this result, but noted that other explanations
(notably dust settling or growth) could not be ruled out. By
contrast, Cieza et al. (2008) identified a sample of 26 transi-
tional disks in a number of nearby star-forming clouds, us-
ing different selection criteria based on observations across a
wider range in wavelengths. They found that inner disk clear-
ing was associated with significant depletion of the (outer)
disk mass, and concluded that disk evolution (presumably due
to viscosity and/or photoevaporation) was the most probable
explanation. These contrasting results suggest that selection
biases still dominate these relatively small samples, but also
suggest that more than one physical mechanism is responsible
for the systems that are broadly classed as “transitional”.This
view is further supported by the recent results of Salyk et al.
(2009), who used observations of CO emission lines to divide
a sample of 14 transition disks into “cleared” and “partially
depleted” inner disks.

A key issue in such studies is how transitional disks are de-
fined. A broad definition, such as that used by Najita et al.
(2007), encompasses settled dust disks, disks where signifi-
cant grain growth has occurred, disks with inner holes, disks
with embedded planets, and some binaries. A more strict def-
inition, such as that proposed by Alexander (2008), limits the
sample to objects with partially or fully cleared inner holes,
and thus only selects objects whose gas disks have undergone
significant evolution or perturbation. In our models we can
identify, and distinguish, two different types of “transitional”
disk: disks with holes or gaps due to embedded planets, and
disks which are being cleared (through the combined action of
viscosity, photoevaporation, and possibly planetary torques).
Rice et al. (2006) demonstrated that a planet which opens a
gap in a disk reduces the dust-to-gas ratio in the inner disk,
resulting in a corresponding suppression of infrared emission.
As we only consider planets which are massive enough to
open such a gap, all planet-bearing disks in our models are
likely to be identified as transitional. In addition, any disk
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which has evolved to be optically thin in the inner disk at in-
frared wavelengths but remains optically thick at larger radii
(i.e., any disk undergoing inside-out clearing) is likely to be
classed as transitional. Consequently, in our models we iden-
tify disks as transitional if

Σ(1AU) < 10−2g cm−2 AND Σ(Rh) > 10−4g cm−2

OR
the disk contains a planet.

Note, however, that disks identified in this manner represent
only a subset of the observed samples of transitional disks,
which are generally more broadly defined (as discussed above
and in §3.3).

In our models the disks are able to spread to arbitrarily large
radii, and many of our disks expand to radii of order 1000AU.
However, such large disks are not commonly observed (e.g.,
Andrews & Williams 2007; Andrews et al. 2009), and in re-
ality the outer edges of disks are likely to be truncated by a
variety of different physical processes (such as photoevapora-
tion by non-ionizing radiation, or tidal interactions withother
stars). This simplification does not have a strong effect on the
global evolution of our models, but does cause problems in
defining when disks have been cleared. We define all disks
which have inner holes larger than some critical radiusRh to
be “cleared”. Initially we adoptRh = 100AU, but we also in-
vestigate the effect of varying this parameter on our results.

For clarity we define the following quantities in each set of
models, which vary as functions of time:

Ntot The total number of stars (always 1000 in our models).

NC The number of stars with normal, non-planet-bearing
disks, analogous to the number of CTTs (or Class II
sources).

NT The number of stars with transitional disks (according
to the above criteria).

NP The number of stars with planet-bearing disks. These
represent a subset of the more broadly-defined transi-
tional disks. (Note that stars with planets but no disk
are classified as disk-less.)

NW The number of stars with disks cleared to beyond
Rh, analogous to the number of WTTs (or Class III
sources).

By construction,NC + NT + NW = Ntot. We note in passing that
the term transitional is rather misleading in this context,as
many of our disks evolve from a “transitional”, planet-bearing
phase back into a normal CTT phase before they are finally
cleared.

3.1. Number statistics

By adopting the definitions above, we are able to iden-
tify a subset of transitional disks in our model sets that is
broadly consistent with observationally-defined samples of
transitional disks. The fraction of transitional disks (NT/Ntot)
in the reference model varies from 0–13%, as seen in Fig.5.
Varying the value ofRh has only a small effect on this re-
sult: for Rh = 30AU the peak transition disk fraction is 10%,
while for Rh = 300AU it rises to 17%. The transition fraction
is initially small, rises to a peak at approximately the median
disk lifetime, and then declines. The increase in the transi-
tion disk fraction with time can be understood in terms of the

FIG. 6.— The fraction of transitional disks in the reference model set
which contain planets (NP/NT), plotted as a function of time. From top to
bottom the three curves are calculated forRh = 30, 100 & 300AU respectively:
selecting transitional disks with larger hole sizes increases the fraction of
clearing disks. At early times all of the transitional diskscontain embedded
planets.

increasing migration time-scale (due to increased suppression
of migration with declining disk mass), and also the increas-
ing incidence of clearing discs at later times; the decline at late
times is imposed by overall decrease number in the number of
disk-bearing systems. However, some aspects of the shape of
this curve are artefacts of our model: in particular, the lack
of transition disks at early times is in part due to the fact that
we do not form any planets att < 0.25Myr. In addition, we
assume zero dispersion in the age of our populations, while
real clusters may have significant age spreads. We therefore
urge caution when comparing our results to observations of
very young clusters.

Fig.6 shows the fraction of transitional disks which possess
planets (NP/NT), as a function of time, for three different val-
ues ofRh (30, 100 and 300AU). Larger values ofRh naturally
lower the ratioNP/NT (because all disks with such large holes
must be clearing), but the same general trend is seen in all
the models. At early times, the disk accretion rates are too
high for photoevaporation to be important, so essentially all
of the transitional disks with ages. 2Myr are planet-bearing.
As the population evolves photoevaporation becomes impor-
tant for a progressively larger fraction of disks, so the num-
ber of clearing disks increases and the ratioNP/NT declines.
Here the time-scale of∼ 2Myr is simply the point at which
the first of our disks (those with the lowest initial masses)
reach the low,∼ 10−10M⊙yr−1 accretion rates where photo-
evaporation becomes important. The absolute time-scales in
our model are set by the disk viscosity and initial conditions,
which are essentially free parameters chosen to match the ob-
served constraints on disk evolution (as discussed in Section
§2.5). We choose these parameters such that the median disk
lifetime is ≃4Myr, and the time at which the first clearing
disks appear is determined by the dispersion in disk lifetimes.
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FIG. 7.— The fraction of disks that are transitional [NT/(NC + NT); black
lines], plotted as a function of time (forRh = 100AU). The solid line shows
the results from theREFERENCEmodel; the dotted line theSCALE model.
At late times, when few disks remain, this number approachesunity. Also
shown for comparison are the “true” transition disk fractionsNT/Ntot, for the
REFERENCE(solid red line) andSCALE (dashed red line) models.

In the reference model set this is set by the dispersion in initial
disk masses, and the first clearing disks appear after∼ 2Myr;
in the SCALE model set there is an additional dispersion in
the viscous scaling time, and the first clearing disks appear
slightly earlier (∼ 1.8Myr). However, unless the dispersion in
disk lifetimes is very large (of order the median lifetime),it
is very unlikely that disk clearing will be significant at ages
. 1–2Myr7. These results suggest that younger transitional
disks may be the most promising candidates for hosting em-
bedded planets (at least in a statistical sense). They also sug-
gest that longer wavelength observations, which are sensitive
to larger hole sizes, should preferentially detect clearing tran-
sitional disks, and that new facilities (such as theHerschel
Space Observatory) may discover large numbers of these ob-
jects.

Fig.7 plots the fraction of disks that are transitional [i.e.,
NT/(NC + NT)] as a function of time, for theREFERENCEand
SCALE models. At early times this “transition fraction” is
small, but as the total disk fraction declinesNT/(NC + NT)
increases to around 30%, and approaches unity at very late
times (when only a handful of disks remain, most of which
are clearing). In addition, the small denominator causes this
ratio to become highly stochastic at last times. We stress that
this behavior is not inconsistent with the rapid disk clearing
seen in our models (as claimed by, e.g., Currie et al. 2009),
but is instead a natural consequence of a rapid transition ina
population of stars with a plausible dispersion in disk lifetime.
In addition, we note that our models somewhat under-estimate
the fraction of transitional disks, as we do not consider pro-
cesses, such as dust settling or terrestrial planet formation,

7 If, however, disk clearing was to begin at higher accretion rates (as sug-
gested by Ercolano et al. 2009b; Owen et al. 2009), we may see qualitatively
different behavior.

FIG. 8.— As Fig.4, but for transitional disks only. The green dashed line
again shows the evolution of the median disk model. The accretion rates for
accreting transitional disks are suppressed by around an order of magnitude
relative to the disk population as a whole.

that may lead to the appearance of “homologously depleted”
transitional disks (e.g., Wood et al. 2002). Consequently at
late times, when only a few disks remain, many, if not most
of them will be transitional. We therefore urge against using
the ratioNT/(NC + NT) (or, similarly,NT/NC) as a measure of
the transition disk fraction, especially in clusters olderthan a
few Myr (where the disk fractionNC/Ntot is small). Although
it is observationally less convenient (as it requires an accurate
census of the number of disk-less stars), the ratioNT/Ntot is a
more robust statistical measure of the duration of the transi-
tion disk phase.

3.2. Transition disk properties

Recently, Alexander & Armitage (2007) and Najita et al.
(2007) independently proposed that statistical studies ofthe
masses and accretion rates of transitional disks could provide
insight into the physical nature of these systems. Embed-
ded giant planets are expected to suppress accretion without
significantly altering the disk mass, while photoevaporative
clearing requires significant evolution of the entire disk be-
fore the accretion rate falls to a low enough value for a gap
to open. However, the theoretical arguments used in these
papers were highly idealized, and did not consider the time-
dependence of the planet-disk interaction. Our models allow
us to study these processes more fully, and make detailed pre-
dictions about the properties of (some) observable transitional
disks.

Fig.8 shows the evolution of accretion rates in the refer-
ence model for disks that are identified as transitional. At
ages< 2Myr (see discussion in §3.1 above) essentially all
of the transitional disks are accreting, but at later times there
are two coeval populations of transitional disks: accreting,
planet-bearing disks and non-accreting, clearing disks (afew
of which also contain planets). In the subset of accreting tran-
sitional disks the accretion rates show considerable scatter,
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FIG. 9.— Distributions of masses and accretion rates for transitional disks.
The upper panel shows the results from theREFERENCEmodel set; the lower
panel theSCALE model set. As in Fig.4, the pixels immediately below the
dotted line represent upper limits. All of the transition disks with accretion
rates> 10−11M⊙yr−1 contain planets. Data points are taken from Najita et al.
(2007, circles) and Cieza et al. (2008, single and double upper limits), with
the samples cut as described in the text.

and the median is suppressed by approximately a factor of 10
with respect to the CTT population. This is consistent with the
results of Najita et al. (2007), and supports their suggestion
that the transitional disks in their sample possess embedded
planets.

Both Alexander & Armitage (2007) and Najita et al. (2007)

suggested that the distribution of transitional disks in the
Mdisk–Ṁ plane can be a valuable diagnostic of the properties
of transitional disks. Fig.9 shows the distribution of accretion
rates as a function of instantaneous disk mass for the transi-
tional disks in theREFERENCEandSCALE model sets. Also
plotted are data from the studies of Najita et al. (2007) and
Cieza et al. (2008). As our model hasM∗ ≡ 1M⊙, we only
plot objects of spectral type M1 and earlier (corresponding
to stars withM∗ & 0.5M⊙). We also omit known binaries
from the figure, as well as disks whose classification is un-
certain (those classified “C/T” by Najita et al. 2007). All but
one of the remaining stars in the Cieza et al. (2008) sample
are WTTs with no measured accretion rates; we assign up-
per limits of 10−10M⊙yr−1 to these objects8. We note also
that the binary statistics of the Cieza et al. (2008) sample are
not well known. We find reasonable agreement between the
predictions of our models and the data, but find that theREF-
ERENCEmodel fails to reproduce the transition disks with the
highest disk masses. This discrepancy is within the systematic
errors associated with the observations, but is also in partan
artefact of the relatively small dispersion in ourREFERENCE
disk model set. TheSCALE model set, in which the disk scale
radiusRs was allowed to vary, shows a larger dispersion in
theMdisk–Ṁ diagram, and provides a better fit to the observed
transitional disk population.

All of the accreting (> 10−11M⊙yr−1) transitional disks in
our models contain planets, while the overwhelming majority
of the non-accreting transitional disks are undergoing photo-
evaporative clearing. This is consistent with the predictions
of previous studies (Alexander & Armitage 2007; Najita et
al. 2007), but we find that these two populations are not as
well-separated in theMdisk–Ṁ plane as previous work has
suggested. In particular,∼ 35% of the planet-bearing tran-
sitional disks in our models have accretion rates in the range
10−12–10−10M⊙yr−1(i.e., are accreting at a rate below the sen-
sitivity limit of current observations). This suggests that more
sensitive observations, with limits of. 10−11M⊙yr−1 will be
necessary to distinguish cleanly between the populations of
planet-bearing and clearing transitional disks in this manner.

3.3. Discussion

These models are the first to attempt to predict the relative
numbers of different types of transitional disks, but we stress
that we are not yet capable of modeling all of the necessary
physical processes simultaneously. In particular, our mod-
els make no attempt to account for dust settling or growth,
both of which are known to reduce the disk opacity and can
give rise to “transitional” spectral energy distributions(Dulle-
mond & Dominik 2004, 2005). In essence we consider only
the subset of transitional disks which have gaps or holes in
their gas disks, and consequently our models are not capa-
ble of spanning the full spectrum of transition disk properties.
We also note that our “gas-only” definition of “transitional”
is rather imprecise; more realistic models of dust-gas cou-
pling (e.g., Alexander & Armitage 2007) are required to make
more detailed predictions. As a related point, we urge caution
when comparing data to models, particularly with regard to
selection criteria. All but the most conservative observational
definitions of “transitional” do not limit themselves to only
objects with inner holes, and while the objects in these less

8 One object, USco J161420.2-190648, has a measured Hα equivalent
width of 52A (Preibisch et al. 2002) but no detected UV-excess, so we assign
it an upper limit of 10−9M⊙yr−1.
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strictly-selected samples are clearly interesting, they cannot
readily be compared with models of the type presented here.

We further note that the “planet-bearing” disks identified in
our models are limited to disks containing gas giant planets,
which are massive enough to open disk gaps and migrate in
the Type II regime. Many exoplanets of lower mass are now
known (e.g., Udry et al. 2007), and comparison to the So-
lar System suggests that terrestrial planets can also form on
time-scales comparable to observed disk lifetimes (see, e.g.,
Nagasawa et al. 2007, and references therein). Planets less
massive than∼ 0.5MJup are unlikely to open gaps in their
parent gas disks, but the presence of even a low-mass planet
can cause significant perturbations to the dust distribution
(Paardekooper & Mellema 2006). It therefore seems possible
that disks undergoing terrestrial planet formation may also be
classed as transitional, even in the absence of the more dra-
matic perturbations to the disk structure modeled here. How-
ever, the migration of low mass planets and planetary cores
is theoretically complex and not fully understood (e.g., Pa-
paloizou et al. 2007; Paardekooper & Papaloizou 2009), and
is not constrained by current exoplanet data. Consequently
any extension of our models beyond the Type II migration
regime would introduce significant theoretical uncertainties,
and would be of questionable benefit in this context.

In addition, we point out that our models apply only to stars
of approximately solar mass. Disks around low-mass stars
and brown dwarfs are now commonly observed (e.g. Scholz
et al. 2006), but our knowledge of their evolution is limited.
Moreover, interpretation of the infrared spectral energy dis-
tributions of disks around low-mass (M-type) stars is fraught
with difficulty (Ercolano et al. 2009a), and it is not at all clear
whether such disks evolve in the same manner as their more
massive counterparts. Very little is known about disk lifetimes
and masses in this regime, and the key physical processes (an-
gular momentum transport, photoevaporation, planet forma-
tion) are essentially unconstrained. Consequently, we make
no attempt to extrapolate our results to stars of lower mass.
However, it seems likely that future observations will dis-
cover a large number of transitional disks around low-mass
stars (e.g., Sicilia-Aguilar et al. 2008; Currie et al. 2009), and
this represents an interesting avenue for future work.

4. SUMMARY

We have constructed models of planet migration in evolv-
ing protoplanetary disks, and used a Monte Carlo approach to
model the evolution of populations of such disks. The disks
evolve subject to viscosity and photoevaporation by the cen-
tral star, and giant planets form and undergo Type II migra-
tion. Our model successfully reproduces the frequency and
radial distribution of observed extra-solar planets, and also
reproduces the observed accretion rates, disk masses and life-
times of protoplanetary disks.

The relatively small uniform sample of observed exoplan-
ets limits the extent to which our models can inform our un-

derstanding of planet migration, but we are able to draw sev-
eral interesting conclusions. We find that the addition of the
“direct” photoevaporative wind results in a degree of cou-
pling between planet formation and disk clearing, which has
not been seen in previous models. Consequently some ac-
cretion flow across the planetary orbit must occur, as other-
wise it is impossible to “strand” migrating giant planets at
radii . 1.5AU. We also find that planetary accretion during
the migration phase cannot explain the observed range of ex-
oplanet masses, and therefore conclude that the planet for-
mation process must result in a broad range of giant planet
masses. Lastly, we find that it is only possible for giant plan-
ets to survive if they form at relatively late times (unless Type
II migration is dramatically suppressed). At this point in our
models the disk surface densities at radii of a few AU are low
(. 10g cm−2), and forming giant planets in such a low-density
environment may be challenging for current theories of planet
formation.

In addition, our models allow us to make a number of pre-
dictions about the properties and evolution of the so-called
transitional disks (more precisely, the subset of transitional
disks with holes or gaps in their gas disks). Our models suc-
cessfully reproduce the observed transition disk fractions of
∼ 10%, and are also able to explain the accretion rates and
disk masses of observed samples of transition disks. How-
ever, we find that the properties of this population evolve sig-
nificantly with time. We predict the existence of two pop-
ulations of transitional disks: weakly accreting disks, which
contain embedded planets, and non-accreting disks which are
undergoing inside-out clearing. At early times (. 2Myr) es-
sentially all transitional disks are planet-bearing, but the frac-
tion of transition disks which possess planets drops with time;
at late times (& 6Myr), the vast majority of transitional disks
are being cleared by photoevaporation. Future observations
will result in much larger samples of transitional disks than
are currently known, and should allow us to disentangle the
competing processes of disk evolution and planet formation.
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