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ABSTRACT

We consider the dynamics of dust and gas during the cleafipgptoplanetary discs. We work
within the context of a photoevaporatj@iscous model for the evolution of the gas disc, and
use a two-fluid model to study the dynamics of dust grains ag#s disc is cleared. Small
(< 10um) grains remain well-coupled to the gas, but largerlfnm) grains are subject to
inward migration from large radii{ 50AU), suggesting that the time-scale for grain growth in
the outer disc is- 10°~1Pyr. We describe in detail the observable appearance of digisg
clearing, and find that pressure gradients in the gas disét irsa strong enhancement of the
local dust-to-gas ratio in a ring near to the inner disc etigstly, we consider a simple model
of the disc-planetinteraction, and suggest that obsemstf disc masses and accretion rates
provide a straightforward means of discriminating betweigierent models of disc clearing.

Key words. accretion, accretion discs — circumstellar matter — sfaes:main-sequence —
planetary systems: protoplanetary discs — planetary mgstirmation

1 INTRODUCTION

Itis now well accepted that newly-formed, solar-type staessur-
rounded by primordial discs of gas and dust. Such discs ceaoc
sionally be resolved directly (e.g. McCaughrean & O’Delb&Y,
but their presence is more commonly inferred from secondary
servational diagnostics. The most common such diagnoaties
infrared excess, arising from the reprocessing of ste#idration
by warm dust in the inner disc disc (Kenyon & Hartmann 1995;
Haisch, Lada & Lada 2001; Hartmann et al. 2005), accretign si
natures such as line emission and ultraviolet excess (dartiEd-
wards & Ghandour 1995; Calvet & Gullbring 1998; Gullbringaét
2000; Muzerolle et al. 2000), and millimetre continuum esita
from cold dust in the outer disc (Beckwith et al. 1990; Andsew
& Williams 2005). These dferent diagnostics are usually seen to-
gether, and few transition objects are known to exist betvtbe
disc-bearing classical T Tauri stars (CTTs) and the diss-Veeak-
lined T Tauri stars (WTTs). Since CTTs evolve into WTTs, the
apparent lack of transition objects implies that the triamsibe-
tween the CTT and WTT states is very rapid (Skrutskie et &019
Kenyon & Hartmann 1995; Simon & Prato 1995; Wolk & Wal-
ter 1996): typical estimates suggest that the discs areedam a
time-scale of order FQr after a lifetime of a few Myr. Moreover,
the data show that the inner and outer discs are cleared tafinos
multaneously (e.g. Andrews & Williams 2005), suggestirat the
mechanism responsible for the rapid disc clearing opematesthe
entire radial extent of the disc, from0.1AU to > 100AU.

More recent studies have begun to provide some insight into
the disc clearing process, and a handful of “transitionats, with
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properties between the CTT and WTT states, have now been well
studied (e.g. GM Aur, Rice et al. 2003; Calvet et al. 2005; TW
Hya, Calvet et al. 2002; Eisner, Chiang & Hillenbrand 2006KG
Tay4, Forrest et al. 2004; d’Alessio et al. 2005a). These object
are characterised by a lack of near-infrared excess emijsiid
“normal” disc spectral energy distributions (SEDs) at wamgths
longer than~ 1Qum. However, some of these objects, such as GM
Aur, are actively accreting and possess massivé.(M,) discs,
while others, such as CoKu Tl show no evidence of accretion
and possess much less massivelM,,) discs. Recently, Sicilia-
Aguilar et al. (2006) identified 17 “transition objects”,cafound
that roughly half showed evidence of accretion, while halfrbt.

It does not, therefore, seem likely that “transition obgédtienti-
fied in this way (i.e. on the basis of their SEDs) represeniadue-
nous class of objects. However, all such objects do seenistens
with some form of “inside-out” disc clearing, during whidhetdisc
appears to have a large central cavity or hole, at least imltise
disc (see also Padgett et al. 2006). The mechanism(s) rabf®n
for producing such holes remain uncertain, however, andqgue
studies have variously invoked the presence of a planet iécg

et al. 2003; Quillen et al. 2004), dust evolution (e.g. Wileeal.
2005) or photoevaporation (e.g. Alexander et al. 2006bp@btl.
2006) to explain the observed “holes”.

In this paper we seek to explore the behaviour of the dust com-
ponent of the disc during the clearing phase, within the exrif
photoevaporation models of disc evolution. We also seekrgbs
able diagnostics that can be used to discriminate betwetaretit
models of disc clearing. Photoevaporation occurs wheavititet
radiation heats the disc surfaceditiently that it becomes unbound
from the central star and flows from the disc as a wind (seegthe r
views by Hollenbach et al. 2000; Dullemond et al. 2006, arid re
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erences within). Here we focus on theet of ionizing radiation models (Font et al. 2004; Alexander et al. 2006a,b) whickcedlg
from the central star, as thdfects of external photoevaporation alter the evolution of the outer gas disc at late times. Intenidwe
from nearby O-stars are only significant for the minority ofsT consider a range of grain sizes, from smati grains up to larger

which are found near to the centre of massive clusters £8t& mm-sized particles. The structure of the paper is as folltmSec-
Hollenbach 1999; Eisner & Carpenter 2006). It has been demon tion 2 we describe our disc model, and present the resultsatich
strated that it is reasonable to treat the central star daadhawm ion- 3. We discuss the implications of these results, and thedtions
izing luminosity of order® = 10*?photons st, presumably arising of our analysis, in Section 4. In Section 5 we compare ourlt®su
in the stellar chromosphere, which is approximately coristaer to those from a simple model of the disc-planet interactam]
the duration of the TT phase (Alexander, Clarke & Pringle3)00 suggest a simple observational diagnostic that can be osgid-t
Most previous studies of the evolution of photoevaporatifggs criminate between thesefférent models, before summarizing our

(e.g. Clarke, Gendrin & Sotomayor 2001; Matsuyama, Jolmes€o conclusions in Section 6.
Hartmann 2003; Armitage, Clarke & Palla 2003; Alexandearki

& Pringle 2006b) have modelled the evolution of the gas didyg,0
and simply assumed a constant dust-to-gas ratio in ordeorte ¢

pare to observed data. These studies have shown that mduels w 2 MODEL
incorporate photoevaporation and viscous accretion ganodece In order to model the dynamics of dust and gas during the tran-
a number of observed properties, such as the rapid tram$itn sition phase, we adopt a model similar to that used by Takeuch

the CTT to WTT state and the near-simultaneous clearing®f th et al. (2005). We assume that the gaseous component of the dis
inner and outer discs. The basic premise of such modelstishitia  evolves subject to viscosity and photoevaporation, andhiesdust

low mass-loss rate of the wind (L0-°Mgyr~1) is initially negligi- component is subject tofllusion and gas-drag forces. We neglect
ble compared to the disc accretion rate. However, the diseton other dfects, such as grain replenishment, radiation pressure, or
rate falls with time, eventually becoming comparable to (itwn- Poynting-Robertson drag; the possible consequences s Him-

stant) wind rate. At this point the wind opens a gap in the,disc plifications are discussed in Section 4.
depriving the inner disc of resupply. The inner disc draingmthe

star on a viscous time-scale, and from this point onwardsvthd

dominates the evolution, resulting in a rapid clearing & tlisc 21 Gasdisc

from the inside-out. The evolution of the gas surface denskiy(R, t) is governed by the

Takeuchi, Clarke & Lin (2005, see also Takeuchi & Lin 2005) i sjon equation (Lynden-Bell & Pringle 1974: Pringle 1981)
combined a viscoyphotoevaporation model for the evolution of

gas discs with a two-fluid model for the evolution of the duastd %y _ 34 Rl/zi s RY2)| % t 1
studied the evolution of mm-size grains over the lifetimettus ot ~ RAR R (V 9 ) wind(R 1) @
disc. They found that mm grains migrate inwards (due to head- wheret is time,R s cylindrical radiusy is the kinematic viscosity

wind drag) on falrly §hort time-scales, t)l/plcaHy.lMyr or less. and the terniwmd(R,t) represents the mass-loss due to photoevap-
Consequently, in their model the mm-size grains were rechove oration

from TT discs prior to the dispersal of the gas disc, and they p

dicted the existence of a population of dust-poor gas didcse

recently, however, Andrews & Williams (2005) surveyed nibran 211 \iscosity

100 TTs in the Taurus-Auriga cloud and found that essentall

objects & 90%) with optically thick, accreting inner discs also  The evolution of the gas disc is determined primarily by tierf
show a strong millimetre flux. In addition, only a handful df-o  ©f the kinematic viscosity, which governs the transport of angu-
jects  10%) with no infrared excess or accretion signatures were 1ar momentum in the disc. The details of how angular momentum
detected at millimetre wavelengths. This tells us, in casttwith is transported in accretion discs are still subject to muehate
the predictions of Takeuchi et al. (2005), that mm-sized duthe (e.g. Gammie 1996; Balbus & Hawley 1998), but for simplicity
outer disc is dispersed at the same time as the gas disc. oreo adopt an alpha-disc model (Shakura & Sunyaev 1973). Thesisc

this suggests that mm grains in the outer disc must be regpledi ity takes the form

throughout the lifetime of the CTT phase, as the inward ntigna WR) = aQH?, @)

time-scale of these grains is much shorter than the typital i@e-

time. In addition, detailed models of dust coagulation hstvewn wherea is the standard Shakura & Sunyaev (1973) viscosity pa-

that replenishment of grains is necessary even to sustapuaag rameterQ(R) = /GM../R8is the orbital frequency, and(R) is the

tion of small, micron-sized grains, over the (several Myujation disc scale-height. We adopt a scale-height consistentanfifared

of the CTT phase (Dullemond & Dominik 2005). disc” model (e.g. Kenyon & Hartmann 1987), which takes threnfo
Consequently, here we make the assumption that the dust-H(R) « R, 3)

to-gas ratio (for all grain sizes) is constant at the begignof

the clearing phase, and consider thfafential motion of the gas  with the power-law indexj = 5/4. We normalise this relationship
and dust during the photoevaporatively-induced transiti€ssen- so that the disc aspect ratih/R = 0.0333 atR = 1AU. (With
tially we assume that some replenishment process(es) asuttat this scaling we therefore havd/R = 0.019 atR = 0.1AU, and
suggested by Dullemond & Dominik (2005), maintains a quasi- H/R = 0.105 atR = 100AU.) This choice of the indeg implies

equilibrium in the grain population up to the point where @ that the disc midplane temperature scalefR@$’, and results in
vaporation alters the gas dynamics significantly, and wa the a viscosity which scales linearly with radius. Arguments$awour
low the diferential evolution of the dust and gas discs through of such a viscosity law were discussed by Hartmann et al.g).99
the transitional phase. We use a model similar to that pteddsy and recent observations also support this parametrizghioarews

Takeuchi et al. (2005), but also include updated photoezdion & Williams 2006). We consider two viscosity models withirigh

© 2006 RAS, MNRAS0Q0, 1-13
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framework: a “high-viscosity” model witlr = 0.01, and a “low-
viscosity” model witha = 0.001.

2.1.2 Wnd model

Here we seek to model the transitional phase more accuthtaty
before, and so the wind term is given by

i"Wind(Rs t) = i:diﬂfuse‘*’ idirects (4)

where giruse ANdZgirect represent the contributions to the wind from
the difuse and direct stellar radiation fields respectively. Wepado
the diffuse wind profile from Font et al. (2004), and the direct wind
profile from Alexander et al. (2006a) (witH/R = 0.05). The nu-
merical forms of these wind profiles are defined in Appendix A.
The direct profile is defined in Alexander et al. (2006a) asveguo
law: it is only defined folR > Ry, and diverges to small radii. In
order to avoid numerical problems we smooth this profile at th
inner disc edg®, by multiplying Zgirect((R) by the smoothing func-

tion
R-Rn\["
1+ exp(—?)] ,

n

f(R) = ®)

whereHy, is the disc scale-height at the inner edge. Both the dif-
fuse and direct wind rates scale as the square root of theatep
ionizing fluxes, and we model the transition by scaling tHfesess
appropriately. The diuse flux®gigyse arises from recombinations
of atomic hydrogen in the disc atmosphere, and was modailed i
detail by Hollenbach et al. (1994). Here we note that as therin
disc drains the structure of this atmosphere is modified, taad
contribution from the atmosphere at a given radius is egdnt
removed if the disc at that radius is optically thin in theticad
direction to ionizing photons. We denote this radius (atcltthe
disc becomes optically thin in the vertical direction) Ry, and,
following Hollenbach et al. (1994), we assume that theude ion-
izing flux reaching larger radii is dominated by the flux esdtiat
this radius. This flux is subject to geometric dilution, armhse-
guently we scale the fiuse ionizing flux as
- \2 .
(Ddiﬁuse: { CD(%) i Rthin < Rcrit (6)
(0] otherwise
whered is the stellar ionizing flux an&,, is the radius of the inner
disc edge outside the gap. (Note tRaf, < Ri, by construction.)
R.it is the “critical radius” at which the gap opens, which is give
by (Liffman 2003; Font et al. 2004; Dullemond et al. 2006)

M*
1M,

and is approximately one-fifth of the “gravitational radidefined
by Hollenbach et al. (1994). If the surface density in theemaisc
is suficiently small that the disc is optically thin to ionizing gbas
Rinin is located where

Rerit = 1.4( )AU , (7

Zg(Rthin) = m-io'I::gL,se\w 8)

Hereoizsey = 6.3 x 10718cn? is the absorption cross section for
ionizing photons (Cox 2000), anu, is the mass of a hydrogen
atom.

The direct radiation field reaching the outer disc is simpky t
stellar field attenuated by material in the inner disc. Cqosetly

we evaluateDiec aS
Direct = O exD(_T) , (9)
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wherer = No136ev iS the radial optical depth to ionizing photons
due to attenuation by gas with radial column denbityVe neglect
attenuation due to dust in the inner disc (see Section 3l&xa-
der et al. (2006a) found that most of the mass-loss due taitbetd
field comes from 1-3 scale-heights above the disc midplanees
evaluate the gas colunihas

Rin
N:f ngdR,
0

where the gas number density(R) is evaluated from the surface
density as

(10)

Zg(R)
V2rH(R)my
Here the exponential term accounts for evaluating the tdeasi
scale-heights above the midplane. We adopt 2.5, but note that
the evolution is not especially sensitive to the choicg.of

Consequently the transition from theffdise to direct regime
is treated more accurately than in previous work (e.g. Aleea
et al. 2006b). At early times the inner disc is extremely gty
thick to ionizing photons, so the wind profile is simply thafd
fuse” profile of Font et al. (2004). Similarly at late timegtimner
disc is optically thin to ionizing photons at all radii, arftetwind
is simply the “direct” profile of Alexander et al. (2006a). Aone
detailed approach could consider the progression of thedtion
front through the (draining) inner disc, using somethingak a
Stromgrem criterion. Evaluating the attenuation in thanmer re-
sults in less attenuation than the parametrization desgritiove,
and leads to a slightly earlier rise in the direct field. Hoarethis
form is also rather sensitive to the choice of the disc shelght,
and the diference between the two parametrizations is not signif-
icant. (The direct field “turns on” slightly earlier, but thffer-
ence is only a small fraction of the already short viscougtsuale
of the inner disc.) Consequently we adopt the more condeevat
parametrization described in Equations 6-11.

ny(R) = exp(-x’/2). (11)

2.1.3 Initial conditions

We are only interested in the dynamics during the transifiom
CTT to WTT, so we choose initial conditions that reflect thastf
Previous photoevaporation models (e.g. Clarke et al. 2A8R%kan-
der et al. 2006b) have shown that the wind starts to influenee t
evolution when the disc accretion rate drops to aroyfdof the
integrated (difuse-field) wind rate, so we choose initial conditions
to mimic this stage in the evolution of the gas disc. We adopt a
ionizing flux of ® = 10*?photon s* throughout. This results in a
(diffuse-field) wind mass-loss rate ef 4 x 1071°M,yr, so we
choose an initial accretion rate 8y = 1.0 x 107°M,yrt. We
define the initial surface density profile to be that of a syedidc
(e.g. Pringle 1981):

Mo

3R (1 B \/%] eXp(_ %) '

Here the second term is due to the presence of a (zero-tdrqes)
boundary aiR,, and the exponential cutobeyond radiugzy de-
fines the size of the disc (and prevents divergence of thenaiiss
to large radii). We adof®; = 500AU throughout.

34(R) = 12)

2.2 Dust disc

In order to model the dynamics of the dust component of the, dis
we follow the approach adopted by Takeuchi & Lin (2005, see al
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Takeuchi & Lin 2002). We make the simplifying assumptionttha
the grains are not replenished over the short time-scaledich
we are interested, so the only way that dust mass can be itdsy’
accretion on to the star. The evolution of the dust surfacesitie
4(R, 1) is governed by the continuity equation

g 10
Bt T RR
HereFgi is the difusive mass flux, andy is the radial dust veloc-
ity induced by gas-drag. Our initial conditions result inarward
pressure gradient in the gas disc, which causes the gas @t gi
radius to orbit at a slightly sub-Keplerian velocity. Thises rise

to a headwind drag force (Weidenschilling 1977), which reeso
angular momentum from the dust and results in inward radial m
gration of the grains. The form of this velocity was studied&pth
by Takeuchi & Lin (2002), and we adopt their prescription digr

[R(Fait + Zgug)] = 0. (13)

-1
_ Toug —nuk

= 14
4T T ATt (14)

Hereuk = (GM,/R)Y?is the Keplerian orbital velocity, and the gas
radial velocityug is given by

3 d
RU2%, dR

Ts is the non-dimensional stopping time due to gas-drag omgrai
at the disc midplane (i.e. the stopping time divided by tHaitat
time), and is given by

TTP4S

=
for grains of radius and densityy. We fix the density to have the
fiducial valuepg = 1g cnt?, and explore various values ef; is
defined as as the ratio of the pressure gradient to the grawidlyis
given by

dlogZ,

n:_(%)z(dlogR +(q—3)).

The difusive termFy; was derived by Clarke & Pringle
(1987), for the case whef®;/%y <« 1, and in this case is given

)

The relationship between the dusffdsion codicient D and the
gas difusion codicient (viscosity)v is not fully understood, with
hydrodynamics models suggesting ratiosypD that range from
~ 0.5-10 (Carballido, Stone & Pringle 2005; Johansen & Klahr
2005; Turner et al. 2006; Fromang & Papaloizou 2006). For sim
plicity we assume that the dustfllises in a comparable manner
to the gas, and therefore addpt= v, As long as the concentration
X4/Zg < 1, or aslong as the advective term dominates the dust evo-
lution, this form for the ditusive term is valid. However, our model
breaks down at late times, as the dust-to-gas ratio at thes adge
of the gas disc can become large. Given the other uncedsiinti
the model, we make no attempt to correct for this and simglp st
the calculations at this point. This is addressed Sectidn 4.

The ability of the photoevaporative wind to carry dust gsain
depends on whether gas drag from the wind can overcome gravit
and lift the grains away from the disc. As shown by Takeuclail et

Ug = (RY2vz,) . (15)

Ts (16)

17

0

z
Fair = _nga_R <

5, (18)

1 Note that our definition of the power-law indgxliffers from that adopted
by Takeuchi & Lin (2005); Equation 17 has been adjusted aliogly.

(2005), for spherical grains in a laminar flow the drag foneerf
the wind is approximately
MyowC
Fy~ ——,
PdS

wheremy is the mass of a graim, is the density of the gas at
the base of the flow, and the flow is launched at the sound speed
Cs = 10km s, The wind density peaks close to the inner edge of
the disc in the direct field case (Alexander et al. 2006a),ifwwe
compareF,, to the weight of the graingsy = GM.my/R?, we see
that thatF,, < F4 as long ass 2 1um. Moreover, we note that dust
grains are expected to sediment towards the disc midplatieeas
disc evolves, but the photoevaporative wind typically fldnsm
several scale-heights above the disc midplane. Thus ondfl,sm
subum sized grains can be carried by the wind, and only then if
something (such as turbulence) lifts them to the upper rsgad
the disc. Consequently we neglect dust mass-loss due tdte-p
evaporative wind.

We define the initial conditions such thgg/%, = 0.01 at all
radii. Our model considers only a single grain s&eo formally
this implies that a single grain size has a dust mass that isf1Pe
gas mass. However, we note that the evolution of the dustidisc
independent of the absolute value3yf as long as the dust-to-gas
ratio remains small.

(19)

2.3 Numerical method

We solve the diusion equation for the gas surface density (Equa-
tion 1) numerically using a standard first-order explichame (e.g.
Pringle, Verbunt & Wade 1986), on a grid of points equispaoed
RY2, We adopt zero-torque boundary conditions (i.e. weget 0

in the boundary cells).

The equation for the evolution of the dust is evaluated simul
taneously on the same spatial grid. We use a staggered gtid, w
scalar quantities evaluated at at zone centres and veetic
ties) at zone faces. The integration is explicit, using a-tirder
method for the dtusive term and a second-order (van Leer) method
for the advective term. Again we adopt “outflow” boundary dbn
tions by settingzy = 0 in the boundary cells. However, the inner
boundary condition introduces an artificial inward pressgradi-
ent in the gas, resulting in artificial outward advection o$dnear
the boundary, so we neglect the pressure gradient term iatiegu
17 in the region close to the inner boundary. A similar, buygsh
ically real, inward pressure gradient is introduced by dapthe
gas disc which form as a result of photoevaporation. Howeker
numerical form of the gap can result in rather large radiat de-
locities, so in such cases we limit the magnitude of the (autv
dust velocity to be less than or equal to that of the (inwaiah g
velocity.

The inclusion of the photoevaporative wind at a stage in the
calculation where the dust surface density is not negkgiblt
troduces an additional numerical complication compareti tiie
calculations of Takeuchi & Lin (2005) or Takeuchi et al. (8D0
namely that the concentration teXy/X, diverges as the gas sur-
face density becomes small (at the gap in the gas disc). lanmgg
with no gas, the dust remains at a constant radius on a Kapleri
orbit, so in cells wherey = 0 we setdZy/dt = 0. However the
divergence of the concentration term also causes a probieells
adjacent to those whel® = 0, as our evaluation a¥Zy/ot uses
“three-cell” derivatives for both the advective andfdsive terms.

In this case we revert to a first-order (donor cell) derivafior the

© 2006 RAS, MNRAS0Q0, 1-13
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advective term, and evaluate thédsive term one cell further from
the “gap”.

This procedure successfully removes the troublesome-diver
gent cells from the numerical calculation, but at the cosedficed
accuracy close to the edges of the gas disc. The treatmeheof t
diffusive term in particular causes problems, as the surfacgtgen
of the gas rises sharply near the gap, and the accuracy igdimi
by the grid resolution. Essentially we evaluate thfudive term
one cell-width away from where we should, so lowering tha gri
resolution reduces the accuracy still further. The coneedge of
this inaccuracy is that dust mass is not exactly conseneasedo
the gap in the gas disc. In order to minimize tlieet this has on
the overall accuracy of the calculation we take a “brutedbdiap-
proach and simply use a large number of grid cells. We adoptla g
spacing ofARY? = 0.0125AU"? and model the disc over the radial
range [0.1AU,2000AU], so consequently we use 7108 griccall
this resolution, dust mass is conserved to better #%# in all our
models.

3 RESULTS
3.1 Gasdisc

We first describe the evolution of the gas disc alone. Theutiool
does not dier significantly from the models presented in Alexan-
der et al. (2006b), and we refer the reader to this work fortaildel
description of the gas disc evolution. The evolution of ths gur-
face densityg in the high- and low- viscosity models, can be seen
in Figs.2 & 3 respectively. Our models begin (i.e. they hawe0)

at the point where the wind begins to influence the evolugorthe
wind opens a gap in the disc rather rapidly, on the viscous-tim
scale of the inner disc. Once the surface density in the idiser
drops belowZ, ~ 10°5g cnt?, the inner disc becomes optically
thin to ionizing photons and the direct field begins to dorterthe
evolution, rapidly clearing the outer disc.

By comparing the two viscosity models, we see that the abso-
lute clearing time-scale varies almost exactly Ag.1n the difuse
wind regime the evolution is driven by the viscosity, so timeet
scale to open the gap scales exactly As. Dnce the direct field
takes over, however, the wind dominates the evolution ératian
the viscosity, see discussion in Alexander et al. 2006b)vemdee
a small departure from this/& scaling. This occurs because the
gap is opened at constant accretion rate, so the low-vigotisic
is more massive and the wind takes correspondingly longdisto
perse it.

In the high-viscosity model, withr = 0.01, the initial mass of
the gas disc is 6 x 10*M,, or around 0.48 Jupiter masses. The
effect of the wind on the disc is apparent almost immediatelg, an
a well-defined gap in the disc appeard at 3.3 x 10%yr. Cut-of
from resupply, the inner disc then drains on its viscous titae.

In the low-viscosity casen(= 0.001), the initial disc mass is larger
by a factor of 10 (46 x 103M,, or around 4.8 Jupiter masses),
and the evolution slower by a factor of 10 (i.e. the gap opéns a
t = 3.3 x 1CPyr). As the inner disc drains it eventually becomes
optically thin to ionizing photons, and the direct field begyio clear
the outer disc: this occurs at= 4.1 x 10%r for « = 0.01, and
4.3x 1®Pyr for @ = 0.001. We stop the calculationstat 5.5x 10%yr

(5.5 x 1CPyr for the low-viscosity model), at which point the inner
edge of the disc has reached approximately 60.5AU (47.5AU).

The more accurate treatment of thdfu$e-direct transition
(described in Section 2.1.2) results in a smoother tramsitetween

© 2006 RAS, MNRASD00, 1-13
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Figure 1. Orbital decay times, defined as= —R/u, from R = 10AU in
the initial, steady, disc, plotted as a function of grainesiz The heavy
lines show the decay time due to advection, while the ligigdishow the
(constant) viscous time-scale forfidision of the gas. The solid lines show
the results for the high-viscosity model; the dashed liheslow-viscosity
model.

the two regimes than seen by Alexander et al. (2006b), buiyhe
namics are not significantly modified. As we show in the follogv
Section, the dust in the inner disc is in fact removed moralhap
than the gas, so the inclusion of dust opacity hasffeceon the
results. As mentioned above, a more accurate treatmdraaiid
consider the evolution of the ionization front through theiding
inner disc, using something akin to a Strémgren criterfart, this
should not result in significantly fierent behaviodr In this case
the inner disc will become fully ionized when the surfacesign
drops below= 10-*g cnt? (the exact value depends rather sensi-
tively on the disc thickness, as the recombination rateescaith
the square of the gas density), so we expect that the dirétufik
become significant once the total gas mass in the inner disc fa
below ~ 10°M,,. This results in a the direct field becoming sig-
nificant slightly earlier than in our model, but thefférence is not
significant for the evolution of the disc. Moreover, givee thther
uncertainties in this process, such as the behaviour oflango-
mentum transport in the low-surface density inner disc, avesicler
this treatment to be s$iiciently accurate.

3.2 Dustdisc

In order to understand the evolution of the dust disc, its$rirctive
to re-cast Equation 13 in terms of dfdisive radial dust velocity
Ugif, SO that

0Zg 10
2t TRIR [REq(ugit + ug)] = 0.

The advective velocityy is given in Equation 14, and depends on
both the grain size and gas density, while we can expresdfiue d
sive velocity as

_ D dlog(Za/%,)
R dlogR

(20)

Ugit = (21)

2 This is done by solving the recombination balance equatlon=
faandV to find the gas number density wheredV is the volume ele-
ment andg is the appropriate (Case B) recombinationfio&nt.
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The difusive dust velocity depends on the viscosity, and also the
dust concentration gradienty; is therefore comparable to the dif-
fusive gas velocity,, but is usually slightly larger because of the
influence of the concentration gradient term. Thfudive com-
ponent acts to smooth out the concentration gradient, vihide
advective term always acts radially inward (until the gaphe
gas disc opens). We see, therefore, that the evolution odidse
grains is determined by competition between these two cempo
nents; whichever acts more rapidly dominates the evolution

Fig.1 shows how the orbital decay time-scaleRat 10AU)
due to advectiont = —R/uq, varies as a function of grain size
in the initial disc. Also shown is the (constant) orbital dedime-
scale for the gas disc (essentially the viscous scaling tilné\s
we have adopte® = v, the difusive time-scale of the dust disc is
simply given by

t

tair &~ ——e—
dif = “dlogEa/Zg)
dlogR

(22)

We see, therefore, that the dusffdses on a time-scale that is typi-
cally a factor of a few shorter than the viscous time-scatavéber,

if the concentration gradient becomes large, then the difsisds
much faster. In our models the concentration gradient teria-i
ways greater than unity, but rarely becomes larger thah ex-
cept close to the gap in the disc. We therefore see from Rigtl t
(prior to the opening of the gap) the evolution of small gsainith

s < 10um, is dominated by the fiusion, while the evolution of the
larger grains is dominated by advection. Thus we expect ¢he c
centration of small grains to remain approximately unifarmto
the point where the wind opens the gap in the disc. Largengyai
by contrast, migrate inwards more rapidly than the gas dislves,
so in this case we expect significant evolution of the dustden$0—
20AU before the gap is opened.

Fig.1 also highlights a key fierence between dust evolution
in the high- and low-viscosity models. In the high-viscgsitodel
the gap in the gas disc opens after 3.3 x 10%r, but this takes
10 times longer in the low-viscosity model. Thefdience in the
decay times for large~( 1mm) grains, however, fiers only by a
smaller factor (around 1-5). Consequently, we expect taseere
pronounced inward migration of such grains in the low-vityo
model.

Fig.2 shows the evolution of the four high-viscosity models
We see some inward migration of the larger grains at earlggim
(before the gap opens), but we do not see a significant depleti
of grains beyond- 10AU during this phase. Once the gap opens,
however, we see a veryftirent behaviour. The gas surface den-
sity increases sharply outside the gap (i.e. at the innee efithe
outer disc), resulting in a strong inward pressure gradieim gas
close to the gap edge is therefore super-Keplerian, and eveapéal
outward migration of the grains. Consequently, once the gap has
opened the inner dust disc is cut érom resupply, and grains of
all sizes drain rapidly onto the central star. As the diretifpho-
toevaporates the outer gas disc, the inner edge of the disesmo
steadily outwards. During this phase the steep pressudéegitaat
the inner edge continues to drive rapid outward migratiomhef

3 Note that we assume an initial dust-to-gas ratio of 0.01 aheaodel
(i.e. for each grain size), rather than a total dust-to-gdie 1of 0.01. The
absolute values afy correspond to the surface densities we would see if
all the dust mass was contained in grains of a particular. sieeplot the
different models together in order to illustrate th&fatential migration of
different grain sizes.

grains, with the consequence that grains of all sizes arefisup”
by the moving edge of the gas disc. As this process contimes
and more dust is accumulated into the region close to the efdge
the gas disc, and eventually the dust-to-gas ration bectsngs.
At this point our method, treating the dust as a trace comtant;

is no longer valid, so we stop our calculation at this poirite Tfi-
nal” configuration is a roughly constant dust-to-gas ratibtarge
radii for all grain sizes, with a concentrated dust ring & ittner
disc edge.

The evolution of the low-viscosity models (as seen in Fig.3)
however, is rather dierent. In this case the larger, advectively-
dominated grains (1@6n and 1mm) undergo much more signif-
icant radial migration before the gap opens. Consequestlihe
point where the gap opens, the outer disc is significantlyedeg
in large grains (out to radit 100AU), by an order of magnitude or
more compared to the high-viscosity case. Once the gap opens
again see rapid draining of dust from the inner disc, andratljes
inner edge of the gas disc sweeps up the dust as it moves aistwar
However the “final” state of the evolution shows a marked defic
of large grains, by comparison to the high-viscosity modéd.also
note that the smallesm-sized grains undergo significant inward
migration from the outermost radi>(500AU). This is due to the
steepening pressure gradient beyond the “disc ratys? 500AU,
however, and is not physically significant (as it dependy onlthe
choice ofRy).

4 DISCUSSION
4.1 Observational appearance of clearing discs

A significant result from these models is that we are now able
to make detailed predictions regarding the observableguti@s
of so-called “transitional discs”, which are “caught in thet” of
clearing their discs. Our models show that the dust-to-géss for
small grains are approximately constant (away from the exfge
the gas disc), so our predictions regarding near- and nfidrid
emission agree well with previous gas-only models (e.gxate
der et al. 2006b). The gap is opened=at AU, and once the inner
disc is drained the inner disc edge moves outward in radrshie
viscosity law adopted here ¢« R) the time required to double the
hole radius scales &2, but a steeper viscosity law will result in
a flatter distribution of hole sizes (see Section 2 of Alexaret al.
2006b). Given the short duration of the clearing phaseivelab
the disc lifetime and the corresponding paucity of traaaitiiscs,
it is unlikely that this weak bias towards larger hole sizék e
observationally significant. Consequently, we predict tha dis-
tribution of inner hole sizes should be approximately umifofrom

a minimum of=~ 1AU outwards (for a 1M star).

As most of the disc mass resides at large radius, the disc mass
remains approximately constant during clearing (as seAtexan-
der et al. 2006b). The exact value depends on the model parame
ters (viscosity, stellar ionizing flux and outer disc radljurit disc
masses of a few Jupiter masses are typical. We note, hovieaer,
disc masses are typically measured from dust emission Hitrreil
tre wavelengths, so these observations are subject to testaimn-
ties discussed in Section 4.3.

The constraints of the photoevaporation model requirettteat
accretion rate on to the star be essentially zero duringrheri
hole phase, as once the inner disc is drained no accretiopezan
sist. During the inner disc draining, the accretion ratésfélom
~ 1070Muyrt to < 10°Myyrt on a very short, viscous time-
scale. Consequently we predict that few, if any, objectsilshloave

© 2006 RAS, MNRAS0Q0, 1-13
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Figure 2. Snapshots of the evolution of the gas and dust discs for tiie\iscosity ¢ = 0.01) models: snapshots are plotted at 0, 2.0, 3.3, 3.6, 4.0 &
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measurable accretion rates below the photoevaporativd it

of ~ 101%M,yr1, and note that the observational detection of this
accretion rate threshold would provide strong supporttiergho-
toevaporation scenario.

Moreover, once the gap appears, the model predicts (and in-

deed requires) that the inner hole region, insid@AU, be essen-
tially devoid of gas. As noted in Section 3.1, in order for theer
hole to be optically thin to ionizing photons the total (melltgas
mass inside 1AU must b€ 10-°M,. Recent observations with the
Soitzer Space Telescope have placed strong upper limits on the gas
mass in systems with cleared or clearing discs. Hollenbagth. e
(2005) looked at the nearby star HD105, and placed uppetslimi
of < 0.01My,, on the gas mass inside 1AU. More recently, Pas-
cucci et al. (2006) observed 12 nearby stars with optichlly dust
discs and concluded that there wa®.0008My,, (< 8 x 107"M,)

of gas in the region from 0.3—1AU. These upper limits areegath
close to the threshold value above, suggesting that the tlise
does indeed become optically thin to ionizing photons attiates,
and adding further support to the photoevaporation modeditz
clearing.

9

As the disc edge sweeps outwards the dust-to-gas ratiotdose
the edge rises, and at late times can exceed unity. At thig par
two-fluid treatment of the disc breaks down (so we stop the-mod
els at this point), and the evolution of the system becomi®ra
uncertain. Beyond this point the dust dynamics will be large-
dependent of the gas disc, and it may well be that such a gteuist
unstable (e.g. Goldreich & Ward 1973; Garaud & Lin 2004) epdt
natively, the enhanced dust concentration may result immerdd
grain collision rates, and may facilitate rapid grain growtrough
coagulation. Again, the details are somewhat model-deperiuiit,
given that gas is “lost” to the wind while dust is merely redimited
radially, it is straightforward to estimate at what radibe tust-to-
gas ratio of the ring will reach these large values: thisds(y
occurs at~ 50-100AU. Other studies have similarly found that lo-
cal pressure maxima can result in significantly enhancetiaduns
centrations (Klahr & Lin 2001, 2005; Rice et al. 2006a; Be%la
Wu 2006), and speculated as to the possible consequenemi t
of planetesimal and debris disc formation. Detailed stuidthese
consequences are not possible here, but we note that thatform
of the dust-rich ring during the gas clearing phase can incipie

It is less clear, however, how the appearance of inner holes lead to rapid growth of planetesimals, and may result in ¢hené-

should scale with stellar mass. In recent years, obsenstibdisc
properties, such as accretion rates and disc masses, hzaedex]

to cover a much wider range in stellar mass than was previousl|
possible (e.g. Muzerolle et al. 2005; Scholz, Jayaward&anvaod
2006), and a number of trends with stellar mass are now kntwn.
has been suggested that the fraction of “transition disicEni-
fied from near- and mid-infrared observations of SEDs) iases
with decreasing stellar mass: both McCabe et al. (2006) auth L
et al. (2006) found that “SED holes” were more prevalent agnon
later type stars. The degree to which these results are nicibae
by selection biases remains unclear, as these data are eyt s
tive to “holes” at< 20um, but we note in passing that such an
effect occurs naturally in our models if the viscous time-sdale
creases with decreasing stellar mass (as suggested byndExa
Armitage 2006).

4.2 Dust at theinner disc edge

An interesting result of our model is the behaviour of thetdigse

to the inner edge of the gas disc. As outlined above, oncedpe g
opens the dust in the inner disc is rapidly drained onto the st
Outside the gap, however, the inward pressure gradienttsdau
outward migration of the dust grains, and inward accretibdust

is halted at, or close to, the peak in the surface densitylpr&on-
sequently the inner disc cannot be resupplied with dusiltieg in

a very “clean” inner hole.

tion of a debris disc at a radius e60AU.

Were we to extend our analysis to larger grain sizes, however
it seems likely that grains larger than some critical sizelde so
weakly coupled to the gas that they would not be swept up & thi
manner. Inspection of Fig.1 suggests that this critica @ikely
in the range 10—100cm, but this idfitiult to quantify without mak-
ing detailed calculations. “Filtration” of the dust in thisanner is
analogous to the process considered by Rice et al. (2006ky T
consider a dferent situation, namely the flow of gas and dust past
a planet-induced gap at a fixed radius, but the underlyingiphl
processes are the same. The kejedence between the the situa-
tion considered by Rice et al. (2006b) and that consideree ise
that accretion of gas persists across a planet-inducedidregreas
a photoevaporative wind prevents the inward accretion stgéhe
disc edge. Consequently, in the case of a planet-inducedrgaf
grains (which are strongly coupled to the gas) are carriedsac
the gap by the gas, while in our models these grains pile wgeclo
to the disc edge. Consequently, it seems that dust properdie
be used to discriminate betweerffdrent mechanisms for creating
“inner holes”: planet-induced gaps tend to populate thetirfmole
with small, micron-sized grains while filtering out largearficles,
while photoevaporation removes all but very large graims-§ize
or larger) from the inner disc.

4.3 Grain growth and replenishment

Once the inner gas disc is drained, the disc edge begins toA significant simplification in our model is the fact that we-ne

move outward. The steep pressure gradient at the edge dheses
grains to be “swept up” as the gas edge moves outwards, irgsult
in a rather concentrated, dust-rich, ring immediately idet¢he in-

glect grain collisions. Collisions between grains provadeneans
of altering the size distribution of grains, both througtagolation
and destructive collisions (e.g. Dominik et al. 2006). Msd®ave

ner edge of the gas disc. As seen from Figs.2 & 3, the behaviour shown that the time-scales for grain growth and destruad#&mbe

of this dust ring is largely independent of grain size overidnge

we consider. The exact form of this ring in our models depends
rather strongly on the wind profile at the inner disc edge (eefi

by the smoothing term in Equation 5), but such a ring occurs fo
any choice of parameters. Moreover, similar structuressed by
the same physical process (a reversal in the direction qfréssure
gradient close to the disc edge), have been found by othbom=ut
(e.g. Paardekooper & Mellema 2004, 2006), so although werare
able to make detailed predictions we are satisfied that tinegftion

of the dust-rich ring is a real physical process.

© 2006 RAS, MNRASD00, 1-13

significantly shorter than disc lifetimes, and have alsonshthat
grains of all sizes must be subject to continuous resuppiydar to
sustain the observed grain populations over the lifetiminefgas
disc (e.g. Takeuchi et al. 2005; Dullemond & Dominik 2005¢-R
cent observations have shown evidence for dust settlingraoutt
erate grain evolution over disc lifetimes (Furlan et al. @0@ut
wholesale changes in the grain population do not occur.
Our model considers only the short, clearing phase of the evo

lution, but even over these short time-scales we see signtfio-
ward migration of 10@m- and mm-size grains from large radii
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Evolution of dust—to—gas ratio for s=1mm grains

t~F+—T—T——7 7+ —"————"71 7

t / Myr

Figure 4. Evolution of dust-to-gas ratio af = 1mm grains, normalised to
the initial value, for various values &p. The dot-dashed, dotted, solid and
dashed lines are the results fag, = 10°yr, 10%yr, 1Pyr and 16yr respec-
tively. The heavy solid line shows the results fpg = 2007/Q (i.e. 100
local orbital periods), which givelgep = 10Pyr atR = 100AU. We see that
replenishment time-scales in the rangé-1iPyr are required to sustain an
approximately constant dust-to-gas ratio over Myr timales.

(> 50AU). Observations require that this grain population be s
tained even during the clearing phase, and this enablesmake
crude estimates of the time-scale of grain growth in theradite.
Our high-viscosity model shows only moderate depletion ai m
grains in the outer disc, but the depletion is much more Sagmit
in the low-viscosity model. This suggests that the timdesfwa the
replenishment of the mm grain population at radi~050-100AU
is < 10°yr.

4.3.1 Smple replenishment model

In order to quantify this analysis, we have considered a mode
which includes a simple replenishment term. We assume lieat t
dust mass for a given grain size can be increased by growth pro
cesses, and add a source term to Equation 13. The source ter
(which appears on the right-hand side of Equation 13) takes t
form

S (RO - 2RO TR O)

trep

wheret,e, is the time-scale for replenishment. We consider a model
of the entire disc lifetime, rather than just the clearinggh with
parametersr = 0.01, Ry = 50AU, andMy = 5 x 108Mgyrt.
With these parameters the accretion rate falls td®N0,yr* after
4.8Myr, and the gap in the gas disc begins to open at 5.2Myr.
Fig.4 shows the evolution of the dust-to-gas ratio for medel
with s = 1mm and various values &f,. We see that a replenish-
ment time-scale of F§r results in an almost constant dust-to-gas
ratio over the Myr lifetime of the disc. Longer replenishrhéme-
scales result in significant depletion of dust, while siguaifitly
shorter replenishment time-scales result in a dust-toaaswhich
increases with time. This provides an additional lower fitaithe
replenishment time-scale for mm grains in the outer dis&G0—
100AU), and tells us that these grains must be replenished on
time-scale of 10-1Cyr, in broad agreement with models of colli-
sional grain growth (e.g. Dullemond & Dominik 2005). Moreoy
this provides ara posteriori justification of our choice of initial

(23)

conditions, and suggests that replenishment processesdaed
sustain a quasi-equilibrium grain population over thetilifie of
the T Tauri phase.

4.4 Limitations

In addition to the issues discussed above, there a numbénof |
itations to our analysis which bear consideration. One rthy
important physical mechanism which is neglected here isftieet
of radiation on the dust grains, which in principle couldules ei-
ther Poynting-Robertson (PR) drag or radiation-pressilowdut.
However, both of thesdlects are only usually significant in the ab-
sence of a gas disc, as the gas acts both to stabilise thegauissia
radiation forces, and to shield the grains from the radiefiield. In
our models the dust is always co-located with the gas disBRso
drag is negligible. Close to the inner edge of the disc ramigires-
sure may become significant, but the likely outcome of thizpss
is the either radiative blow-out of the grains or the forroatof a
dust-rich ring close to the edge of the gas disc (Klahr & LiO2D
Our models already form such structures, due to the pregsare
dients in the gas disc, so it is unlikely that the inclusiomaafiation
pressure will modify our results significantly.

In addition to these physical limitations, there are alsmer
ical limitations to consider. Our treatment of the dust elts the
disc edge is rather crude (see Section 2.3), but itfiscsently ac-
curate for situations we consider. More significant, howerey
be the form of the inner boundary condition. We adopt zerqgtte
boundary conditions throughout, but note that these caultrizs
outward migration of the grains near to the boundary (seé@ec
2.3). In order to minimise the influence of the boundary cendi
tion, we neglect the pressure terms in the region close tanthe
ner boundary. The behaviour of discs close to the inner banyrid
not well understood, but some physically-motivated bouydan-
ditions, such as magnetospheric truncation (e.g. Ghosh &@h_a
1978; Hartmann, Hewett & Calvet 1994), do result in condiio
not dis-similar to those adopted here. Consequently, ih sases
dust grains may indeed “pile up” in the region close to theemn
boundary. We note, however, that in CTTs the inner edge ajaise
disc usually lies inside the dust sublimation radius (d¥sie et al.

£005b; Eisner et al. 2005), so thiffext is probably not significant

in TT discs.

An interesting extension of this work would be to consider a
range of grain sizes simultaneously. Such a model wouldlersab
more detailed analysis of th&ects of grain growth and destruction
than are possible here. It would also allow us to consideeffieets
of factors such as the grain size distribution, and to studthe
evolution over longer time-scales than those considereel fidnis
is obviously beyond the scope of this investigation, but/jates an
interesting avenue for future work.

5 DISCRIMINATING BETWEEN MODELS

In light of these results, we now seek an observational digsgn
tic that will allow us to discriminate between the varioufelient
models for “inner hole” discs. We propose that the simpleshs
diagnostic lies in the relative values of the disc mass aatfast
accretion rate. In order to compare to the results of ourqaiot
vaporation models, we now consider a simple model for a plane
embedded in a disc.

Several studies have shown that a relatively massive ptamet
produce an observable “hole” in a protoplanetary disc (Rige
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et al. 2003; Quillen et al. 2004; Rice et al. 2006b; Varniérel.
2006). In these models the tidal interaction between thegpland
the disc opens a gap in the disc, and the tidal barrier lincitsetion
across this gap. In general this only happens if the planssritza

2 1Mjyp (€.9. Artymowicz & Lubow 1996; Takeuchi, Miyama &
Lin 1996; Lubow, Siebert & Artymowicz 1999), as less massive

planets are not capable of opening such a gap unless thesdisc i

unusually inviscid. Moreover, the accretion rate past thegt is a
strong function of the planet mass.

Our “toy” model is defined as follows. We assume that the
disc is in a steady state, and adopt the same viscosity lawexb u
previously (see Section 2.1.1). The total disc mislgss therefore
given by

Rout
27rRE(R)AR,
Rin
where R, is the outer disc radius. In a steady disc, the surface
density can be expressed in terms of the steady disc agtretie,
M, and the viscosity thus (Pringle 1981)

Mg = (24)

M
2(R) = ™R (25)
We can integrate Equation 24 to find
- 3aQH?
M= ———Myg, 26
2R(Rout— Rn) ¢ (20)

and we note thaRH?/Ris constant for our choice of the flaring in-
dex,q. (A different choice of}, however, would not alter the results
significantly.)

We now seek to relate the steady disc accretion Mo the
observed accretion rate on to the stellar surftg,. This depends
on the flow of material across the gap induced by the plandtisan
not yet fully understood. The models of Lubow & d’Angelo (3)0
suggest that the accretion rate past the planet (into ttee disc) is
typically 10-25% of the accretion rate on to the planet. Tdtwex
tion rate on to the pIaneMp, in turn depends on the planet mass
M,. This interaction is still the subject of some debate, busiim-
plicity we adopt the approximate scaling derived by Lubovalet
(1999)

) My \7*
M, = M, M= My (27)
MJup
and, following Lubow & d’Angelo (2006), set
acc = 0. 25Mp (28)

Consequently, the observed accretion rate and the disc anass
3aQH?

related by
) 2R -R
Viup (Rout 'n)

which is a function only of the planet mass, viscosity and dige.

For simplicity, we fixR,,: = 100AU and consider a range of planet
masses and viscosities. We consider planet masses ramging f
1Myyp (approximately the minimum mass required to open a gap
in the disc) to 1M, (approximately the deuterium-burning limit),
and viscosity parameters ranging fram= 0.01-0.001.

Mace = 0.25( My, (29)
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Properties of inner hole sources
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Figure5. Disc mass versus accretion rate foitetient models of inner hole
sources. The solid lines show the result of the “planet” nostdid lines
show the results for = 0.01; dashed lines denote= 0.001. In each case
the upper and lower lines show the results for the minimum y(;Vand
maximum (12Myp) planet masses respectively. The hatched region there-
fore represents the range of parameters allowed by thetplaoéel. The
solid grey region shows the range allowed by the photoewdioor model
but, as noted in the text, most such inner hole sources arexpetted to
have detectable accretion. Also shown are data for seveoaitkinner hole
sources, as described in the text: circles represent aetectvhile triangles
and arrows denote upper limits. The error bar in the uppecteher shows
the typical systematic error in the observational derratf these parame-
ters.

observe a “photoevaporated” inner hole with a detectalieetion

rate (as in the fourth snapshot of Fig.3), but the window qfarp
tunity for such a detection is very short and the majority wéts
objects have no significant accretion. By contrast, plamtced
inner holes tend to show significant accretion rates, ancbcaar

over a range of disc masses. For a given disc mass a more massiv
planet results in a lower accretion rate, and a lower visgossults

in a similarly lower accretion rate.

Also shown in Fig.5 are the properties of several well-stddi
transition objects: GM Aur, DM Tau, TW Hya and CoKu T4u
These data are taken from Calvet et al. (2002, TW Hya) and Cal-
vet et al. (2005, GM Aur & DM Tau), with disc masses for sources
in Taurus-Auriga taken from the survey of Andrews & Williams
(2005). CoKu Tay# is a spectroscopic WTT with no evidence of
on-going accretion so, following Sicilia-Aguilar et al.Q@6), we
assign an upper limit to the accretion rate of #M,yr*. In ad-
dition, we have included the locus of the “passive discshidied
in the survey of binary objects conducted by McCabe et aD§20
This survey identified six inner hole sources, four of which i
Taurus-Auriga. Andrews & Williams (2005) derived disc messf
~ 0.0005-0.001M for these objects, but were not able to resolve
the individual components of these binary systems. Coresgtyu
we treat these measurements as upper limits to the disc smasse
they essentially measure the total disc masses of the bpzry.

All of these objects are WTTs, so we again assign an uppet dimi

Fig.5 shows the range of parameters allowed by this model, as 107 *2Mgyr~1.

well as that of the photoevaporation model. As discusse@otiéh
4.1, objects appear as inner hole sources in the photoetapor
model only when the accretion rate falls below the wind rate]
unless the disc is unusually inviscid, or unusually larbis, implies
a maximum disc mass ef 0.005M,. In principle it is possible to

© 2006 RAS, MNRASD00, 1-13

This toy model obviously has uncertainties of factors ofvg fe
but despite this Fig.5 suggests that observations of dissesaand
accretion rates potentially provide a powerful tool foradiminat-
ing between dferent models. GM Aur, DM Tau and TW Hya fall
in the region predicted by the planet model, while CoKu/#and
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the objects identified by McCabe et al. (2006) are more reaoi
plained by photoevaporation. The reason that this simplénade
can discriminate so strongly between these models is easily
derstood. We select objects based on the “transitionaléamce
of their SEDs only, but then consider parameters that rétatee
global disc structure. An embedded plan@eets the SED dramat-
ically, but has only a modest (factor 8fl0-100) €ect on the ac-

NNGO05GI92G from the Beyond Einstein Foundation Science
Program, grant NAG5-13207 from the Origins of Solar Systems
Program, and grant NNG04GLO0O1G from the Astrophysics The-
ory Program, and by the NSF under grants AST-0307502 and
AST-0407040.
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APPENDIX A: WIND PROFILES

The radial mass-loss profiles of thefdse- and direct-field photo-
evaporative winds are defined as follows. In theffidse” regime,
where the inner disc is optically thick to ionizing photorke
wind is driven by recombinations in the disc atmosphere. Udpa
the wind profile from the hydrodynamic simulations of Fonakt
(2004, kindly provided in numerical form by lan McCarthy):

Zainrusd(R) = 2no(R)U (Rjumy . (A1)

Hereng(R) is the density at the base of the ionized layg(R) the
wind launch velocity angd the mean molecular weight of the ion-
ized gas (taken to he = 1.35 throughout). The base density profile
is given by the fitting form
1/5
2

R 15/2 R 25/2
&) ~(%)
where the base density By = GM../cZ (wherecs = 10km st is
the sound speed of the ionized gas) is given by

no(R) = ng (A2)

30 )1/2
4rag I% '

Here® is the stellar ionizing flux (in units of photons'y andesg is
the Case B recombination dieient for atomic hydrogen at 1R,
which has a value ofig = 2.6 x 10*3cnmPs™ (Cox 2000), and
the constanC; ~ 0.14. The numerical simulations show that the
launch velocity profile is well-matched by the numericahfior

(%—0.1)D, R>01R, (A4)

%:q( (A3)

u(R) = cSAexp[B(B - 0.1)

Ry
where the numerical constants have the vallies 0.3423,B =
-0.3612 andD = 0.2457. For radii smaller than.IRy the wind
rate is set to zero.

In the “direct” regime, where the inner disc is opticallyrtho
ionizing photons, the wind is instead driven by direct ilination
of the inner disc edge. In this case we adopt the wind profilfr
the simulations of Alexander et al. (2006a). The base deasihe
inner disc edge is set by ionization balance (essentialtyéa®ren
criterion), and the hydrodynamic simulations show thatftiiew-
ing power-law form provides a good fit to the wind profile:

o 1/2
47raa(H/R)Ri(t))

R -a
X(Rm(t)) , R>R,.

HereRiy(t) is radius of the inner disc edge, which increases as the
wind disperses the outer disc. The fitting const&ytsanda vary
somewhat with the disc aspect ratity R, but for simplicity we
adopt the values derived fét/R = 0.05: C = 0.235 anda = 2.42.

nmmn=mwm%( (A5)

4 Note that the constant defined@s here is denoted byCD” in Alexan-
der et al. (2006a).



