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ABSTRACT

We present models of giant planet migration in evolving pptanetary disks. Our disks evolve subject to
viscous transport of angular momentum and photoevaparatibile planets undergo Type Il migration. We
use a Monte Carlo approach, running large numbers of mod#iisawange in initial conditions. We find
that relatively simple models can reproduce both the oleskradial distribution of extra-solar giant planets,
and the lifetimes and accretion histories of protoplanedisks. The use of state-of-the-art photoevaporation
models results in a degree of coupling between planet faomand disk clearing, which has not been found
previously. Some accretion across planetary orbits issseeg if planets are to survive at ragiil.5AU, and if
planets of Jupiter mass or greater are to survive in our nsddey must be able to form at late times, when the
disk surface density in the formation region is low. Our mddems two different types of “transitional” disks,
embedded planets and clearing disks, which show markefigreint properties. We find that the observable
properties of these systems are broadly consistent witkecuobservations, and highlight useful observational
diagnostics. We predict that young transition disks areenigely to contain embedded giant planets, while
older transition disks are more likely to be undergoing diglaring.

Subject headings: accretion, accretion disks — planetary systems: formatipfanetary systems: protoplane-
tary disks

1. INTRODUCTION

Understanding how planets form has been an active topic o
research for centuries, but interest in this subject has&sed
dramatically since the discovery of the first extra-solampl
ets (Mayor & Queloz 1995; Marcy & Butler 1996). Over 35
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 piare
stars, and that such planets could not have formed at their cu
rent locations. This in turn sparked renewed interest in the
established theory of planet migration (Goldreich & Treneai
1980; Lin & Papaloizou 1986), in which planets form far from
their parent stars and “migrate” to smaller radii througé th
action of tidal torques. The migration of low-mass planets r
mains controversial, but so-called Type Il migration, whic
applies to planets sufficiently massive 0.5Mjyy) 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 circuntstell
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-bearinggital
T Tauri stars (CTTs) evolve into disk-less, weak-lined TfTau
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 transpod, an
evaporation due to heating by energetic photons (e.g.eHoll
bach et al. 2000; Dullemond et al. 2007; Alexander 2008), an

these evolving “protoplanetary” disks are the sites of ptan
formation.

Statistically, it is clear that some fraction of observeotpr
planetary disks must contain planets. Identifying theaagt-
o bearing disks is of considerable interest, since doing sdavo
provide evidence as to where and when planets typically form
within disks, and discriminate between different models fo
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 ladl t
disks observed to show such signatures (the so-called tran-
sitional disks; Strom et al. 1989; Najita et al. 2007) comtai
planets. A significant fraction of transitional disks may in
stead represent an intermediate stage of disk evolutiam pri
to final disk clearing (e.g., Cieza et al. 2008), a procest tha
occurs in the presence or absence of planets. Here, we seek to
construct models that include both disk evolution and glane
formation. By comparing the models against both exoplanet
a2nd disk evolution statistics we seek to make maximum use
of available observational constraints, and thereby ptéké
observational appearance of planets within evolving disks

In this paper we present models of giant planet migration in
evolving protoplanetary disks. We restrict ourselves tn-co
sidering relatively massive planets,0.5Myy, primarily be-
cause searches for exoplanets are presently only complete t
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
gho attempt to model planets of lower mass. Our models in-

clude viscous transport of angular momentum, photoevapora
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tion, and Type Il 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 ofd The kinematic viscosity governs the transport of angular
tributions of disk and planet properties. In 82 we presemt ou momentum in the disk, and we adopt an alpha-disk model
numerical model, and compare the results to the observed ra- )

dial distribution of extra-solar planets, and to a largegean v(R) = af2H, (5)

of observations of protoplanetary disks. Our results campa \,nereq is the standard Shakura & Sunyaev (1973) viscosity

favourably with the observed properties of both planets andparameter an(R) = /GM, /R is the orbital frequency. We

disks, and we discuss how the observational data can €O dopt a scale-height consistent with a flared disk model (e
strain various properties of the model. This is the first gtud P 9 (&9
Kenyon & Hartmann 1987)

to model populations of transitional disks theoreticadipd
in 83 we discuss the transition disk phenomenon. Our rela- H(R) x R, (6)
tively simple model reproduces the known properties ofehes ) ) ) )

objects well. The model produces transition disks via two Where the power-law indeg=5/4. This choice ofp gives a
different mechanisms (gap_opening by p|anets and disk-clea V|SC.OS|tyV XX R, consistent W|th hlghl—l‘_eSO|utI0n Obsel’vatIOI’lS
ing), and we discuss the relative efficiency of these pramess ©0f disk structure (e.g., Andrews & Williams 2007; Andrews et
in the models. We show that observations of transition disk &l- 2009). As in Alexander & Armitage (2007), we normalize
masses and accretion rates remain the most straightforwarhis relationship so that the disk aspect rafigR=0.0333 at
means of d|St|ngu|sh|ng between different types of traorsit R=1AU. This parametrlzatlon assumes that stellar irradimti

disks, and make predictions for future observations of suchdominates over viscous heating, and is thus strictly vatig o
objects. for accretion rates less than a few times®\.yr (e.g.,

D’Alessio et al. 1999). In practice, this means that our nhode
2. MODELS of angular momentum transport in the disk is only physical at

2.1. Planet migration model timest 2 10°yr.

_ ] The rate of mass-loss due to photoevaporation is
In our model, protoplanetary disks evolve due to viscous )
transport of angular momentum and photoevaporation by the 5 R1) = Saitfuse(R) 1 Linner > Zerit 7
central star. Planets migrate due to tidal interaction with YR ShireceR) i Sinner < Serit-
disk (in the Type Il migration regime), and the disk is also ) _ _ ) o _
subject to tidal torques from planets. The coupled evofuio ~ The “diffuse” profile applies when the inner disk is optigall

a protoplanetary disk and a planet is described by the eqpuati thick to ionizing photons, and was studied in detail by Hol-
(e.g., Lin & Papaloizou 1986) lenbach et al. (1994) and Font et al. (2004, see also Liffman

2003). In this case radiation from the star creates a thin ion

0¥ 190 3RY/2 0 SRY2 2AYR/? S R ized layer on the disk surface, with a sound speed 10km
9t ROR 3R (” ) T (GM)Z| w(R D). s, and the diffuse (recombination) radiation field from the
(1) disk atmosphere is the dominant source of ionizing photbns a
HereX(Rt) is the disk surface density,s time, Ris cylin- ~AU radii. Outside some critical radius the heated layer is un

drical radius,v is the kinematic viscosity, anbll, = 1M, is ~ bound and flows as a wind. The mass-loss profile is strongly
the stellar mass. The first term on the right-hand side de-concentrated close to the critical radius

scribes ordinary viscous evolution of the disk (LyndeniBel M.,

& Pringle 1974; Pringle 1981), and th&,(R,t) term repre- Reiit ~0.2Rg ~ 1.8 (1M )AU, (8)
sents the mass-loss due to photoevaporation. The secomd ter ©

describes how the disk responds to the planetary torque: herwhereRg = GM.,./cZ is the “gravitational radius” defined by
A(R, a) is the rate of specific angular momentum transfer from Hg|lenbach et al. (1994) The “direct” profile applies when
the planet to the disk. Following Trilling etal. (1998) and-A  the inner disk has been cleared (by either viscous or tidal
mitage et al. (2002), for a planet of madg = gM. atradius  torques) and is optically thin to ionizing photons. In thise

(semi-major axisp we adopt the following form foA stellar irradiation ionizes the inner edge of the disk digec

) 4 and the disk is cleared from the inside out (Alexander et al.
—q(;F';"* (Aﬁ) if R<a 2006a,b). We make use of the numerical parametrizations

AR&=q ., ¢ 2) given in the appendix of Alexander & Armitage (2007), and
it (Aip) if R>a switch between the two profiles when the surface density in

the inner disk I§ < Rqit) falls below some critical valu&l.
where We set¥. = 10°g cni?, but note that the results are not very
Ap=maxH,|R-a)) 3) sensitive to the exact value adopted (see discussion ireAlex

der & Armitage 2007). We assume a stellar ionizing flux of

andH is the disk scale-height. This form fdr is the same — 1042 .

. : i . ®=10"photons per second (e.g., Alexander et al. 2005; Pas-
as that used by Lin & Papaloizou (1986), but modified to give ¢, g pSterzik 2%09' HoIIen(ba%h & Gorti 2009), which re-
a symmetric treatment inside and outside the planet's.orbit ;\;t<'in a (diffuse) wind rate ¥, ~ 4 x 10710\ @yr'—l_

This transfer of angular momentum causes the planet to i~ 1y initial surface density profile is taken from the similar
ity solution of the diffusion equation (Lynden-Bell & Prilgy

grate at a rate

1974; Hartmann et al. 1998):
Z—ilz— (G:‘A ) (:A—”) /RAEdR. ) N
* p — d -
SR = 5 2 ROPER/RY. (©)

This treatment of planet migration is necessarily idedljzeit
has p_re_V|0U5|y been §hown to give results Comparable tomore 2 g s found by equating the Keplerian orbital speed with thestspeed
sophisticated numerical models (e.g., Takeuchi et al. L996  of the ionized gasss.
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where My is the initial disk mass. The scaling radits Efficiency of planetary accretion
defines the initial disk size, and also sets the viscous time- . ————y ————y
scale of the disk. Following Hartmann et al. (1998) we set  _ |« Lubow et al. (1999)
Rs = 10AU, which results in a viscous time-scale tpf= x DAngelo et ol. (2002)
R2/3v(Ry) ~ 5 x 10%r for o = 0.01.

2.2. Numerical method 3

g |
We solve the diffusion equation for the gas surface density < « |

(Equation 1) numerically using a standard first-order expli ~ © ©

finite difference scheme, on a grid of points equispaced in

RY/2 (e.g., Pringle et al. 1986). We choose a grid covering

the range [(D4AU, 10000AU], and adopt zero-torque bound-

ary conditions (i.e., we set = 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 a T

curacy when calculating the effect of the planetary tordoe. /M

order to make efficient use of computing resources we there- L

fore use two resolutions: a low resolution with cell spacing Fic. 1.— Relative efficiency of accretion from the disk on to thanet,

1/2 — 1/2 : : : plotted as a function of the planet mass. The crosses showuimerical
ARY/Z = 0.2AU'2 and 1000 gl’ld cells, and a hlgh resolution results from D’Angelo et al. (2002), and the filled circle® tfesults from

with with ARY2 = 0.05AUY2 and 4000 grid cells. In the ab-  Lubow et al. (1999). The solid line shows the fitting formufarh Veras

sence of a planet the low resolution is used, but we switch to& Armitage (2004) described in Equation 10. The lowest planass we

high resolution when a planet is present. Switching to high Sonsider in our models is 0.5

resolution is achieved by simple linear interpolation, evhi 0 s

is sufficient to conserve mass and angular momentum at ver -

high accuracy. ? YoMy _ 1.67(1mp ) exp(1 SI\ICIp ) +0.04. (10)
The time-step is typically limited by the radial velocity of €max Jup - up

the gas very close to the location of the planet, and evolv- More recent numerical studies suggest that, in additior-to a

ing the system on such a short time-step is unnecessary aftdowing accretion on to the planet, tidal streams also permit

the planet has opened a gap in the disk. Consequently weaccretion across the gap from the outer to the inner disk. Fol

impose a maximum torque (and therefore a maximum gas vedowing Lubow & D’Angelo (2006), we define the accretion

locity in the radial direction) ofA| < 0.1RHQ2. In addition, rate across the gap to be

we make no attempt to model the interaction of the planet ‘ 1 .

with the inner edge of the gas disk (which is truncated by the Minner = ——Mp (11)

stellar magnetosphere), and simply remove planets whgn the 1+e

migrate to radiia < 0.15AU. The cumulative numerical er- Wwhere the accretion rate on to the planet is

rors in the conservation of mass and angular momentum are M, = e(Mp)Maisk. (12)

typically < 0.1% over the lifetime of the model.
Operationally, we compute the disk accretion rate expected

_ in the absence of a plandilyisx as the accretion rate at three
2.3. Planetary accretion times the radius of the planet:

The description of planetary migration above does not al- Maisk = 37/(33)X(34) (13)
low any material to flow across the gap in the disk induced by i . .
the presence of a planet. However, numerical simulations ofAt each timestep we subtract a ma#ié = dt(Mp + Minner)
the disk-planet interaction show that tidal streams of gas d from the cell(s) immediately outside the gap, and add the ap-
flow across the gap, allowing accretion on to both the planetPropriate fractions of this mass to the planet and inner gap
and the inner disk to persist after the gap has been opene@dge. For consistency with the results of Lubow & D’Angelo
(e.g., Artymowicz & Lubow 1996). The rate of accretion on (2006) we adoptmax = 0.5, but note that our results are not
to the planet can be parametrized as the fractiofthe disk ~ Very sensitive to the exact value @fax. This procedure does
accretion rate that would be measured in a steady disk in thehot explicitly conserve angular momentum, as mass is moved
absence of a planet. Simulations show that the efficiency from larger to smaller radii without regard for the diffeten
varies strongly with the mass of the planet, and can approactfhgular momenta of these orbits. What should happen to this
(and even exceed) unity for planets which are marginallg abl “€xcess”angular momentumis not clear (Lubow & D’Angelo
to open a gap in the disk (LUbOW et al. 1999; D’Angek) et al. 2006), but tests show that if all of the excess angu_lar momen'
2002). tum goes to the planet (the extreme case), the migration rate
Fig.1 shows values afobtained from two-dimensional nu-  is slowed only at the 1-2% level. This is smaller than many
merical simulations of planets embedded in gaseous disksOf the other uncertainties in the migration model, so we are
Simulations of low-mass and high-mass planets have beerpatisfied that our planetary accretion procedure is robust.
normalized by demanding consistencygt= 1My, and fur-
ther normalized so that the maximum value of the efficiency, 2.4. Code Tests
€max 1S €qual to unity. In addition, we also show a simple In order to test the accuracy of our numerical method, we
fitting function which provides a good fit to the numerical re- performed a comparison with the semi-analytic results ef Ar
sults (Veras & Armitage 2004). The fitting function takes the 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. Thairs

show our numerical results: black and red represent modtiswe 0.01 and

« = 0.003 respectively. Circles denote the model where accretinoss the
planet-induced gap is permitteehfax = 0.5); crosses the model where no gas
flows across the gap. The lines show the corresponding cfroresArmitage
(2007), for both partially (dotted) and fully suppressedsfaed) migration
models. The small discontinuities in the numerical dataterflow” models

at final radii~ 3AU occur when the planet triggers disk clearing, as distiss
in the text. When gas does not flow across the gap this triggesi much
more dramatic, and no planets survive at ragil.5AU.

beMg = 1015M, ~ 0.0316M,, and “form” planets of initial
mass 1M,pata = 5AU. Figure 2 shows the final planet radii
as a function of formation time, for disks with= 0.01 and

« =0.003 and models witlyax = 0.5 andemax = 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. 1§99n

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 fac
that our models appear consistent with the fully suppresse
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 th

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 sufficietitéy,
resulting gap in the disk can become optically thin to iamigi

photons. As a result the wind switches to the direct regime

and clears the disk, preventing further planet migratiffiece
tively, the planet triggers disk clearing. This behavicudis-
tinct from that considered in previous models (e.g., Argita
etal. 2002; Armitage 2007), which assumed that disk clgarin

was independent of planet formation and migration. When ac-
cretion across the gap is significant the consequencesof thi
are not dramatic (as seen in Fig.2): the location of the small

3 Suppression of Type Il migration occurs when the planet Mvisex-
ceeds the local disk massrZaZ, as the planet’s inertia then causes it to
migrate on a time-scale longer than the local viscous tioades The degree
of suppression is characterised by the paran@tedrXa?/Mp: for partial
suppression the migration rate is reduced by a faBt6?, while in the fully
suppressed case it is reduced by a faBtor

discontinuity in allowed final planet radii differs for df-

ent disk models, and when we assume a spread in disk initial
conditions the discontinuity is not reflected in the resigti
distribution of planet radii. However, when accretion &sr0
the gap is suppressed (i.e., for very low valueg)ofve see
strong coupling between planet formation and disk clearing
with significantimplications for the final distribution ofgnet
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; pla
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 differe
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 distiobut
of initial disk masses (see, e.g., Kennedy & Kenyon 2009),
with a mean of log,((Mg)/Mg) =-1.5 and a 3¢ spread of
0.5dex. In the absence of a planet the mean disk model has an
initial accretion rate ofv 4 x 10 'Myyr™2, 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
tadii, so we form planets only in a subset of our models: the
probability of a giant planet forming in each individual nedd
is 10% (this value chosen arbitrarily in order to reprodunee t
observed frequency of giant planets). In each model which

I'forms a planet, we then allow a single planet of mislgsto
g form” attimet, and radiuss,. In the reference model set we

use a constant planet formation radiusagf= 5AU. We as-
sign the initial planet masses by randomly sampling a distri
ution p(Mp) «x 1/M, (e.g., Marcy et al. 2008), over the range

SMyup < Mp < 5.0My,p Here the lower limit of 0.5Mpis
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< t, < 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

1 ( 3My >2/3
to==t, [ —9 )
3 ZtUMW

In addition, we limit the maximum value @&f such that the
planet mass cannot exceed the instantaneous disk mss at
In practice, however, the wind begins to clear the gas disk
when the disk mass reaches5-10My, S0 this constraint
only applies to the most massive planets. We Kan 1000
randomly realized models: a total of 93 models formed plan-

(14)
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M, > 1.85M,,,, 0.1AU < a < 2.5AU 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 datac$ets
this size. A less conservative cut of the datax 20m s?,

P < 5yr,Msini > 1.2Myp, 0.1 < a < 3AU) results in slightly
improved number statistics (33 exoplanets), but quaivigiyt
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 frequencie
of 2.1+ 0.7% for planets withMsini > 2M;,, and 0.1AU
< a< 2AU; 0.6+ 0.4% for Msini > 2Myypand 2AU< a <
3AU; 1.3+ 0.5% for 1My < Msini < 2M;,p and 0.1AU
< a< 2AU; and 06+ 0.4% for 1My < Msini < 2My,pand
2AU < a < 3AU°. 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

D s S S O B S S N S S S B RN S S S RS N L

0.6

Cumulative fraction of planets
0.4

N data. However, it should be noted that both the absolute fre-
© quency and the mass function of planets are primarily deter-
L mined by their input values, and are essentially free parame

ters in our model. We have chosen these in a simple manner

o in order to be consistent with the observed data, but the ra-

dial distribution of planets is the more powerful test of naig
tion physics. In addition, there is a suggestion that ourehod
over-produces planets of 1-3)M at radii < 2AU. Given the

a/ AU
FiG. 3.— Cumulative distributions of planet semi-major axese black small numbers of planets this discrepancy is not statibtica

line shows the data from Fischer & Valenti (2005), cut to beaptete in both i il i d
mass [ sini) and semi-major axis. The red line is the correspondingidist significant, but it highlights the need for better statsstithis

bution from our reference model. The dotted red line showsdibtribution field. Larger statistical samples of exoplanets will dramat
from a second random realisation of our reference modeljlestrates the cally increase our ability to discriminate between modetsl
typical Poisson errors associated with samples of this size have the potential to provide precise constraints on teeaf
planet migration (see also Armitage 2007).

We are therefore confident that our reference model cor-
rectly reproduces both the frequency and the radial distrib
2 6. Results tion of known extra-solar giant planets, at least atthgé-oc

o level. The fact that simple models can reproduce this distri

2.6.1. Planet properties bution has been noted before (e.g., Armitage 2007), but pre-

A first test of this approach is to reproduce the observedYious such studies have used analytic methods, rather than
semi-major axis distribution of extra-solar planets. We fo intégrating each model explicitly as we do. Our method in-
low the approach of Armitage (2007) in creating a uniformly- Stéad ensures that the disk properties (surface densifig-ac
selected, complete sample of extra-solar planets, usiag th tion rate, etc.) of every model are known throughout, arsl thi
data from the Lick radial velocity survey given in Fischer &  Prute force” method allows us to study the effects of migrat
Valenti (2005§. These data are complete for Doppler ve- NG planets on the disk population in a manner that is not pos-
locities K > 30m st and orbital period® < 4yr. Conse- sible using more typical population synthesis methods &da
quently, we apply cuts to the sample so thiegini > 1.65M;yp Lin 2004a,b; Mordasini et al. 2009a,b).
anda < 2.5AU. Our model makes no attempt to model the 2.6.2. Disk properties
survival of “hot Jupiters” at small radii, so we also require
thata > 0.1AU. This results in a final sample of 23 extra-
solar planets (from 850 host stars). The radial distrilbbutbd
these planets is shown in Fig.3, along with the correspandin
distribution from our reference model (for the 21 surviving
planets with final masses 1.65M;,, and semi-major axes
< 2.5AU). The two distributions are qualitatively similar, and

ets. 54 of these planets survived; the remainder were a&ctret
on to the central star.

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. |
particular, we are able to follow the accretion rate on to the
star (i.e., at the inner boundary) and the disk fraction as{u
tions of time, for our compete set of 1000 disk modes. The

a Kolmogorov-Smirnov (KS) test fails to reject the (null-hy ~ €volution of the accretion rate is shown in Fig.4: the color
pothesis that that the two data sets are drawn from the sam&C@l€ denotes the probability of finding an individual disk a
underlying distribution. (The KS probability is 10%, with any given position in thé4-t plané. Tpe accretion rates de-

a KS statistic ofD = 0.35.) The apparent lack of planets cline from a median value of 5x 10 "Moyr™ att = 1C°yr
around 1.5-2AU is a chance fluctuation, and is not statisti- {0~ 10"Mgyr™ att ~ 4Myr, at which point the photoevap-
cally significant (see also Fig.2 and the associated dismuss Orative wind becomes dominant and the accretion rate drops
in §2'4)' Also shown in Fig.3 is the distribution reSUIting 5 The quoted uncertainties here are purely Poisson errotse l@umming
f_rom a second randomly realized set of 1000 models: this al. (2008) sample of 475 stars, the (completeness-tedaumbers of
time 105 planets formed, and 56 survived. The null hypoth- gpjects in these four independent bins are 10, 3, 6 & 3 reispact

6 Note that this probability is computed as a fraction of thalttifetime of
4 Where possible, we have updated the data from Fischer & W4R805) our models, and therefore does not account for the durafitimeadisk-less,
using the improved orbital parameters given in Butler e(2006). WTT phase.
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FIG. 4.— Evolution of accretion rate as a function of time in teéerence
model (upper panel). The color scale shows the probabifigng individual
model being found at any given point on the plot. We regard?\ . yrtas
an arbitrary sensitivity limit, denoted by the dotted lirgxels immediately
below this line include all points with accretion rates ltsan 1012M o yr?,
and can be regarded as loci of observational upper limite green dashed
line shows the evolution of the median disk model in the absef a planet.
The data points are taken from Hartmann et al. (1998). Therpanel shows
the corresponding results for ttecALE model (see §2.6.3): the effects of
increased dispersion in the disk model are clearly seen.

Reference model

80 100
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Disk fraction / %
40
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t / Myr

Fic. 5.— Disk fraction as a function of time. The black lines arenf
our reference model; the red lines from theALE model. In both cases the
solid line is the disk fractionNc/Nwot; see 83), and the dotted line is the
fraction of transitional disksNr /Niwot; see §3). The data points and error bars
are the observed disk fractions for a number of nearby stanifig regions,
measured primarily by near-infrared excess, compiled bynkjak (2009).
[These data also have significant systematic uncertaiintitree derived ages
(typically ==1Myr), but for clarity we have omitted these error bars.] The
dashed lines shows the disk fractions multiplied by 0.8, spiesent the
expected infrared excess fractions once close binariesiega into account.

precipitously. There is also significant scatter in the evol
tion: the shortest disk lifetime is 2.3Myr, while the longiss
10.7Myr. Much of this scatter is due to the intrinsic disjpens

in our disk model, but the effects of migrating planets iase

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 factoreB. However, this

is within the systematic uncertainties associated with o
measured stellar ages and accretion rates, and given the add
tional uncertainties in our understanding of angular momen
tum transport in disks this discrepancy is probably notigign
icant. In addition, the maximum disk masses in the model are
~ 0.12Mg, with a median value of 0.0045)] in good agree-
ment with the observations of Andrews & Williams (2005). It
has previously been shown that viscous accretion disk reodel
are broadly consistent with the observed evolution of accre
tionrates 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 definiti
and are instead classed as “transitional” disks (see 83 be-
low). This definition should be broadly consistent with pre-
vious observational studies of the disk fraction in yourag-st
forming regions (e.g., Haisch et al. 2001, Sicilia-Aguikdr
al. 2006), which identify disks through near- or mid-ingdr
excess emission (which is suppressed or absent in botli-trans
tional disks and WTTs). We see that the disk fraction desline
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from nearly 100% at < 2Myr to almost zero at > 8Myr,

with a median disk lifetime of approximately 4Myr. This be- Simulation o 10g;5((Ma)/Mg) RJAU ap/AU Mp/Mup
haviour agrees qualitatively with observational studieg). REFERENCE 0.01 -15 10 5 [0.55]
Haisch et al. 2001; Mamajek 2009), but results in a disk life- RADIUS 0.01 -15 10 [2,10] [0.5,5]
times that are somewhat too long (although, given the large RADIUS2  0.01 -15 10 [5,10] [0.5,5]
systematic uncertainties in determining the ages of prierma DIskMAss  0.01 -10 10 5 [059]
sequence stars, it is not clear if this discrepancy is sizanit). ALPHA 0.003 -15 10 5 [0579]
However, our model set considers only the evolution of disks ~ SCALE 0.01 -15 (5.20] 5 [055]
around single stars, and a significant fraction of youngsstar FIXEDMASS 0.01 15 10 5 0.5
are binary or multiple systems. The evolution of disks in bi- TABLE 1

nary systems is complex (e.g., Monin et al. 2007), and be- List of model sets run. For each model set 1000 individual efdere run,
yond the scope of this paper, but we note that CTT binaries witdh rl)(la:]qggss fgrr?tiﬂg melé)r:? gff ttrT: I%i;ksér;h; ﬁ?s'?r?su'gféﬁgtgggga'

with small separationsJ 10AU) show significantly reduced ISk mé - :

infrared excesses compared o single CTTs (due o tidal s 1224 et iner e one It parameters o, ey
ruption of the inner disk). Disks in binary systems are iter [p(Rs) = constantp(ap) = constantp(Mp) o< 1/Mp].

esting in their own right (see, e.g., the discussion in Keliyne

& Kenyon 2009), but for our purposes these binaries can be

regarded as contaminants in photometric studies of digk fra <« =0.003; and one with the scale radiBsassigned randomly
tions in young clusters. Some nearby star-forming regions,in the range 5AL Rs < 20AU. (This last variant has the ef-
such as Taurus-Auriga, have been the subject of detailed mulfect of creating a dispersion in the characteristic viscamad-
tiplicity surveys (e.g., White & Ghez 2001), but more dis- ing timet,.) Lastly, we ran a set of models where planets
tant and more heavily embedded regions have not been simiformed with a fixed mass of 0.5), rather than the distribu-
larly studied. In addition, recent surveys using high-hetson tion of masses used in the reference model. The parameters
imaging have discovered significant numbers of close esari  of our model sets are listed in full in Table 1.

even in regions that had previously been well studied (hetla ~ The resulting distributions of planet radii unfortunately

& Kraus 2008; Kraus et al. 2008), suggesting that the fractio not discriminate significantly between the various mod¢s.

of stars that exist as binaries with separations @&-30AU is tests fail to reject any of the models which allow for a range
not well constrained. Comparisons to field stars (Duquennoyof initial planet masses (probabilities in the range 0.86),5

& Mayor 1991), and preliminary results from new observa- and on this basis none of these models are strongly preferred
tional studies (Kraus et al. 2009), suggest that the fraatio  (or disfavoured) with respect to the reference model. Tee fr
binaries with such separations is approximately 10-20%. Wequencies of surviving planets vary only weakly between the
note also that even in the youngest clusters the IR excass fra models, and given that this depends primarily on the input
tions rarely exceed 80-85%, and are inconsistent with 100%planet formation frequency this also fails to constrain loa t
even at ages 0.5Myr (e.g., Haisch et al. 2001; Mamajek model parameters significantly. The low-viscosity RHA)
2009). The suggestion that some young stars are born withand high disk massp{skMAss) models are somewhat dis-
out disks poses serious questions of our understandingiof st favoured due to their long disk lifetimes (mean disk lifetisn
formation, but a simpler interpretation is that the majoaf of 7.4 & 9.8Myr respectively), but given the intrinsic uncer
these “disk-less” objects are in fact binary or multiple-sys tainties in our understanding of angular momentum trartspor
tems. If we assume that 20% of young stars are binaries whichin disks this is also not especially significant. Similatlye

do not show strong infrared excesses, then our model agreeSCALE model, in which the disk scale radil varies, is
very well with the observed data (see Fig.5). We do not repro-weakly preferred over the reference model, due to the in-
duce the long tail of the distribution observed in some older creased dispersion in the resulting disk lifetimes andeaccr
clusters (e.g., Lawson et al. 2004; Sicilia-Aguilar et &08), tion rates (see Fig.4). Allowing for ranges in planet forimat
but realistic dispersion in some of the parameters held con-radii does not significantly alter the distribution of plésén
stant in our modelsq, ®, H/R), or dispersion in the ages of the “migration zone” £ 3AU), but does give rise to signif-
stars in individual star-forming regions, could easily guioe icant differences in the distribution of planets at largadir
such a tail. Moreover, some long-lived disks are known to be (~ 5-10AU). When the radial velocity surveys for planets be-
circumbinary (e.g., Furlan et al. 2007), so “contamindtipn ~~ come complete to larger radii (longer orbital periods)ythe
binaries probably plays a role here too. We are therefoigsat will provide stronger constraints on the radii at which gian
fied that our reference model successfully reproduces heth t - planets form (see also Armitage 2007).

observed distribution of giant extra-solar planets, amedat- The one model which is strongly rejected is that in which
served properties of disks around young pre-main-sequenc@lanets form with a fixed mass of 0.5 (model FIXED-
stars. MASS). In this model dispersion in planet masses is solely
due to differences in the accretion history of planets dyrin
2.6.3. Effects of model parameters the migration phase, and consequently the final planet rmasse

In order to study the effect of various parameters on the re-correlate strongly with radius. Planets which spend a longe
sults of our modeling, we also ran a number of model setstime migrating accrete more gas, so the most massive plan-
with parameters different from those of the reference model ets are always found at small radii; such a correlation is not
In the reference model all planets form at a fixed radius observed in exoplanet surveys. Moreover, planetary doaret
a, = 5AU. In reality we expect giant planets to form over a iS not fast enough to account for the observed range in planet
range of radii, so we also considered sets of models wlgere Masses: the most massive surviving planets have masses of
was assigned randomly in the ranges 248, < 10AU and ~ 1.5M;,, We are therefore able to reject this model at high
5AU< a, < 10AU. In addition, we consider three other vari- confidence, and conclude that giant planets must enter the
ant model sets: one with lgg((Mg)/Mg) = —1.0; one with Type Il migration regime with a large range of masses.
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2.7. Discussion al. 1990; Kenyon & Hartmann 1995; Andrews & Williams

A critical feature of our migration model is the maximum 2005), which leads to the conclusion that the transitional
time at which planets are allowed to fortg, Planets which ~ Phase is short-lived (Simon & Prato 1995; Wolk & Wal-
form at late times are only able to migrate a limited distance t€r 1996). Unfortunately this also means that the sample of
before the disk is cleared (see Fig.2), so the latest time atVell-studied transitional disks is small, and this smaihgée
which planets can form has important implications for the shows considerable diversity in disk properties. A dethile

resulting distribution of planets, especially close to the understanding O_f this important phase.of disk e\(olution has
mation radiusa,. Variations int. do not strongly affect the thus so far remained elusive (see the discussion in Alexande

distribution of planets in the reference model at regBAU, 2008). . .
but changingd. by as little as 10% can result in@changes Theoretically, a number of different physical processes ar

in the distribution at larger radii. We therefore attach-lim expe((:;_ed _tg give r.isel to disks with “tralnsitiongl“ SPITCEBP |
ited significance to our predicted distributions of plariets €79y distributions: planets (Rice et al. 2003; Quillen et a
the range~3—10AU. However, we note that even the forma- 2004), dust evolution (Dullemond & Dominik 2005; Krauss
tion of the observed population of giant planets (in the mi- ©t &l- 2007), disk clearing (Alexander et al. 2006b; Chiang &
gration zone) requires planets to form at relatively latees, ~ Murray-Clay 2007) and the presence of companions (Jensen
>1-2Myr (see Fig.2). This resultis predicated on the assump-& Mathieu 1997; Ireland & Kraus 2008) probably all play a
tion that protoplanetary disks accrete in a manner comsiste '0l€- However, recent observational studies, especiadige

with our viscous accretion model. Adopting lower values of With the Spitzer Space Telescope, have led to a dramatic in-

o reduces the efficiency of Type Il migration somewhat, but Créase in the number of known transitional disks, resulting

one cannot adopt arbitrarily low values and still reprodinee 11 the first demographic studies of their properties. Najita
observed accretion rates. As long as disks are accreting vis€t /- (2007) identified a sample of 12 transitional disks in

cously at the observed rates, it is difficult to avoid the ¢onc "€ Taurus-Auriga cloud, using 5-3 data from thepitzer
sion that giant planets must be able to form late. At these SPectroscopic survey of Furlan et al. (2006). All of the 8 sin

times the disk masses in our models are IgwD.01M gle stars in their sample are actively accreting, but theeacc
with surface densities at 5-10AU of 10g cm@.’ .This®i’s tion rates for the transitional disks were found to be, or-ave

at least an order of magnitude smaller than the surface den&d€. an order of magnitude lower than for CTTs with similar
sity in the canonical Minimum Mass Solar Nebula (Weiden- diSk masses. Najita et al. (2007) concluded that partial in-
schilling 1977; Hayashi 1981), which is treated as a fiducial N€r disk clearing by embedded planets was the most probable
value in many calculations of planet formation. Formingypla  €XPlanation for this result, but noted that other explaeli
ets in disks with such low surface densities may be challeng-(n0tably dust settling or growth) could not be ruled out. By
ing for modern theories of planet formation (e.g., Joharegen contrast, Cieza et al. (2008) identified a sample of 26 transi
al. 2007). tional disks in a number of nearby star-forming clouds, us-
A further limitation of our models is that we consider only Nd different selection criteria based on observationssga
the formation of one planet per disk, while in reality many Wider range in wavelengths. They found that inner disk elear
planetary systems contain multiple planets. In such system iN9 Was associated with significant depletion of the (outer)
planet-planet interactions can be important, and can modif diSk mass, and concluded that disk evolution (presumalsly du
the extra-solar planet distribution after the dispersahefgas  (© Viscosity and/or photoevaporation) was the most prababl
disk. Indeed, it seems likely that planet-planet scattgien ~ €XPlanation. These contrasting results suggest thattszlec
responsible for the observed distribution of exoplaneeaec ~ Piases still dominate these relatively small samples, sat a
tricities (Jurt & Tremaine 2008; Chatterjee et al. 2008). In Sudgestthatmore than one physical mechanism is respensibl

this scenario many planets in the migration zone undergo ad-for the systems thatare broadly classed as “transitiofairs
ditional migration after the gas disk is cleared, and this-pr VI€W iS further supported by the recent results of Salyk et al

cess causes the innermost planet to migrate by an amount th4£009), who used observations of CO emission lines to divide

depends, on average, on the number of giant planets presergespal‘ggge” i%fnleérl éggl?sition disks into “cleared” and “paryiall

at the end of the disk lifetime. If this number is typically X . L . .

small (2-3) scattering will result in a modest re-mapping of . A key issue in such studies is how transitional disks are de-

our planet distributions to smaller radii, but will not reweo ~ fined- A broad definition, such as that used by Najita et al.
(2007), encompasses settled dust disks, disks where signifi

the need for the distribution of planets at small semi-major ; hh d. disks with i holes. slisk
axes to be primarily established through disk migratione Th Cant grain growth has occurred, disks with inner holes, lis
with embedded planets, and some binaries. A more strict def-

shape of the distribution would also change if the scatterin inition, such as that proposed by Alexander (2008), liniies t

properties are not scale-free in radius. Considering tbése . . X .
fects would be necessary in precision tests of data aghiestt SamPple to objects with partially or fully cleared inner fmle

ory, but is not warranted with the limited suitable data semp ~ 2nd thus only selects objects whose gas disks have undergone

available at present significant evolution or perturbation. In our models we can
) identify, and distinguish, two different types of “tranisital”
3. TRANSITIONAL DISKS disk: disks with holes or gaps due to embedded planets, and

Since their discovery by Strom et al. (1989), the so-called disks which are being cleared (through the combined acfion o
“transitional disks” have been thought to represent a atuci viscosity, photoevaporation, and possibly planetaryues).
step in the evolution of planet-forming disks around young Rice et al. (2006) demonstrated that a planet which opens a
stars. These disks are characterized by reduced emission igap in a disk reduces the dust-to-gas ratio in the inner disk,
the infrared but longer wavelength emission consistertt wit resulting in a corresponding suppression of infrared eoniss
normal CTT disks, and this is generally attributed to some As we only consider planets which are massive enough to
degree of inner disk clearing. The fraction of disks which open such a gap, all planet-bearing disks in our models are
appear transitional is small, typically 5-10% (Skrutskie e likely to be identified as transitional. In addition, any ldis
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which has evolved to be optically thin in the inner disk at in- Fraction of planet—bearing transitional disks
frared wavelengths but remains optically thick at largetiira
(i.e., any disk undergoing inside-out clearing) is liketylie
classed as transitional. Consequently, in our models we ide
tify disks as transitional if

A T T T T T T T T

[o0]
Y(1AU) < 107°g cni? AND %(R,) > 10%g cmi? ol
OR
the disk contains a planet.

Note, however, that disks identified in this manner represen _ s [
only a subset of the observed samples of transitional disks,=
which are generally more broadly defined (as discussed above™
and in §3.3). z .
In our models the disks are able to spread to arbitrarilydarg o
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 truncatedbya o
variety of different physical processes (such as photaaeap
tion by non-ionizing radiation, or tidal interactions witkher
stars). This simplification does not have a strong effechen t
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 radRgiso t / Myr
be “(_:Ieared”' Initially we aFjOPRh, = 100AU, but we also in- FiG. 6.— The fraction of transitional disks in the reference eloset
vestigate the effect of varying this parameter on our result  which contain planetsNp/Nyr), plotted as a function of time. From top to

For clarity we define the following quantities in each set of bottom the three curves are calculatedRgrF 30, 100 & 300AU respectively:

i i i . selecting transitional disks with larger hole sizes insesathe fraction of

models, which vary as functions of time: clearing disks. At early times all of the transitional disicntain embedded
planets.

o

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

Nc The number of stars with normal, non-planet-bearing increasing migration time-scale (due to increased supjmes
disks, analogous to the number of CTTs (or Class Il of migration with declining disk mass), and also the increas
sources). ing incidence of clearing discs at later times; the declirata

_ . . . timesisimposed by overall decrease number in the number of

Nr The number of stars with transitional disks (according gjsk-bearing systems. However, some aspects of the shape of
to the above criteria). this curve are artefacts of our model: in particular, thelac

of transition disks at early times is in part due to the faet th

we do not form any planets at< 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
Nw The number of stars with disks cleared to beyond very young clusters.
Rn, analogous to the number of WTTs (or Class llI Fig.6 shows the fraction of transitional disks which posses
sources). planets Np/Ny), as a function of time, for three different val-
) ) _ ues ofR, (30, 100 and 300AU). Larger values I&f naturally

By constructionNc + Nr +Nw = Nyor. We note in passing that  |ower the ratioNs/Nr (because all disks with such large holes

the term transitional is rather misleading in this contet,  must be clearing), but the same general trend is seen in all

many of our disks evolve from a “transitional”, planet-iegr ~ the models. At early times, the disk accretion rates are too

phase back into a normal CTT phase before they are finallyhigh for photoevaporation to be important, so essentidlly a

cleared. of the transitional disks with ages 2Myr are planet-bearing.

- As the population evolves photoevaporation becomes impor-

3.1. Number statistics tant for a progressively larger fraction of disks, so the Aum
By adopting the definitions above, we are able to iden- ber of clearing disks increases and the r&tig Ny declines.

tify a subset of transitional disks in our model sets that is Here the time-scale of 2Myr is simply the point at which

broadly consistent with observationally-defined samplies o the first of our disks (those with the lowest initial masses)

transitional disks. The fraction of transitional disRé { Niet) reach the low~ 107%Myr™* accretion rates where photo-

in the reference model varies from 0-13%, as seen in Fig.5.evaporation becomes important. The absolute time-scales i

Varying the value ofR, has only a small effect on this re- our model are set by the disk viscosity and initial condigion

sult: for R, = 30AU the peak transition disk fraction is 10%, which are essentially free parameters chosen to match the ob

while for R, = 300AU it rises to 17%. The transition fraction served constraints on disk evolution (as discussed in &ecti

is initially small, rises to a peak at approximately the naedi  §2.5). We choose these parameters such that the median disk

disk lifetime, and then declines. The increase in the transi lifetime is ~4Myr, and the time at which the first clearing

tion disk fraction with time can be understood in terms of the disks appear is determined by the dispersion in disk lifeim

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.)
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Transition disk fraction Reference Model, Transitional Disks Only
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_FIG. 7.— The fraction of disks that are transitionalr[/(Nc + Nr); black FiG. 8.— As Fig.4, but for transitional disks only. The greentuzbline
lines], plotted as a function of time (fé, = 100AU). The solid line shows  again shows the evolution of the median disk model. The tooreates for
the results from thekEFERENCEMOodel; the dotted line theCALE model. accreting transitional disks are suppressed by aroundder of magnitude
At late times, when few disks remain, this number approacimity. Also relative to the disk population as a whole.
shown for comparison are the “true” transition disk fragidlr /N, for the h lead h fh | v depl d”
REFERENCESsoIid red line) andscALE (dashed red line) models. that may lead to the appearance ot “nomologously deplete

transitional disks (e.g., Wood et al. 2002). Consequerttly a
In the reference model set this is set by the dispersioniiaini  |ate times, when only a few disks remain, many, if not most
disk masses, and the first clearing disks appear af@¥lyr; of them will be transitional. We therefore urge against gsin
in the scALE model set there is an additional dispersion in  the ratioNr/(Nc +Nr) (or, similarly,Nr/Nc) as a measure of
the viscous scaling time, and the first clearing disks appearthe transition disk fraction, especially in clusters olthan a
slightly earlier ¢~ 1.8Myr). However, unless the dispersionin - few Myr (where the disk fractiohlc /Ny is small). Although
disk lifetimes is very large (of order the median lifetimé), it is observationally less convenient (as it requires ameate
is very unlikely that disk clearing will be significant at &ye  census of the number of disk-less stars), the MetiNiot is @
< 1-2Myr’. These results suggest that younger transitional more robust statistical measure of the duration of the trans
disks may be the most promising candidates for hosting em-tion disk phase.
bedded planets (at least in a statistical sense). They a¢s0 s
gest that longer wavelength observations, which are $emsit 3.2. Transition disk properties

to larger hole sizes, should preferentially detect clegnian- Recently, Alexander & Armitage (2007) and Najita et al.

sitional disks, and that new facilities (such as therschel (2007) independently proposed that statistical studiethef
Space Observatory) may discover large numbers of these ob- a1 qses and accretion rates of transitional disks couldgeov
Jects. . . o . insight into the physical nature of these systems. Embed-
Fig.7 plots the fraction of disks that are transitional.[i.e ded giant planets are expected to suppress accretion withou
Nr/(Nc+Nr)] as a function of time, fo“r theEFERENCEan,(,j. significantly altering the disk mass, while photoevapeeti
SCALE models. At early times this “transition fraction” is  ¢|earing requires significant evolution of the entire disk b
small, but as the total disk fraction declind/(Nc +Nr)  for0 the accretion rate falls to a low enough value for a gap
increases to around 30%, and approaches unity at very latg, e However, the theoretical arguments used in these
times (when only a handful of disks remain, most of which papers were highly idealized, and did not consider the time-
are clearing). In addition, the small denominator causss th yohendence of the planet-disk interaction. Our modelsvallo
ratio to become highly stochastic at last times. We stregs th us to study these processes more fully, and make detailed pre

this behavior is not inconsistent with the rapid disk clegri - ; P
seen in our models (as claimed by, e.g., Currie et al. 2009),3:2&2_”3 aboutthe properties of (some) observable transit

but is instead a natural consequence of a rapid transitian in Fig.8 shows the evolution of accretion rates in the refer-

IF)Op(ljJ(lj"’.‘tt.'on of star? V‘{'r:hta pIau3|gIe| dlsper3|%n ,'[n d|dsktlrfes._ , ence model for disks that are identified as transitional. At
n addition, we note that our models somewhat under-esimat 505 oMyr (see discussion in §3.1 above) essentially all

the fraction ?]f trar:jsmonal ?.“Sks' as we do |n0;[ consflder- Pro of the transitional disks are accreting, but at later tinfese
cesses, such as dust settling or terrestrial planet foomatl 5.6 o coeval populations of transitional disks: accrgtin

7 If, however, disk clearing was to begin at higher accretiates (as sug- planet-bearlng disks and non-accreting, Clea“ng dISKSV(Ia

gested by Ercolano et al. 2009b; Owen et al. 2009), we maysaiagively O_f WhiCh ?-lso contain pIa_nets). In the subset Of accretiag-tr
different behavior. sitional disks the accretion rates show considerable esgatt
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Reference Model, Transitional Disks Only
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FiG. 9.— Distributions of masses and accretion rates for tt@nsil disks.
The upper panel shows the results from #eErERENCENOdel set; the lower
panel thescaLE model set. As in Fig.4, the pixels immediately below the
dotted line represent upper limits. All of the transitiorsidi with accretion
rates> 1011M yr! contain planets. Data points are taken from Naijita et al.
(2007, circles) and Cieza et al. (2008, single and doubleufmits), with
the samples cut as described in the text.

and the median is suppressed by approximately a factor of 1

with respect to the CTT population. This is consistent whit t
results of Najita et al. (2007), and supports their suggasti

that the transitional disks in their sample possess emhkdde

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

suggested that the distribution of transitional disks ie th
Mgis—M plane can be a valuable diagnostic of the properties
of transitional disks. Fig.9 shows the distribution of atmn
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 hivk = 1M, we only

plot objects of spectral type M1 and earlier (corresponding
to stars withM, = 0.5My). 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). Alltbu
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°M yr™ to these objecks We note also
that the binary statistics of the Cieza et al. (2008) samgde a
not well known. We find reasonable agreement between the
predictions of our models and the data, but find thatRbe-
ERENCEmodel fails to reproduce the transition disks with the
highest disk masses. This discrepancy is within the systema
errors associated with the observations, but is also ingrart
artefact of the relatively small dispersion in CREFERENCE
disk model set. ThecaLE model set, in which the disk scale
radiusRs was allowed to vary, shows a larger dispersion in
the Mgig—M diagram, and provides a better fit to the observed
transitional disk population.

All of the accreting & 101*Myr™) transitional disks in
our models contain planets, while the overwhelming majorit
of the non-accreting transitional disks are undergoingg@ho
evaporative clearing. This is consistent with the preditdi
of previous studies (Alexander & Armitage 2007; Najita et
al. 2007), but we find that these two populations are not as
well-separated in théVlgisk=M plane as previous work has
suggested. In particulax; 35% of the planet-bearing tran-
sitional disks in our models have accretion rates in the@ang
101%-101%M ,yr Y(i.e., are accreting at a rate below the sen-
sitivity limit of current observations). This suggeststtirore
sensitive observations, with limits gf 1071*M o yr™ will be
necessary to distinguish cleanly between the populatibns o
planet-bearing and clearing transitional disks in this n&an

3.3. Discussion

These models are the first to attempt to predict the relative
numbers of different types of transitional disks, but wessr
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 distributiqimsulle-
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 projeext
We also note that our “gas-only” definition of “transitiohal
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 oauti
when comparing data to models, particularly with regard to

O'selection criteria. All but the most conservative obseoretl
definitions of “transitional” do not limit themselves to gnl
objects with inner holes, and while the objects in these less

8 One object, USco J161420.2-190648, has a measureeddivalent
width of 52A (Preibisch et al. 2002) but no detected UV-es¢es we assign
it an upper limit of 10°M g yr 1.
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strictly-selected samples are clearly interesting, thaynot derstanding of planet migration, but we are able to draw sev-
readily be compared with models of the type presented here. eral interesting conclusions. We find that the addition ef th
We further note that the “planet-bearing” disks identified i “direct” photoevaporative wind results in a degree of cou-
our models are limited to disks containing gas giant planets pling between planet formation and disk clearing, which has
which are massive enough to open disk gaps and migrate imot been seen in previous models. Consequently some ac-
the Type Il regime. Many exoplanets of lower mass are now cretion flow across the planetary orbit must occur, as other-
known (e.g., Udry et al. 2007), and comparison to the So- wise it is impossible to “strand” migrating giant planets at
lar System suggests that terrestrial planets can also form o radii < 1.5AU. We also find that planetary accretion during
time-scales comparable to observed disk lifetimes (see, e. the migration phase cannot explain the observed range of ex-
Nagasawa et al. 2007, and references therein). Planets lesgplanet masses, and therefore conclude that the planet for-
massive thanv 0.5M;,, are unlikely to open gaps in their mation process must result in a broad range of giant planet
parent gas disks, but the presence of even a low-mass planehasses. Lastly, we find that it is only possible for giant plan
can cause significant perturbations to the dust distributio ets to survive if they form at relatively late times (unlegpé&
(Paardekooper & Mellema 2006). It therefore seems possiblell migration is dramatically suppressed). At this point imro
that disks undergoing terrestrial planet formation magp alks models the disk surface densities at radii of a few AU are low
classed as transitional, even in the absence of the more dra¢< 10g cm?), and forming giant planets in such a low-density
matic perturbations to the disk structure modeled here.-How environment may be challenging for current theories of @lan
ever, the migration of low mass planets and planetary coresformation.
is theoretically complex and not fully understood (e.g.; Pa  In addition, our models allow us to make a number of pre-
paloizou et al. 2007; Paardekooper & Papaloizou 2009), anddictions about the properties and evolution of the so-dalle
is not constrained by current exoplanet data. Consequenthtransitional disks (more precisely, the subset of tramsil
any extension of our models beyond the Type Il migration disks with holes or gaps in their gas disks). Our models suc-
regime would introduce significant theoretical unceriagit  cessfully reproduce the observed transition disk frastioh
and would be of questionable benefit in this context. ~ 10%, and are also able to explain the accretion rates and
In addition, we point out that our models apply only to stars disk masses of observed samples of transition disks. How-
of approximately solar mass. Disks around low-mass starsever, we find that the properties of this population evolge si
and brown dwarfs are now commonly observed (e.g. Scholznificantly with time. We predict the existence of two pop-
et al. 2006), but our knowledge of their evolution is limited ulations of transitional disks: weakly accreting disks,iehh
Moreover, interpretation of the infrared spectral energgy d  contain embedded planets, and non-accreting disks whéch ar
tributions of disks around low-mass (M-type) stars is filsiug undergoing inside-out clearing. At early time§ 2Myr) es-
with difficulty (Ercolano et al. 2009a), and it is not at akkalr sentially all transitional disks are planet-bearing, et frac-
whether such disks evolve in the same manner as their mordion of transition disks which possess planets drops witle i
massive counterparts. Very little is known about disk iifegs at late times £ 6Myr), the vast majority of transitional disks
and masses in this regime, and the key physical processes (arare being cleared by photoevaporation. Future obsenstion
gular momentum transport, photoevaporation, planet ferma will result in much larger samples of transitional disksrtha
tion) are essentially unconstrained. Consequently, weemak are currently known, and should allow us to disentangle the
no attempt to extrapolate our results to stars of lower mass.competing processes of disk evolution and planet formation
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. 2p@etd
this represents an interesting avenue for future work. We are grateful to Adam Kraus for useful discussions about
observations of young binaries, and to Barbara Ercolano for
4. SUMMARY comments on the manuscript. We thank Eric Mamajek & Lu-
We have constructed models of planet migration in evolv- cas Cieza for providing the data used in Figs.5 & 9 respec-
ing protoplanetary disks, and used a Monte Carlo approach taively. In addition we thank the referee, Scott Kenyon, for
model the evolution of populations of such disks. The disks a thoughtful and insightful report. We also acknowledge the
evolve subject to viscosity and photoevaporation by the cen generous hospitality of the Isaac Newton Institute for Math
tral star, and giant planets form and undergo Type Il migra- ematical Sciences, Cambridge, where this work was com-
tion. Our model successfully reproduces the frequency andpleted. RDA acknowledges support from the Netherlands
radial distribution of observed extra-solar planets, als a Organisation for Scientific Research (NWO), through VIDI
reproduces the observed accretion rates, disk massedend li grants 639.042.404 and 639.042.607. PJA acknowledges sup-
times of protoplanetary disks. port from the NSF (AST-0807471), from NASA's Origins of
The relatively small uniform sample of observed exoplan- Solar Systems program (NNX09AB90G), and from NASA's
ets limits the extent to which our models can inform our un- Astrophysics Theory program (NNX07AH08G).
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