Mon. Not. R. Astron. Sod)00, 1-11 (2006) Printed 23 February 2006

(MNHX style file v2.2)

Photoevapor ation of protoplanetary discs||: evolutionary models

and observable properties

R.D. Alexandet?*, C.J. Clarké and J.E. Pringfe

1 Institute of Astronomy, Madingley Road, Cambridge, CB3 OHA, UK
2 JILA, 440 UCB, University of Colorado, Boulder, CO 80309-0440, USA

Submitted 3 November 2005; revised 17 February 2006

ABSTRACT

We present a new model for protoplanetary disc evolutioiis fifodel combines viscous evo-
lution with photoevaporation of the disc, in a manner sintiteClarke, Gendrin & Sotomayor
(2001). However in a companion paper (Alexander, Clarke &dte 2006) we have shown
that at late times such models must consider tfeceof stellar radiation directly incident on
the inner disc edge, and here we model the observationakbiatioins of this process. We find
that the entire disc is dispersed on a time-scale of ordeyriiter a disc lifetime of a few
Myr, consistent with observations of T Tauri (TT) stars. Vge & simple prescription to model
the spectral energy distribution of the evolving disc, aathdnstrate that the model is consis-
tent with observational data across a wide range of wavéisnigVe note also that the model
predicts a short “inner hole” phase in the evolution of all di$cs, and make predictions for
future observations at mid-infrared and millimetre wangfis.

Key words. accretion, accretion discs — circumstellar matter — planyetystems: protoplan-
etary discs — stars: pre-main-sequence

1 INTRODUCTION

For over twenty years the evolution, and eventual dispgogdiscs
around young stars has been an important area of study,dor th
ries of both star and planet formation. It is now well-esti#d
that at an age of 10°yr most stars are surrounded by discs that
are optically thick at optical and infrared wavelengthsr@8t et

al. 1989; Kenyon & Hartmann 1995). Observations at milliraet
wavelengths show that these discs have masses that arallypic
few percent of a solar mass (Beckwith et al. 1990), and s dise
widely believed to be potential sites for planet formatidiowever

at an age of 10'yr most stars are not seen to have discs, suggest-

ing that disc lifetimes are typically a few Myr (e.g. Haischad
2001). How stars lose their discs remains an unsolved qunesti
The distribution of T Tauri stars (TTs) at infrared waveldrg
provides some insight into this problem. These objects terddll
into two distinct groups: those whose emission is consistetin
a stellar photosphere plus an optically thick disc, andehmbich
are compatible with purely photospheric emission. [No&t these
two classes usually coincide with the spectroscopic diaasibns
of classical and weak-lined T Tauri stars (CTTs and WTTg)ees
tively.] A number of authors have noted that very few traosibb-
jects are observed between the CTT and WTT loci (Skrutska et
1990; Kenyon & Hartmann 1995; Armitage, Clarke & Tout 1999;
Hartmann et al. 2005). Observations at longer wavelendtba s
a similar behaviour, both in the mid-infrared (Persi et &0,
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Bontemps et al. 2001) and at millimetre wavelengths (Dueert
al. 2000; Andrews & Williams 2005). These observations sstjg
that discs are dispersed very rapidly, with the dispersaé testi-
mated to be- 10Pyr (Simon & Prato 1995; Wolk & Walter 1996).
Moreover the simultaneous decline is disc emission acnodis a
wide range in wavelength suggests that the dispersal isitbe
simultaneous across the entire radial extent of the dise &
discussion in Takeuchi, Clarke & Lin 2005).

This “two-time-scale” behaviour is inconsistent with cenv
tional models of disc evolution, such as viscous evolutiardets
(Hartmann et al. 1998) or models of magnetospheric clegAng
mitage et al. 1999). Such models predict power-law deciimdisc
properties, and therefore predict dispersal times whiehabways
of the same order as the disc lifetime. However (Clarke, @end
& Sotomayor 2001, hereafter CGS01) showed that models which
combine photoevaporation of the disc with viscous evotuttan
reproduce this two-time-scale behaviour. In this modegvkm as
the “UV-switch” model (CGS01), ionizing radiation from tlcen-
tral star produces a photoevaporative wind at large raditalled
models of photoevaporative winds were constructed by IHbdeh
et al. (1994, see also Hollenbach, Yorke & Johnstone 200Ghé&
cases of both weak and strong stellar winds. In the case ofvETs
consider only the weak stellar wind case. In this case iogiza-
diation from the star creates an ionized layer on the suidétiee
disc, with conditions akin to an hregion. Beyond some critical
radius, known as the gravitational radius, the local théenargy
of the ionized is greater than its gravitational energy drelgas
escapes as a wind. The gravitational radius is therefoendiy
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wherec; is the sound speed of the ionized gas, typically 10kms

Hollenbach et al. (1994) show that the wind rate is deterthine

the the density at the ionization front, and find an integtatass-
D M.

loss rate of
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whered® is the ionizing flux produced by the star. More recent stud-
ies have extended the study of the details in a number of ways
(Richling & Yorke 1997; Johnstone, Hollenbach & Bally 1998;
Font et al. 2004), and recent hydrodynamic modelling hastexs
in slight modification of the quantitative results. When roaly/-
namic dfects are considered theffectiveR;" is reduced by a fac-
tor of 5 (Liffman 2003; Font et al. 2004), and the mass-loss rate
is reduced by a factor of around 3 (Font et al. 2004). Howewver t
qualitative behaviour is unchanged from that of Hollenbathl.
(1994).

The so-called “UV-switch” model of CGS01 couples a photo-
evaporative wind to a simple disc evolution model. At eaityets
in the evolution the accretion rate through the disc is machdr
than the wind rate, and the wind has a negligitfiee. However
at late times photoevaporation becomes important, deyyittie
disc of resupply insid®;. At this point the inner disc drains on its
own, short, viscous time-scale, giving a dispersal timemakorter
than the disc lifetime. A number of similar studies have naeib
conducted (Matsuyama, Johnstone & Hartmann 2003; Armitage
Clarke & Palla 2003; Ruden 2004; Takeuchi, Clarke & Lin 2Q05)
and this class of models show a number of attractive praserti

However CGSO01 highlighted two key problems with the
model. Firstly, the model requires that TTs produce a ratrge
ionizing flux, of order 16! ionizing photons per second. They also
found that the outer disc, beyoRy was dispersed much too slowly
to satisfy millimetre observations of WTTs, a finding ré+aned by
recent sub-millimetre observations (Andrews & Williams02{
We have previously shown that it is reasonable to treat Tb-chr
mospheres as having a constant ionizing flux in the randé*'—
10"s™ (Alexander, Clarke & Pringle 2005), and we now seek to
address the “outer disc problem”. In a companion paper (@@iex
der, Clarke & Pringle 2006, hereafter Paper I), we highkghan
important flaw in the UV-switch model. The UV-switch model re
lies on the wind parametrization of Hollenbach et al. (1994jich
assumes that the disc is extremely optically thick to Lyman-c
tinuum photons at all radii. Hollenbach et al. (1994) findt ttee
diffuse (recombination) field dominates the photoevaporatiafl a
radii of interest, as the direct field §ers extremely strong atten-
uation by the disc atmosphere. However we note that at lawesti
in the UV-switch model the inner disc is drained, and is tforee
optically thin to ionizing radiation. Consequently theadit field
is important after the inner disc has drained. In Paper | we co
structed detailed hydrodynamic models of the wind driverthzy
direct field, and derived a functional form for the mass-iags:

()
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HereC and D are order-of-unity scaling constanjsjs the mean

molecular weight of the gas is a power-law indexH/R is the
ratio of the disc scale-height to radius, aRg andR,; are the in-

Muing = 4.4 X 1010( 2

CD

ner and outer disc radii respectively. Our numerical anslfiged
the values of the scaling constants to de= 2.42 + 0.09 and
(CD) = 0.235+ 0.02 (for H/R = 0.05). As noted in Paper I, both
the geometry of the radiative transfer problem and the fofthe
wind are qualitatively similar to the strong wind case of ldot
bach et al. (1994). However th&ect of the direct radiation field is
to increase thefficiency of the wind. Consequently the mass-loss
rate due to direct photoevaporation is around an order ofnmag
tude larger than that from theftlise field, and is significant at late
stages of the evolution.

The difusion equation for the evolution of disc surface density
¥(R 1) is (Lynden-Bell & Pringle 1974; Pringle 1981; Armitage et
al. 2003)
0r 30 [ 12 0

3R 4)
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whereyv is the kinematic viscosity and the terﬁa,ind(R, t) repre-
sents the mass-loss due to photoevaporation. CGSO01 sdlised t
equation using the “weak-wind” profile of Hollenbach et 4094).

At some point in the evolution the mass-loss rate from thedwin
falls to a level comparable to the accretion rate throughdibke,
and at this point the disc is rapidly drained insiRge However, as
mentioned above, CGSO01 neglect the influence of the diréct ra
ation field after this inner draining occurs. Consequerttbytfind
that the time-scale for dispersal of the outer disc is lichibg the
time material takes to ffuse inward tdR; (as the most of the mass-
loss occurs close tBy). Further, theR->2 dependence of the wind
profile at large radii means that the mass-loss rate due tmgho
vaporation decreases significantly with time as the inngreeaf
the disc moves outward. Consequently the dispersal of ther ou
disc occurs on the viscous time-scale of tler disc, and thus the
outer disc is dispersed in a time comparable to the disdrtifst
much too slowly to satisfy observational constraints. \Wggest
that photoevaporation by the direct radiation field resulta dis-
persal time significantly shorter than that predicted by CG&nd
now seek to model thefects of this process on the evolution of the
outer disc.

In this paper we seek to incorporate the result of Paper | into
models of disc evolution. We do this by solving the equation f
the evolution of the surface density of a geometrically ttisc,
including the photoevaporative wind as a sink term. In $ecf
we present a simple time-scale analysis, which demonstthge
significance of the direct radiation field. In Section 3 we stounct
a numerical model of disc evolution in the presence of a ghoto
vaporative wind. We the use a simple prescription to modzbth
served spectral energy distribution (SED) of the evolvirsg,dand
construct a set of models which cover a broad range in paesimet
space (Section 4). In Section 5 we present our results, congpa
the predicted SEDs to recent observational data. In Se6tiae
discuss the implications and limitations of our resultg] anSec-
tion 7 we summarize our conclusions.

2 EVOLUTIONARY TIME-SCALES

It is useful at this point to consider the evolutionary tiseales
predicted by the dierent models. In the original model of CGSO01,
the inner disc drains on approximately the viscous timéesat
the draining radiust,(Ry), which is significantly shorter than the
disc lifetime to that point. However the outer disc drainsaanuch
longer time-scale, comparable to the disc lifetime. Aftex inner
disc has drained there is no accretion on to the star, so tlye on
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mass-loss is due to the wind. Consequently, if we neglecbuis
evolution during clearing, the time-scale for the wind teaal the
disc out to a radiu > Ry, tc(R), is given by

Ma(<R)

tC(R) B Mwind(R) '

®)

where My4(< R) is the total disc mass at radii R and Mwind(R)
is the total mass-loss rate from the wind, integrated frodiusR
outwards. Neglecting numerical factors of order unity, tieeous
time-scale for the evolution of an accretion disc is given by

Md(< R)

t(R) = My

, (6)

where My is the disc accretion rate. We can therefore combine
Equations 5 & 6 and express the clearing time as

um=um-Md

_ 7
Mwind(R) ( )

Clearing occurs when the disc accretion féltefalls to a level com-
parable to the diuse wind rate (which is constant, see Equation 2),
and therefore the clearing time-scale depends onligng(R). If
Mwind(R) is a decreasing function &then accretion will dominate
over the wind as the disc evolves, whereaMi,tmd(R) increases
with R then the wind will dominate the evolution.

In the model of CGS01, where thefidise field mass-loss
profile is adopted throughout, the wind profile takes the form
Sind(R) o (R/Ry)™5/2. Consequently the total wind mass-loss rate,
integrated from an inner edge radiBsoutwards, isl\'/lwind(R) oc
RY2, and we can normalise by noting thaRy) = t,(R;). There-
fore the clearing time-scale is given by

um:um(Bff ®)

Ry

Thus we see that in the UV-switch model (CGS01) the timeesttal
clear the disc out to a radidis longer than the viscous time-scale
for all R > Ry. Consequently in this model viscosity dominates:
mass is lost only after it has had time tdfdse inwards towards
the inner disc edge. Thus while the inner disc satisfies tlee tw
time-scale behaviour demanded by observations (see 8et}jo
the outer disc is dispersed much too slowly to satisfy tha.dat

However if we consider direct photoevaporation of the outer
disc we see a very flerent behaviour. In this case, as seen in Equa-
tion 3 (see also Paper |), the integrated mass-loss fromcandib
an inner edge at radilis Mying o« RY/2. Consequently in this case
the clearing time-scale is given by

R -1/2

t(R) =t,(R | = . 9
R =105 ©
Thus we see that in the case of direct photoevaporation sityco
becomes progressivelgss significant as the inner edge evolves
outwards, and that the evolution is instead dominated byihd.
Consequently we predict a much faster dispersal of the aliser
than that originally predicted by CGSO01. For TT paramethes t
draining radius is of order AU, and TT discs are observed tafbe
to several hundred AU in size. Thus we predict a clearing fione
the entire disc that is1-10% of the viscous scaling time. Such
behaviour satisfies the two-time-scale constraint aciosshtire
radial extent of the disc.

© 2006 RAS, MNRASD00, 1-11

3

3 DISC MODEL

We solve the dfusion equation for the disc surface density (Equa-
tion 4) using a standard first-order explicit scheme (e.indke,
Verbunt & Wade 1986), with a grid of points equispacedrir?.
Following Hartmann et al. (1998) and CGSO01, we adopt a kine-
matic viscosityy which scales linearly with radius, so

R
v(R) VORO
for some scaling valugy(Ry) at a scale radiuR,. Such a viscos-
ity law is consistent with am-prescription (Shakura & Sunyaev
1973) if the disc temperature at the midplane scaleR 48, and
arguments in favour of this viscosity law are discussed irtidann
et al. (1998). We adopt an initial surface density profilesistent
with the similarity solution of the diusion equation (Lynden-Bell
& Pringle 1974; Hartmann et al. 1998). Again following CG$S01
we define this profile to have the form

My(0)
2nRyR

for an initial disc masdvi4(0). In this form Ve of the disc mass is
initially at R > Ry, with an exponential decline in surface density
at radii beyondR,. However in practice the results are not sensitive
to the form of the initial profile, and this form is chosen pairity

as a simple means of parametrizing the initial disc massh Wit
viscosity law the viscous scaling time, which governs thagion

of the disc, is given by

(10)

Z(R) = exp(-R/Ro)., (11)

RS
= 12
v SVO ’ ( )
and consequently the initial accretion rate at the origigiven by
. 3Mq4(O)vo
Myg(R=0,t=0)= —=—. 13
o )= = (13)

This fixes the scaling constany, and thus the disc model is entirely
specified by the three parametdig(0), Mq(0, 0) andRo. Initially
we adoptMg(0) = 0.05Ms, Mg(0, 0) = 5.0 x 10" Mgyr andRy =
10AU. We use 1000 grid points, equispaced??, which span
the radial range [0025AU, 2500AU]. We also adopt adopt zero-
torque boundary conditions throughout (i.e. weXet 0 at the grid
boundaries) but note that the spatial domain is always kangegh
that the outer boundary condition has riteet on the results.

At early times in the evolution we use the wind profile of Font
et al. (2004, kindly provided in numerical form by lan McGuay},
which incorporates more detailed hydrodynamics than thgrad
work of Hollenbach et al. (1994). However once the inner dias
been drained we alter the mass-loss profile to reflect theeini
of direct photoevaporation on the outer disc. Thus it is ssagy
to define a numerical criterion for “draining”, in order todicate
when to change to the direct profile. Additionally, as thenfasf
the direct profile is normalised at the inner disc edge it es8ary
to define the inner edge numerically also.

By inspection of the mass-loss profiles we see that in both the
diffuse and direct cases the mass-loss rate scales as

M o @Y2. (14)

Numerical analysis of the scaling constants shows that doake
ionizing fluxes the direct mass-loss rate exceeds that dilne toif-
fuse field by a factor of 8 (for M. = 1My). Thus if the direct
flux reaching the disc is greater than approximately 0.01sdbtal
value the direct wind exceeds thefdise wind. Consequently our
criterion for the “transition” between the two wind profilesthat
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Evolution of surface density: M,=1Mg, $=10%2%""
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Figure 1. Evolution of surface density in model which incorporateedi

photoevaporation. Snapshots of the surface density atteglatt = 0,

2.0,4.0,5.9, 6.0, 6.01, 6.02, 6.02...6.18Myr.tAt 6.20Myr the surface
density is zero across the entire grid. After the inner disdrained direct
photoevaporation disperses the outer disc very rapidly.

the optical depth to ionizing photons,along the disc midplane to
the draining radius (@Ry) satisfies

exp7) =001 =  7=461. (15)

We evaluate the optical depth as= No136e/, WhereN is the col-
umn density along the disc midplane. Additionally, onceitireer
disc has drained we define the inner edijeto be the radius at
which the optical depth reaches this critical value. Afteining
we adopt the mass-loss profile derived in Paper | KR = 0.05):

. R\?

zwmd(R):chmcsnm(—_) , (16)
n
where
12
o

Np=| ———— . 17

\ [ P ) (17)

Hereas is the Case B recombination d&ieient for atomic hydro-
gen at 10K, which has a value ofig = 2.6 x 107*3cnm®s™ (Cox

2000). We adopt the best-fitting scaling constants from Pape
(CD) = 0.235 anda = 2.42, and se: = 1.35 (following Hollen-

bach et al. 1994, CGSO01).

3.1 Results

Fig.1 shows the evolution of the surface density for theresfee
model. This model hadl, = 1My, Mg(0) = 0.05M,, My(0,0) =
5.0 x 10"Myyr~t andRy = 10AU. The results shown are fdr =
10%s. The inner disc begins to draintat 6.01Myr, and the disc
is cleared to the outer grid radius (2500AU)tat 6.20Myr. At
the point where the inner disc begins to drain the total diassn
remaining is approximately 0.002Mor approximately 2M,p.

In order to investigate the dependence on the valu¢/&fthe
same disc model was run wityR = 0.1 (and therefore best-fitting
parameters of¢D) = 0.60 anda = 4.50, see Paper |). In this case
the inner disc draining is identical to the casdHyR = 0.05, as the
early evolution depends only on thefdise wind and is independent
of H/R. The outer disc is cleared somewhat more slowly by the
direct wind than forH/R = 0.05, with the outer grid radius not

reached untit = 6.27Myr. However this represents a change of
less than a factor of two in the time required to clear the radise,

so we are satisfied that the choicetyfR is not a significant factor
in evolution of the outer disc.

A second version of this model was run withee R¥2, in
order to investigate theffiect of varying the viscosity law. The nu-
merical scaling constants in the similarity solution varithathe
viscosity law (Lynden-Bell & Pringle 1974; Hartmann et 2998B),
but while the details dier the qualitative behaviour of the model
is unchanged. The steeper surface density profile thatisefsain
this new viscosity law means that the inner disc drainingomes-
what slower than in the reference model, but this is coudtbyea
more rapid clearing of the outer disc (as a smaller fractibthe
disc mass now resides at large radii). The disc is still disgton a
time-scale some 1-2 orders of magnitude shorter than thdifdis
time!, and the only significant consequence of changing the viscos
ity law is the expected modification of the surface densitfif@.

Thus, as predicted in Section 2, when direct photoevaorati
is taken into account the entire disc is dispersed on a toakes
approximately 2 orders of magnitude shorter than the distirtie.
Thus it seems that this model has solved the “outer disc enabl
that &fected the original UV-switch model of CGSO01. In order to
compare to observed data, however, it is necessary to moéel t
observable properties of the disc.

4 OBSERVABLE CONSEQUENCES: SPECTRAL
ENERGY DISTRIBUTIONS

In order to compare the results of the model to observed data i
is necessary to use the model to generate spectral enetgy dis
butions (henceforth SEDs). Following Hartmann et al. ()%&
CGSO01, we assume that the disc is vertically isothermal amitse

as a blackbody. Therefore the flux emitted by the disc at #agu

vis?

F, = % f 27RB, (T(R)) [1- exp(- )] dR,

whered is the Earth-star distance (taken to be 140pc, the distance
of the Taurus-Auriga cloud)B,(T) is the Planck function andis

the inclination angle of the disc £ 0 is face-on)T (R) is the radial

temperature profile of the disc, and the optical deptis evaluated
as

T,
cosi

(18)

7, = K2Z(R). (19)

We adopt a standard power-law for the dust opaejt{Beckwith
etal. 1990):

k =01 cmgt. (20)

4
10%Hz
We add the stellar contribution to the SED as the total fluxtemi
ted by a blackbody of temperatufe and radiuR.. The values of
these two parameters are taken from the pre-main sequertasno
of Tout et al. (1999, kindly provided in electronic form by i@h
Tout). TT stars are contracting due to gravitational ca&gyso for
a given stellar mass bofh. andR. vary somewhat with age. We

1 Here the term “lifetime” refers to the age of the disowhen the disc is
dispersed.

2 Note that we have now used the symbdb denote both frequency and
kinematic viscosityy denotes frequency only in Equations 18-20, and it
should be obvious from context to which quantity the symbeéérs.
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adopt the median age of the Taurus-Auriga cloud, 2Myr (Ralla
Stahler 2000; Hartmann 2001), throughout.

Obviously the disc temperature adopted is crucial to the re-
sultant SED. Further, we wish to investigate ttiEeet of varying
the stellar mass in our models, so it is necessary to da&f{Rein
such a way that it only depends on the stellar mdssWe adopt a
“flared reprocessing disc” (Kenyon & Hartmann 1987) povaer-|
profile:

R -1/2
TR =Tp (—) , R>Rp (21)
Ro
where the normalisation condition is set by the dust destmnica-
diusRp. At radii smaller than this the temperature is set to zero, as
no dust can survive here and we assume that the opacity doe to t
gas alone is negligible. We adopt a dust destruction teryreraf
Tp = 1500K. Additionally, we adopt a minimum disc temperature
of 10K to account for external heating of the disc (e.g. casmays
or diffuse UV, see Hartmann et al. 1998). By assuming that the stel-
lar irradiation balances the emission from the verticat didge at
Rp we find that
T.

2
=)

whereA is a constant of proportionality that reflects hoffi@ently
the disc radiates. 100%teiency (the “small grains approxima-
tion”) gives A = V2, but by comparison to the observed “median
SED” for Taurus-Auriga (d’Alessio et al. 1999, see Fig.2dvel
we find thatA = 1.75 provides a better fit to the data. In adopting
a value ofA > V2 we essentially assume that the disc edg@pat
does not radiate as a blackbody (i.e. it radiates with lems 100%
efficiency), an assumption verified by detailed radiative tiems
models (e.g. d’Alessio et al. 2005b). We note at this poiat the
disc temperature at the “draining radius”-ef0.2Ry does not vary
significantly with stellar mass. Obviously, scales linearly with
M., but the &ect of this on the disc temperature ifset by the
variation of T, with stellar mass. We find that(0.2R;) = 540K for

M = 0.2M,, but is only slightly smaller (410K) foM = 2.0M,.
Consequently, while the draining radius scales linearthsiellar
mass, the colour change resulting from inner disc draingngoit
especially sensitive to stellar mass.

In addition to evaluating the SEDs, we use the predicted SEDs
to generate magnitudes in the various photometric bandsed-t
Micron All Sky Survey (henceforth 2MASS) and th#pitzer Space
Telescope. We use the filter transmission functions given on the
2MASS andSpitzer Science Center website$, and use the given
zero-point fluxes to convert these fluxes to magnitudes.

In order to test this model we compare the predicted SED
with the “median SED” of CTTs in Taurus-Auriga (d’Alessioat
1999). We adopt stellar parametersTof= 3200K andR, = 1.5R,,
consistent withM, = 0.3-0.4M, (depending on age), and use the
surface density profile of the reference dis¢ at 0. As seen in
Fig.2, the model reproduces the observed data well out tova-wa
length of~ 10Qum, but rather under-predicts the flux at millime-
tre wavelengths. This apparent error is not of great condew-
ever, as in the initial disc configuration mass is mostly cwdito
small radii, with the result that the disc is optically thiak mil-
limetre wavelengths. At later times the disc expands andrbes
optically thin, boosting the millimetre flux. Additionallpnce the

Ro = AR( (22)

3 http://www.ipac.caltech.edu/2mass/ and

http://ssc.spitzer.caltech.edu/ respectively.
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Fiducial SED for initial disc

T,=3200K, R=1.5Rg, i=60" |
RD:1,75R,(T,/159<2)»<)2
,=0.1(»/10""Hz)

WOATD

MF, / erg s em™2

10411

10412

A/ um

Figure 2. SED produced by our model at= 0 for T, = 3200K and
R, = 1.5R,, values consistent with a pre-main-sequence star of mass 0.
0.4Ms. The SED produced by the model is shown as a solid line, with th
individual contributions from the stellar black-body at tdisc shown as
dashed lines. The points and error bars are the “median SEDT®s in
Taurus-Auriga, taken from d'Alessio et al. (1999). The twaings at the
shortest wavelengths are for and B band data, and show the UV excess
typical of CTTs.

disc is optically thin the emitted flux is very sensitive tee tto-

tal disc mass, and our reference model has rather a lowlinitia
disc mass (0.05M). More massive discs at later times (once the
disc has spread beyond the scale radigismatch observed mil-
limetre fluxes much better. In thgpitzer IRAC bands, our model
gives colours of [$] — [4.5] = 0.46, [45] - [5.8] = 0.57, and
[5.8] — [8.0] = 0.91. These compare favourably with the values for
the median SED ([8] - [4.5] = 0.40, [45] — [5.8] = 0.52, and
[5.8] - [8.0] = 0.83, Hartmann et al. 2005), suggesting that the
model predicts IRAC colours to an accuracy of arowfdl mag.

4.1 Model set

In order to study the behaviour of the SED a series of disc tsode
were run with diferent stellar masses. As seen above, the outer disc
evolution is not especially sensitive to the valueHyfR, so when
considering direct photoevaporation we adopt the bestgitvind
profile for H/R = 0.05. There are therefore five free parameters in
the disc model: stellar mad4,, initial disc masavi4(0), initial ac-
cretion rateMq(0, 0), scaling radius, and ionizing flux®. There-
fore it is necessary to evaluate these parameters selfstemity in
order to study theféect of a single parameter. In order to achieve
this we assume that both the initial disc mass and the dide sca
ing radius scale linearly witt,, and we adopt the normalisation
conditions

M.
Ry = 10AU e (23)
and
Mg(0) = 0.15M, . (24)

The initial accretion rate is dependent on the disc visgogis
noted above, we adopt a viscosity law of the fornt R. We now
fix the normalisation by assuming that that the viscosityapaeter
a (Shakura & Sunyaev 1973) and disc aspect reti® are inde-
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pendent oM... The orbital and viscous time-scalefRgtare related
by
2

t, N 1 (R)
torb Ta\H/
The relationships between the accretion rate, viscosiyéstous

time-scale were given in Equations 12 & 13. We combine these
expressions to fix the initial accretion rate as

Mq(0)
2t,

For typical parameters Equation 25 givgs: 1000, Wheretyy, is
simply the Keplerian orbital time &,. (This givest, = 3.2x 10%yr
atRy = 10AU.) Thus the disc parameters are specified in a man-
ner which depends only on the stellar maé4s due to the manner

in which My(0) andR, are specified. This fiducial disc model was
evaluated for stellar masses B, = 0.2, 0.5, 1.0 & 2.0M,, and

(25)

Mg(0, 0) =

(26)

for each model the SED was evaluated as a function of time at an

inclination angle of = 60° (i.e. cos = 0.5, the mean inclination
of a random sample). We sdt = 10*’s! in all of these mod-
els. In order to explore parameter space further four amditidisc
models were run foM, = 1.0M,, with Ry = 5AU, ® = 10*3s71,
Mq4(0) = 0.15M, andt, = 500Q,,. Lastly the SED for the fiducial
1M, model was also evaluated for an inclination angles ef 0
(i.e. a face-on disc) and= 80 (i.e. a nearly edge-on disc). Thus
one group of models explores thffeet of stellar mass on the ob-
served disc emission, while the second group explores theeco
guences of varying the disc parameters for a fixed stellasmas

Magnitudes were evaluated in tieH andKs 2MASS bands,
and the four IRAC bands (which have central wavelengths &f 3.
4.5, 5.8 & 8.um respectively). In addition magnitudes were cal-
culated in theSpitzer 24um MIPS band. The flux at 85@m was
also measured, for comparison to sub-millimetre (SCUBA) ob
servations. Each of these four wavebands (observed by 2MASS
IRAC, MIPS and SCUBA) probes a fiierent region of the disc,
with each providing dferent constraints. The 2MASS bands pri-
marily observe the stellar flux, and therefore provide a able
normalisation condition. The IRAC bands probe the innec,dis
the draining radius and smaller radii, while theuBd MIPS band
probes the emission at somewhat larger radii, beyond thialini
draining radius. The emission in both the IRAC and MIPS basds
(mostly) optically thick (the longer wavelength bands sheeak
optical depth &ects), and so is sensitive only to the disc temper-
ature and to whether or not the disc has drained. Therefoadl sm
changes in the disc model do not have a significdfece here.
Lastly the flux at 850m, as measured by SCUBA, measures op-
tically thin emission from the entire disc, and is therefoaéher
sensitive to a hnumber of the parameters in the disc model.

We now seek to compare the results from our disc models to

observed data. In order to do this we have created a composite

dataset, using observations taken from the literature. Yéedata
from recent surveys of the Taurus-Auriga cloud, from the (RA
observations of Hartmann et al. (2005) and the SCUBA observa
tions of Andrews & Williams (2005). (Hartmann et al. 2005mlist
2MASS magnitudes for all sources.) We include only the sesirc
which are unambiguously included in both samples, rejgaimy
binaries which are resolved by IRAC but not by SCUBA. This

4 Note that the zero-point flux in the 2 MIPS band, 7.3y, is rather
uncertain. Consequently the absolute value of the magestimthis band
are subject to systematic errors. However this merely st zero-point
of the magnitude system, and any trends ardfented.

M. O Mg(0) Ro ty/torb t1 t2

Mo 10%s1 M, AU atR=Ry Myr  Myr

1.0 1.0 0.15 10.0 1000 837 847

0.2 1.0 015 20 1000 352 357

0.5 1.0 015 50 1000 6.13  6.21

2.0 1.0 015 200 1000  10.66 10.79
1.0 100 015 100 1000 487 497

1.0 1.0 0.3 100 1000  10.56 10.67
1.0 1.0 015 50 1000 591 5.8

1.0 1.0 015 10.0 5000  18.47 18.96

Table 1. Table showing the parameters used in the various disc éwolut
models, and also the disc lifetimes found for each model. ddhemn la-
belledt; indicates the time at which the inner disc was drained (itemthe
model switches from the fluse to direct wind profile), while the column
labelledt; indicates the time at which the entire disc was dispersed.

leaves a total of 42 objects: 29 CTTs, 12 WTTSs, and the possi-
ble transition object CoKu T (see Forrest et al. 2004; d’Alessio
et al. 2005a). All but 3 of the CTTs are detected by SCUBA, with
upper limits only found for DP Tau, CIDA 11 and CIDA 12. (These
latter two objects are close to the brown dwarf limit and may n
be “true” TTs.) By contrast only 1 of the WTTs (Lki832 G1) is
detected at 850m, confirming that, in general, disc dispersal oc-
curs simultaneously over the entire radial extent of the ¢iee
discussion in Andrews & Williams 2005).

5 RESULTS

The results of our models are shown in Table 1 and Figs.3-5. Ta
ble 1 shows the disc lifetimes predicted by the model, whieh a
entirely consistent with disc lifetimes of 1-10Myr and disgal
times of order 18r (as derived from observations, e.g. Kenyon
& Hartmann 1995; Haisch et al. 2001). Fig.3 shows evolutipna
tracks on & - [3.6] / Ks — [8.0] two-colour diagram (analogous
to previously publisheK — L / K — N plots, e.g. Kenyon & Hart-
mann 1995; Armitage et al. 1999). The data points show a gkgar
between the loci of CTTs and WTTs which the tracks reproduce
well, showing a rapid transition across the gap. The discsgion

is optically thick, and so we see Class Il colours before tise d
is cleared followed by Class Ill colours afterwards. We adse
that stellar mass and disc inclination angle are the dorieféects

at these wavelengths. For a given stellar mass and incimaii-
gle different disc models show very similar tracks, as the infrared
emission is generally optically thick. Consequently trecks de-
pend primarily on the temperature profile, and are insesesiti the
parameters of the disc model. Minor optical depfieets are seen
at §m in the models withb = 10*3s™* andt, = 500Q,, but these
are not significant. The models struggle to reproduce theext
points in the CTT distribution, at both the red and blue eias]
indeed theKg — [8.0] colours of our model during the CTT phase
are rather redder than the observed data. However thereaeab
factors which can account for this. The SED is rather sesmstt
the adopted stellar temperatures, and the disc emissioalsaie
increased by so-called “accretion luminosity”. This asiskie to
viscous heating of the disc, and boosts the disc emissi@oihit-

ted from our SED model but can be significant in CTTs with high
accretion rates (e.g. Armitage et al. 1999). Additionaily; model
does not include emission from the inner disc edge (or “yait”
the dust destruction radius, which may contribute signifigato
the SED atl ~ 3um (e.g. Natta et al. 2001). We note also that our
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Figure 3. 2MASYIRAC Ks — [3.6] / Ks — [8.0] plots, with data points
from Hartmann et al. (2005). Solid circles represent CTT& epen cir-
cles WTTs, with the possible transition object CoKu Rarepresented by a
star. The upper panel shows evolutionary tracks feiedént stellar masses
with inclination anglei = 60°: M, = 0.2 (dotted line), 0.5 (dashed), 1.0
(solid) and 2.0M (dot-dashed). The light grey track is fM. = 1.0Mg
with i = 0, and the dark grey tradk= 80°. The lower panel shows the ef-
fect of varying the disc parameters with, = 1.0M. The solid black track
is the fiducial model (as in the upper panel). TMg(0) = 0.3M,, track is
shown in grey (obscured by the black track)= 10*3s™! as a dashed line,
Ro = 5AU as a dotted line, ant} = 500Q,,, as a dot-dashed line. In both
plots points are added to the tracks everyytQo illustrate the evolution.

models predict rather bluer Class Ill colours than thoseniesl.
This is due to the rather unrealistic use of a blackbodyestsjpec-
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Figure 4. Ks — [8.0] plotted against 85@m flux, with data points taken
from Hartmann et al. (2005) and Andrews & Williams (2005)ldéi sym-
bols represent CTTs, open symbols WTTSs, and the star Cokd4 Taircles
represent objects detected at 861) while triangles denotes3upper limits.
As in Fig.3, the upper panel shows thigeet of varying stellar mass in the
models, while the lower panel shows thieet of varying the disc param-
eters. The line styles are the same as those used in FigtBpuiiits again
plotted every 18yr.

portional to the disc mass, declines at the total disc masedses.
The tracks fall vertically (as the infrared emission is oglliy thick)
until the inner disc is drained, at which point tke — [8.0] colour
rapidly “jumps” to a stellar value at a fixed millimetre fluxh@&
level of this flux is determined by the disc mass and tempegatu

trum, and we do not consider it to be a serious problem with the at this point, and does not change significantly as the inisr d

model.

More interesting is the evolution of the millimetre flux, as
shown in Fig.4. The millimetre emission is mostly opticathin,
and so is much more sensitive to the disc mass than the emassio
shorter wavelengths. However as it is optically thin, itétatively
insensitive to the inclination angle. The behaviour of ttaeks in
the F,(85Qum) / Ks — [8.0] plane, shown in Fig.4, is explained as
follows. The initial evolution shows an increasing @80 flux at
fixed infrared colour, where the infrared colour is dependan
both stellar mass and disc inclination angle. The increa8é@:m
flux occurs because the disc viscously expands from itslritin-
figuration, which is optically thick at 826n. However soon ac-
cretion takes over and the flux, now optically thin and simpiy-

© 2006 RAS, MNRASO00, 1-11

drains. This is due to the « R viscosity law, which forces most
of the disc mass to reside at large radii. Draining occursfadeal
value of the disc accretion rate, approximately equal to dhéhe
diffuse wind. However the disc accretion rate can be expressed as
M ~ v= (Pringle 1981). Therefore for a fixed stellar mass we ex-
pect that the level of the 8afn flux when the inner disc drains
should depend only on the ionizing flux and the viscosity [Bis

is verified in Fig.4, where the models with increasednd lower
viscosity show significantly larger 8ath fluxes as the inner disc
drains. (The total disc mass at this point in the fiducial nhasle
0.002Ms. In the model withd® = 10%s! the disc mass at drain-
ing is 0.006M,.) At this point the evolution “stalls” for 1Pyr.
This occurs because most of the disc mass resides at larije rad
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Figure 5. Predicted evolutionary tracks in the 2MASSAC/MIPS K —
[4.5] / Ks — [24] two-colour diagram. As in Fig.3 the upper panel shows
the dfect of varying stellar mass, while the lower panel shows ffeceof
varying the disc parameters. The line styles are again tne s& in Fig.3,
with points again plotted every gr.

so the 85Qm flux remains approximately constant while the inner
disc is cleared. Once direct photoevaporation starts t the disc
at large radii the 85@m flux falls rapidly to a very low level. The
original UV-switch model (CGS01), which omitted direct pto
evaporation, resulted in a millimetre flux of a few mJy whieh r
mained at very late times. This is clearly not a problem witih o
new model, which predicts millimetre fluxes of orderi@Jy (the
stellar contribution) once the disc has been cleared. Hemthe
model predicts that for around %@ objects should show stellar
near- to mid-infrared colours but retain millimetre fluxes a—
10mJy. This may explain the two objects detected in thisoregi
by Andrews & Williams (2005): CoKu Ta4 and LkHx332 G1.
These detections are near to the sensitivity limit of curodser-
vations. Our model predicts that a factor-ofL0 increase in sen-
sitivity should results in the detection at millimetre wharggths of
an increased number of sources with Class Il infrared SEEps,
resenting a few percent of the total population. This regmtesa
valuable future test of this model.

Another interesting result of the models is the predicted be
haviour in the mid-infrared at 20-génh. This region of the spec-
trum probes the region outside the draining radius, but iraeen
length range where the emission is (mostly) expected to kie op
cally thick. To date few observations have been made heté¢hisu

should be remedied in the near future by MIPS observatiagss F
shows the predicted tracks in thg — [4.5] / Ks — [24] two-colour
diagram. Here we initially see a slow decline in the.2demis-
sion due to weak optical depthfects. The “inside-out” manner
of the disc clearing causes the emission in the near infriarele-
cline more rapidly than that at aih, with the models predicting
that a significant population of sources, again at the fevequer
level, should show Class Il colours in the IRAC bands bubiig
cant excesses at 2dh. Forthcoming observations fro8pitzer will
therefore provide another valuable test of the model.

Lastly, we note that it is possible to constrain some disc pa-
rameters from the model results. By demanding that distirifes
be in the 1-10Myr range, as seen in observations (e.g. Haisch
al. 2001), it is possible to constrain the disc viscositpgélrather
weakly. For initial disc masses of 0.6 the ratio of viscous to
orbital times must be: 1000, and certainly less than 5000. For re-
alistic H/R ratios this suggests a viscosity parameter in the range
0.02 < @ < 0.4. There is no real consensus as to what value of
a can be produced by models of angular momentum transport in
discs, but fiducial values tend to be of order 0.01 (Stone et al.
2000). Thus these derived valuesacére near to the upper limit of
those predicted by current models of angular momentumpmanhs
in discs, and may pose problems for these models.

Similarly, by comparing the models to observed millimetre
fluxes (as in Fig.4) it is possible to place indirect consiiibn the
ionizing flux ®. The fact that few CTTs are not detected at850
at the 10mJy level, and that similarly few WTTs are detected a
the same level, suggests that the millimetre flux during tren'si-
tion” phase must be in the 1-10mJy range for most objectthidf
were not the case we would expect to see either many more WTTs
detected or many more CTTs not detected at the 10mJy level at
85Qum.) As seen in Fig.4 this level depends on both the disc and
stellar parameters, and not solelydnHowever the results suggest
ionizing fluxes in the range 10*'-10*s™%, a range consistent with
our previous estimates (Alexander et al. 2005).

6 DISCUSSION

There are obvious limitations to the model. Firstly, we rtbt the
manner in which we treat the disc temperature and viscosdy p
files are not self-consistent. The derived wind profilesr(fi®aper

1) assume a constaht/R, but throughout this paper we adopt a disc
temperature profile which implies disc flaring. Furthehaltgh the
temperature profile adopted when evaluating the SED doedt res
in av « Rviscosity law, the normalisation of the two parametriza-
tions is inconsistent. However the viscosity depends pilgnan
the midplane temperature, while the emitted SED dependfen t
surface temperature. These are most likely not the sameCbig
ang & Goldreich 1997), and so such an inconsistency is naainr
sonable. Therefore while there are minor inconsistenai#sd disc
model, they do have some physical motivation and they doan h
a strong &ect on the model results.

In addition the SED model is rather simple, employing a
power-law for the disc temperature structure and neglgciiv-
eral possibly important factors, such as viscous heatimgrission
from the inner wall. Further, the temperature normaliseisaather
sensitive to the stellar temperature adopted, as seen atiBgl22.
The flux emitted by the disc is very sensitive to disc tempeeat
so the output SEDs are in turn rather sensitive to both tHeaste
temperature and the normalisation condition. Our modelgygte
to reproduce the reddest and bluest CTTs in the data andeasse
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Fig3, our simple model predicts rather red#lgr[8.0] colours than
those observed during the CTT phase. However this is easiigs

died by small alterations to the SED model, and we note that ou

simple treatment of the disc neglects several possibly itapbef-
fects (see Section 5), such as accretion luminosity or éomigom

the inner disc wall. Additionally, our model uses a singleper-
ature blackbody to model the stellar flux. Model atmospheess

differ markedly from blackbody spectra in the near-infrared.(e.

Bardfe et al. 1998), and this may alsffect the colours obtained
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ionizing far-ultraviolet (FUV) radiation on the evolutiarfithe disc.
FUV radiation heats the disc to lower temperatures tharziogi
radiation & 1000K cf.~ 10,000K, Johnstone et al. 1998; Gorti
& Hollenbach 2004) and therefore FUV-driven winds are ldatt
from rather larger radii than those driven by ionizing réidia, typ-
ically launching at radii from 20-100AU. Adams et al. (2004)e
shown that external FUV radiation can produce a significést d
wind, which is is dominated by flow from the outer disc edgewHo
ever this wind relies on the presence of a strong interstEl&/

from the SED model. The model also struggles to reproduce the radiation field, which is only present in the immediate vitgirof

handful of objects with the largest observed g50fluxes. How-
ever, as seen above, the emission at millimetre wavelengts
tremely sensitive to the disc parameters. Additionallgsthobjects
tend to have rather unusual SED slopes in the sub-millin{@me

massive O- or B-type stars. Self-consistent models of FUAtihg
from the central object have not yet been completed, butitnse
likely that FUV radiation can drive a wind from the outer désige
in this case also. The interplay between mass-loss from dter o

drews & Williams 2005), and so we do not consider this to be a disc edge (from FUV heating), mass-loss from smaller rdrbing
serious problem with the model. Lyman continuum heating) and viscous evolution will pravian

A further consideration is the manner in which the trangitio  interesting area for future study. While the details of saatalcu-
from the difuse to direct regime is treated (see Section 3). We de- lation are beyond the scope of this paper, we note that ifteias

fine a critical value for the optical depth to ionizing phataong
the disc midplane and use it to switch instantaneously leriviee
two wind parametrizations. A more realistic treatment wiogiad-
ually increase the strength of the direct field as the innsc &
drained. Additionally, the behaviour of theflilise field as the inner
disc drains should be considered in more detail, as tffiesdi wind
model assumes that the underlying disc is always opticaitktto
ionizing photons. The transition occurs very rapidly, arsdtieat-
ment does not have a stronffext on the overall evolution of the
disc. The transition is important, however, when we consitle
detailed consegences for the observed SED during cledringis
because the inner disc becomes optically thin to infraredson
(perpendicular to the disc midplane) rather earlier thdored¢omes
optically thin to Lyman continuum photons (along the midp
Objects appear as “inner hole” sources during this phasktren
wavelength at which the disc emission “cuts in” is rathers#tére
to the SED model.

Recently McCabe et al. (2006) have observed a strong corre-

lation in passive (non-accreting) discs, between steflacsal type
and the wavelength at which outer disc emission becomelsleisi
They define “passive discs” as sources which show excessiemis

at 10—-12:m but lack any near-infrared excess, and in a survey of bi-

nary secondary stars they find that that stars of later spdgpe
are more likely to possess passive discs than stars of resple-
tral type. The binary separations are large, so within taméwork
of a photoevaporation model they attribute this to the lirezal-
ing of the draining radius with stellar mass. Thus low masassst
have smaller holes, which they argue should contribute etisis-
sion at shorter wavelengths than the corresponding holegier
mass stars. This interpretation is predicated on the assamthat
the smaller holes are hotter. However, in our models, smiadies
turn out to be only modestly hotter, since the stellar phultesic
temperature (which sets the temperature of the reprogesssic)
is lower for less massive stars. Further, this interpretatemains
valid only if the inner disc clearing takes significantly g@r than
the outer disc clearing. If the outer disc clearing domisdite dis-
persal time then the distribution of observed hole sizesygaen
time is independent of stellar mass. Therefore a more afectiemt-

ment of the transition from the fiiluse to direct wind is necessary in

order to make such detailed predictions. We also stress: thetter
treatment of the disc SED, in particular the contributioonirthe
inner wall, is needed before we can assess whether our moatels
reproduce the passive discs observed by McCabe et al. (2006)
We note also that our model neglects theets of non-

© 2006 RAS, MNRASD00, 1-11

FUV radiation field can drive a significant wind from the ougeige
of the disc then this may significantly shorten the disc ilifet in
any given disc model. Consequently we expect that the ifooiusf
such a wind will reduce the viscosity) required to satisfy obser-
vational constraints on disc lifetimes.

Another important consideration is dust. Dust is respdasib
for all of the emission discussed above, and our SED modgellin
assumes a constant dust-to-gas ratio throughout. Howieigenat
at all obvious that the dust in the disc remains coupled t@#se
There are several forces which act on dust grains in distsf al
which may be important here (see e.g. Gustafson 1994). litiaald
to gravity the dust grains feel a drag force from the gas, aathg
can both grow and be ground down through collisional praeess
Grains can also feel a force due to radiation pressure. I casgs
the optical depth through the disc is such that this forceegigi-
ble, but near to the inner disc edge it may become signifi¢ant.
diation from the star is also responsible for the Poyntiradpé&tston

(P-R) dfect, which can cause grains to lose angular momentum

and slowly spiral inwards. Again, thifect is not significant if the
grains are shielded from the stellar radiation field, but fpagome
significant once the gas disc begins to drain. Additional$ynoted
in Paper |, any dust remaining in the “inner hole” may absare
ionizing photons, reducing thdfeiency of the wind and lengthen-
ing the dispersal time-scale.

The net &ect of these forces on the dust in the disc iidi
cult to predict without making detailed calculations. Thelation
of dust in the original UV-switch model has been studied imso
detail by Takeuchi et al. (2005). They find that gas drag cause
millimetre-size dust grains to accrete on to the star mopedha
than the gas unless the grains are rathefi§ffi(i.e. have rather low
densities). In this model the grains are removed from theralisc
before the inner disc is drained, and the decline in disc gonss
primarily due to the rapid accretion of the grains rathentgkbal
evolution of the disc. However the sub-millimetre obseorz by
Andrews & Williams (2005) do not detect a significant fractiof
objects which have no dust in the outer disc but are stilletecr
ing gas from their inner disc, suggesting that the dust isokea
too quickly in the model of Takeuchi et al. (2005). Additidlga
Takeuchi et al. (2005) find that the force exerted on the grhin
the wind is always less than gravity, so little dust is carasvay by
the photoevaporative wind. This is not of great significaindbeir
model, as the grains are removed from the outer disc by gas dra
but may be a problem when considering direct photoevamorati
the outer disc. In this case gas drag cannot migrate thesgb&n



10 RD. Alexander, C.J. Clarke & J.E. Pringle

yond the inner disc edge, and the wind cannot carry away asty du
grains found in the outer disc. Consequently we would exfect
dust grains in the outer disc to remain after the gas has bisen d
persed. However the time-scales for grains to be removeidthgre
collisional processes or by P-R drag are very short, of ot@&s
10%yr at radii of a few AU (e.g. Gustafson 1994). Consequently an
dust “left behind” in this manner is expected to be removefi-su
ciently quickly as to have a negligibléfect on the evolution of the
SED.

However the analysis of Takeuchi et al. (2005) does not con-
sider the fects of radiation-powered forces on the grains. This is
not a significant problem in their model as the dust is shi&fdam
stellar irradiation, but may well become significant in ouodusl
once the inner disc begins to drain. Klahr & Lin (2001, 2005)
found that radiation pressure in discs with low opacity casuit
in a clumping instability in the dust grains. In our modelstleif-
fect may well become important when the inner disc drainghas
optical depth is essentially zero inside the inner disc e&geh
clumping increases grain collision rates, and thereforg hwve
important consequences for planet formation theories Hsawen
the observed SED. We also note that any dust exposed to tla ste
radiation field in this manner will attenuate the direct editin field
responsible for the photoevaporative wind (see discussi®aper
1). Additional efects, such as grain growth and dust replenishment,
may also be significant. In short, it is unlikely that the désolves
with a constant gas-to-dust ratio, as we have assumed. Howev
the manner in which the dust evolves is not at all obvious,\aed

responsible for the holes observed in these two discs. Hewweg
note that in deriving these disc masses Calvet et al. (2008 te-
rived rather small viscosity parametets+ 0.001), and that larger
values ofa would imply correspondingly smaller disc masses (see
also Hueso & Guillot 2005).

TW Hya has a “hole” in the disc inside 3—4AU, but still shows
some dust and gas emission from inside this radius (Calvat et
2002). It also has a measured accretion rate dfx 1071°Myr—*
(Muzerolle et al. 2000), and it has been suggested that atplan
may have formed (or be forming) in the disc. The disc mass is
rather larger than that predicted by the photoevaporatiodeain but
the low accretion rate is similar to that produced as theriniise
drains in the photoevaporation model. Therefore in priledigmay
be possible to model the SED with a photoevaporation motlel, a
though in order to reproduce the observed accretion ratetuke|
requires that the object be observed during a rather shamtfow”
in the evolution (while the inner disc is in the process ofinirey).
Consequently it is not yet clear whether or not photoevajmra
plays a role here.

CoKu Tay4, however, is almost entirely devoid of material
inside 10AU and shows no evidence of accretion on to the star
(Forrest et al. 2004; d’'Alessio et al. 2005a). The outer disss
of 0.001M, (d’Alessio et al. 2005a) is similar to that predicted by
our model (see Section 3.1 and discussion above). We hawe see
above that the evolutionary tracks produced by the phopmeva
ration model can reproduce the SED of CoKu /Fawell, and at
present this object seems to be entirely consistent witlptedic-

make no attempt to model it here. We also note in passing that ations of the photoevaporation model.

handful of gas-poor discs have recently been observed biyaNaj
& Williams (2005), and suggest that photoevaporation mayeha
played a significant role in their evolution.

6.1 Inner holes

Lastly, we note that one consequence of the model is thabjaitts

are predicted to pass through an “inner hole” phase, wherditit

is drained close to the star but remains “normal” at largelira
Several such objects have now been observed (e.g. GM Awg, Ric
et al. 2003; DM Tau, Calvet et al. 2005; TW Hya, Calvet et al.

We note that much current work has invoked the presence of a

formed or forming planet in order to explain such holes (Eajvet

et al. 2002; Rice et al. 2003; Quillen et al. 2004). Whilsstiiay
well turn out to be the case, we emphasise that other mechanis
such as photoevaporation, can also produce holes in dists$hat
holes do not necessarily imply the presence of a planetethie
seems likely that photoevaporation and planet formatiauiosi-
multaneously during the evolution of protoplanetary disesl it is
not yet clear whether photoevaporation acts to acceleratetard
planet formation Spitzer is expected to discover many more ob-
jects similar to those discussed here, and only with mora dit

2002; CoKu Tag#, Forrest et al. 2004), and it has been suggested the nature of these objects become apparent. However thentur

that these may represent a class of “transition object&rimediate
between the CTT and WTT states. It is not clear that thesetzbje
represent a homogeneous group (in fact this seems unlikely)t
is interesting to compare them to the predictions of our rhode
Despite the presence of holes in their (dust) discs, both GM
Aur and DM Tau have large accretion rates (on to the star)r-of o
der 108Myr~! (Calvet et al. 2005; Hueso & Guillot 2005). Ad-
ditionally, in the case of GM Aur the observed inner hole is in
compatible with a standard gas-to-dust ratio (Rice et &0320As
such GM Aur is obviously inconsistent with the photoevagiora
model, and some other process, such as grain growth or tke pre
ence of a planet, must be at work here. Both GM Aur and DM Tau
have also been observed to have relatively large outer disses,
of order 0.05-0.1M (Calvet et al. 2005; Hueso & Guillot 2005).
In the photoevaporation model the disc mass at draininggdsosp
imately equal to the product of the {flise) wind mass-loss rate
(~ 10%M,yr 1) and the viscous evolution timescale (0"yr),
and, as seen in Section 3.1, is typically 0.0Q1kplus or mi-
nus around an order of magnitude). Therefore it is rath@icdlt
(though not completely impossible) for photoevaporatiorpto-
duce inner holes with outer disc masses as large as thosevetise
in these two sources, again suggesting that photoevaporatnot

data suggest that the inner hole sources discovered to dafara
from a homogeneous class of objects.

7 SUMMARY

We have presented a new model for the evolution of protoplane
tary discs. Our model combines viscous evolution with pbeap-
oration of the disc by stellar radiation, and includes tffeas of
the direct radiation field at late stages of the evolutionn@ishe
wind prescription derived in Paper I). We have constructeuia
merical model for the evolving disc, and used a simple phescr
tion to model the behaviour of the spectral energy distidmuas
the disc evolves. Our fiducial model predicts that the dismom-
pletely dispersed on a time-scale of ordetyiGfter a lifetime of a
few Myr, consistent with observationally derived time4ssa Our
results are consistent with observational data acrossadbenge

in wavelengths, and allow us to place weak constraints onesom
model parameters: we derive ionizing fluxes in the range0*—
10%s! and viscosity parameterg)in the range~ 0.02-0.4. We
also make predictions as to what will be seen in future olagienvs

in the mid-infrared and at millimetre wavelengths. To ddiis ts

© 2006 RAS, MNRAS0Q0, 1-11
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the only model of disc evolution which can reproduce thedapi
disc dispersal seen in observations of T Tauri discs. We alste
that the model suggests that all evolving discs pass threwjtort
“inner hole” phase. During this phase the outer disc masdeder

0.001M,, and we predict that inner hole sources should represent

around 1-10% of the observed population of TTs. We compare th
predictions of the model with the handful of inner hole sesrob-
served to date and show that some, but not all, of these staeet
consistent with the predictions of our model.
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