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MOTIVATION

• Lack of transition discs 
with large holes and low 
accretion rates.

• Indicates either 
‘transition discs’ not are 
transition discs or 
clearing is fast in the 
inner disc but even 
faster in the outer disc.

Discs from: Andrews..; Calvet..; Cieza..; Espaillat.., Hughes..; Kim,..;Merin..; Najita..; Figure from Owen et al. 2011
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have fully developed the photoevaporation model down to
lower masses, we would have been hopeful that it would be
possible to make predictions of disc evolution as a function
of stellar mass. However, as described in Section 8.1, the
disc’s lifetime also depends on how the viscous time varies
with stellar parameters and speculation about its variation
with stellar mass is well beyond the aims of this paper. It is
worth noting though that as discussed in Section 8.1, sen-
sible assumptions lead to the conclusion that disc lifetime
is not a strongly dependant function of stellar mass and is
likely to decrease only weakly with increasing stellar mass, in
agreement with the observations (e.g. Ercolano et al. 2011b).

7.1 Transition Discs

It was the observations of the frequency of ‘transition’ discs
(Strom et al. 1989; Skrutskie et al. 1990; Kenyon & Hart-
man, 1995) that lead to the development of the photoevapo-
ration mechanism. Since the original observations, the num-
ber of detected discs that are consistent with the original
characteristics of a transition disc (i.e. a large drop in opac-
ity at short wavelengths, while returning to primordial levels
at longer wavelengths) has increased. However, there is no
clear observational or theoretical consensus as to what a
‘transition’ disc actually is and it is becoming clear that the
population of observed ‘transition’ discs are not a homoge-
neous sample (e.g. Alexander & Armitage, 2009; Owen et al.
2011b). The observations now span a range that includes ac-
creting, non-accreting objects and those with small amounts
of gas and dust inside the opacity ‘hole’; it is unlikely that
one mechanism is responsible for all objects (Cieza et al.
2010). Some ‘transition’ disc samples are now being split
into ‘transition’ and ‘pre-transition’ populations (e.g. Es-
paillat et al. 2010; Furlan et al. 2011).

The three main mechanisms that can account for the
formation and structure of this class of objects are: photoe-
vaporation, planet formation and grain growth. Owen et al.
(2011b) showed that a large fraction (! 50%) of solar type
‘transition’ discs were consistent with the X-ray photoevap-
oration scenario. In the X-ray photoevaporation scenario a
‘transition’ disc goes through two stages of evolution. Once
the gap opens, the dust in the residual inner disc is rapidly
(i.e on a time-scale much less than the viscous evolution time
of the gas) depleted as a result of inward migration due to
gas drag. The loss of dust (and its associated opacity) from
the inner disc would result in the object being classified as a
transition disc even while it still possesses an inner gas disc
with its associated accretion. This phase lasts approximately
∼ 10% of the observable disc’s lifetime. Once the inner disc
has entirely drained onto the central star, the inner edge of
the outer disc is directly exposed to X-ray irradiation and
the outer disc is then eroded to large radius. During this
phase a centrifugal barrier prevents material accreting from
the inner-edge onto the star and the disc would appear as a
non-accreting ‘transition’ disc with a large inner hole. The
structural properties of observed ‘transition’/‘pre-transition’
disc are currently more detailed than the photoevaporation
model can predict. This must await the development of cou-
pled dust and gas evolution models that are correct when
the dust-to-gas ratio is no longer small. Therefore, at this
stage we do not distinguish between ‘transition’ and ‘pre-
transition’ discs. Although discussed in Section 7.2 the in-
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Figure 17. The inner hole radius and accretion rate of low-mass
objects classified as ‘transition’ discs by varies authors: cyan tri-
angles (Brown et al. 2009); blue filled triangles & squares (Cieza
et al. 2010); black open squares (Ercolano et al. 2009); black filled
squares (Espaillat et al. 2008,2010); black open circles (Hughes
et al. 2009, 2010); red filled circles (Kim et al. 2009); magenta
filled diamonds (Merin et al. 2010); green filled star (Najita et al.
2010). Where error-bars or ranges are listed they are shown. Any
object classified as non-accreting it is placed on the plot with an
accretion rate of 10−11M" yr−1. The grey region represents the
region of parameter space where the objects are consistent with
gaps created by photoevaporation. See text for more details. The
blue and black dashed regions represent those regions for a 0.3
and 1M" star respectfully.

clusion of ‘thermal sweeping’ significantly changes the ac-
creting to non-accreting fraction predicted by previous pho-
toevaporation models, to a population that will be a major-
ity of accreting transition discs.

The observational data however also contains examples
of transition discs with large inner holes (Rhole ! 20AU) and
large accretion rates (Ṁ ∼ 10−8M" yr−1) that are simply
impossible to create through any kind of photoevaporation
model. It has been suggested that these objects could have
their large accretion rates set by FUV ionization and MRI
activation at the inner edge of the hole (Perez-Becker & Chi-
ang, 2011); in this case the inner hole (or gap) is created by
the tidal effect of a planet within the hole and dust filtra-
tion at the inner edge of the outer disc is invoked to reduce
the opacity of the inner disc. However, such models are at
an early stage of development and is not clear what kind of
planetary system would be required to match the accretion
rates and spectral energy distributions in these systems.

Using the photoevaporation theory developed in the
previous sections we can delineate the region of transition
disc parameter space within which we expect objects created
by photoevaporation to lie for stars with M∗ < 1.5M"(This
exercise is similar to that undertaken by Owen et al. 2011b
except that we have now extended the predictions to differ-
ent stellar mass ranges and added new observational data
points). Since the radial scale of the photoevaporative flow
scales linearly with mass, the radius at which the gap opens
will obviously scale linearly with mass too. Furthermore,
since the gap opens when the accretion rate falls below the
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STANDARD PICTURE

• Once into the 
transition disc phase, 
clearing generally 
takes longer as the 
inner edge moves 
out.

• Need a process to 
take over to clear the 
final transition disc 
remnant rapidly.

Discs evolution and dispersal 9
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Figure 8. Surface density (top) and accretion rate (bottom) ra-
dial profiles. The solid line represents a disc undergoing no photo-
evaporation and the dashed line represents the median disc model
≈ 0.5Myr before a gap opens in the disc due to XPE.
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Figure 9. The evolution of the disc’s surface density during the
disc clearing phase. The first line shows the zero time surface
density profile, the next shows the profile at 75% of the discs
lifetime (∼ 3.5Myr) and the remaining lines show the surface
density at 1% steps in disc lifetime.

causing the disc’s accretion rates to be lower than those for
discs with a less vigorous wind. Thus a negative Ṁ -LX cor-
relation is expected for clusters with a relatively narrow age
range. This effect is however counteracted by the fact that
discs with lower X-ray luminosities take longer to evolve,
spending more time at lower accretion rates compared to
high luminosity objects. Therefore, if the X-ray luminosity
was compared to accretion rates for an entire disc popu-
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Figure 11. Time evolution of the median X-ray luminosity in
the synthetic cluster for CTTs (solid line) and WTTs (dashed
line). The dotted line represents the transition X-ray luminosity
between a CTTs and a WTTs as a function of time. The data
points are taken from the compilation of Güdel et al. (2007) in
the Taurus cluster, filled circles refer to CTTs and filled squares
refer to WTTs.

lation’s lifetime, in clusters with very large age spreads a
positive correlation might be expected.

In Figure 10 we show plots of Ṁ -LX for our synthetic
‘cluster’ members selected to give clusters with various nar-
row age ranges (upper panels and lower left panel) along
with the a plot of the total disc population (bottom right
panel). As expected, the XPE model predicts a positive Ṁ -
LX correlation for clusters with large age spread and a neg-
ative correlation for clusters with a narrow age spread. As
a comparison, the age spread in Orion is roughly 2-3Myr
(Haisch et al. 2001b), which explains the observation of a
negative correlation by Drake et al. (2009).

The observation of systematically higher X-ray lumi-
nosities of non-accreting TTs (WTTs) compared to ac-
creting TTs (CTTs) can also be explained by our models
in terms of photoevaporation starved accretion. Figure 11
shows the time evolution of the median X-ray luminosity
of the CTTs (solid line) and WTTs (dashed line) popula-
tions for our model compared to the data compiled by Güdel
et al. (2007) for the Taurus cluster (black circles and red
squares). We note the good agreement between the model
predictions and observations. The dotted line represents the
critical X-ray luminosity as a function of time which in our
model separates CTTs and WTTs and corresponds to the
X-ray luminosity of objects which have just opened a gap
and have begun the clearing phase. The number of anoma-
lous objects (i.e. CTTs above the line and WTTs below the
line) is small at ages >∼ 1 Myr. Given uncertainties in age
determinations (particularly at < a Myr) the agreement be-
tween the observations and predictions is very encouraging.
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THERMAL SWEEPING: IN 
ACTION
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THERMAL SWEEPING: A NEW 
RAPID CLEARING PROCESS
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THERMAL SWEEPING: IN 
ACTION
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Figure 15. Time evolution of a simulation of a disc with an eroding inner hole and an X-ray luminosity of 2 × 1030erg s−1 around a
0.1M"star. The colour map shows the density structure and the arrows indicate the velocity structure. Each panel indicates a snapshot
of the flow structure.

plane. The panels at 353.6 years and 392. years illustrate
the formation of a low density bubble of heated gas between
the expanding plume and the residual disc. One can also
discern that this bubble is expanding radially into the disc
and compressing the disc’s inner rim. We term this effect
‘thermal sweeping’ and note that it operates on a roughly
dynamical time-scale (i.e. ∼100 years at 10AU) which is not
much more than the free expansion time of X-ray heated
gas. We emphasise that this evolution is much faster than
what occurs in the early stages of clearing inner hole discs,
when the erosion rate is limited by the fact that the flow is
radial and hence the evaporating gas continues to provide a
degree of shielding to the disc’s inner rim.

This ‘thermal sweeping’ was not seen in the simula-
tions calculated in Owen et al. (2010,2011b) for discs around
a 0.7M" star. We can understand this difference in that
our simulations have a constant initial disc to star mass ra-
tio and the previous simulations therefore had higher disc
masses and higher mid-plane densities. This implies that
the critical column for X-ray absorption was attained over a
correspondingly smaller radial length scale; thus, at a given
radius, the ratio of radial thickness to vertical scale height
of the X-ray heated gas is smaller in the simulations with
higher disc mass. These simulations therefore remained in
the regime where the stripped gas moved radially inwards;
we expect that (if we had the computational resources to
calculate inner hole models around higher mass stars with
very large radii) we would at some stage have entered the
regime where the heated layer became radially thick and
that ‘thermal sweeping’ would ensue in this case also.

When this X-ray warm, bound region is small it must
be in dynamical balance with the photoevaporative flow and
the dust heated disc. The time-scale on which it can obtain
this equilibrium is the sound crossing time of the region
tsc ≈ ∆/cs, where ∆ is the width of this region. When
∆/H # 1 (where H is the vertical scale height), this re-

gion can adjust to dynamical equilibrium quickly and the
disc/flow system is stable, even though the pressure in the
region is significant. However, at the point when ∆ ∼ H
this region cannot rapidly obtain dynamical equilibrium,
and therefore will expand vertically on the same time-scale.
This vertical expansion can clearly be seen in the time se-
ries plots, and as it expands the mid-plane density drops,
resulting in higher temperatures. This in turn accelerates
the vertical dispersal and a runaway ensues. Eventually, a
high pressure region develops at the edge of the dust heated
disc that pushes the remaining disc material away rapidly
on the dynamical time-scale.

In order to model this process we use the fact that
the warm bound X-ray heated region must be in dynam-
ical equilibrium with both the photoevaporative flow and
the dust heated disc. The pressure is largest where bound
X-ray heated region meets the dust heated disc, this region
is highly sub-sonic and the requirement of dynamical equi-
librium is simply one of pressure equilibrium. Thus one may
write:

kBnXTX = Pdust (13)

where nX is the density of the bound X-ray heated region.
Now we can use Equation 13 to find ∆:

∆ =
NX

nX
(14)

where NX is the X-ray penetration depth (i.e. NX = 1022

cm−2). Thus the requirement for this process to begin ∆ =
H , simply becomes:

Pdust(R) !
NXkBTX

H(R)
(15)

or :

Σ(R) !
√
2π µmhNX

√

TX

Tdust
(16)
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THERMAL SWEEPING IN 
MORE DETAIL

• Must maintain dynamical balance across dust heated region.

Warm Cool- Dust Flow-Xrays
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Figure 15. Time evolution of a simulation of a disc with an eroding inner hole and an X-ray luminosity of 2 × 1030erg s−1 around a
0.1M"star. The colour map shows the density structure and the arrows indicate the velocity structure. Each panel indicates a snapshot
of the flow structure.

plane. The panels at 353.6 years and 392. years illustrate
the formation of a low density bubble of heated gas between
the expanding plume and the residual disc. One can also
discern that this bubble is expanding radially into the disc
and compressing the disc’s inner rim. We term this effect
‘thermal sweeping’ and note that it operates on a roughly
dynamical time-scale (i.e. ∼100 years at 10AU) which is not
much more than the free expansion time of X-ray heated
gas. We emphasise that this evolution is much faster than
what occurs in the early stages of clearing inner hole discs,
when the erosion rate is limited by the fact that the flow is
radial and hence the evaporating gas continues to provide a
degree of shielding to the disc’s inner rim.

This ‘thermal sweeping’ was not seen in the simula-
tions calculated in Owen et al. (2010,2011b) for discs around
a 0.7M" star. We can understand this difference in that
our simulations have a constant initial disc to star mass ra-
tio and the previous simulations therefore had higher disc
masses and higher mid-plane densities. This implies that
the critical column for X-ray absorption was attained over a
correspondingly smaller radial length scale; thus, at a given
radius, the ratio of radial thickness to vertical scale height
of the X-ray heated gas is smaller in the simulations with
higher disc mass. These simulations therefore remained in
the regime where the stripped gas moved radially inwards;
we expect that (if we had the computational resources to
calculate inner hole models around higher mass stars with
very large radii) we would at some stage have entered the
regime where the heated layer became radially thick and
that ‘thermal sweeping’ would ensue in this case also.

When this X-ray warm, bound region is small it must
be in dynamical balance with the photoevaporative flow and
the dust heated disc. The time-scale on which it can obtain
this equilibrium is the sound crossing time of the region
tsc ≈ ∆/cs, where ∆ is the width of this region. When
∆/H # 1 (where H is the vertical scale height), this re-

gion can adjust to dynamical equilibrium quickly and the
disc/flow system is stable, even though the pressure in the
region is significant. However, at the point when ∆ ∼ H
this region cannot rapidly obtain dynamical equilibrium,
and therefore will expand vertically on the same time-scale.
This vertical expansion can clearly be seen in the time se-
ries plots, and as it expands the mid-plane density drops,
resulting in higher temperatures. This in turn accelerates
the vertical dispersal and a runaway ensues. Eventually, a
high pressure region develops at the edge of the dust heated
disc that pushes the remaining disc material away rapidly
on the dynamical time-scale.

In order to model this process we use the fact that
the warm bound X-ray heated region must be in dynam-
ical equilibrium with both the photoevaporative flow and
the dust heated disc. The pressure is largest where bound
X-ray heated region meets the dust heated disc, this region
is highly sub-sonic and the requirement of dynamical equi-
librium is simply one of pressure equilibrium. Thus one may
write:

kBnXTX = Pdust (13)

where nX is the density of the bound X-ray heated region.
Now we can use Equation 13 to find ∆:

∆ =
NX

nX
(14)

where NX is the X-ray penetration depth (i.e. NX = 1022

cm−2). Thus the requirement for this process to begin ∆ =
H , simply becomes:

Pdust(R) !
NXkBTX

H(R)
(15)

or :

Σ(R) !
√
2π µmhNX

√

TX
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CRITICAL SURFACE DENSITY 
FOR THERMAL SWEEPING
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IMPLICATIONS FOR 
TRANSITION DISCS

• Without thermal 
sweeping transition 
discs dominated at 
large radii.

• Now accreting 
transition discs 
dominates, and get no 
non accreting transition 
discs at radii ~<40 AU
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Figure 11. Time evolution of the median X-ray luminosity in the synthetic
cluster for CTTs (solid line) and WTTs (dashed line). The dotted line repre-
sents the transition X-ray luminosity between CTTs and WTTs as a function
of time. The data points are taken from the compilation of Güdel et al. (2007)
in the Taurus cluster; filled circles refer to CTTs and filled squares refer to
WTTs.
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Figure 12. Probability distribution function of accreting (solid line) and
non-accreting (dashed line) TDs with inner-hole radius; they are both scaled
so that the integrated sum of both distributions is 100 per cent.

We have used our population synthesis model to investigate the
accretion rate versus inner-hole size evolution for TDs created by
XPE under the assumption of immediate dust clearing at the time of
gap opening. Fig. 13 shows the probability distribution of the disc
models in the Ṁ − Rin plane. The symbols represent a sample of
observations of solar-type objects classified as ‘transition’ discs by
Espaillat et al. (2007a,b, 2008, 2010) – red circles, Hughes et al.
(2009, 2010) – red squares, Kim et al. (2009) – red diamonds, Calvet
et al. (2005) – black diamonds, Merı́n et al. (2010) – black squares
and Cieza et al. (2010) – black triangles [Although Cieza et al.
(2010) do not fit for the inner-hole radius they list as transitional
sources those discs that have a deficit of emission in the Spitzer
IRAC bands; therefore we conservatively estimate an inner-hole
radius of <10 au for all their sources].

Figure 13. Transition disc probability (where the colour map represents the
probability of finding a disc in each cell) map in the Ṁ − Rin plane. We
have applied an observational cut-off of 10−11 M" yr−1 in accretion rate
and objects below the cut-off are all shown at the bottom of the diagram. We
show a representative sample of solar-type objects classified as ‘transition’
discs; data taken from Espaillat et al. (2007a,b, 2008, 2010) – red circles,
Hughes et al. (2009, 2010) – red squares, Kim et al. (2009) – red diamonds,
Calvet et al. (2005) - black diamonds, Merı́n et al. (2010) – black squares
and Cieza et al. (2010) – black triangles, where error bars are listed they are
shown. We also show two model tracks corresponding to a 1 dex spread in
X-ray luminosities about the median model in magenta.

It is immediately clear from the figure that there is a population
of large inner hole, strongly accreting TDs that cannot have been
created by XPE. Gap opening by a giant planet or grain growth is
perhaps the most plausible explanation for these objects. However,
there are a significant number of discs with inner holes that are
consistent with an XPE origin. Furthermore, we note the lack of
observations of non-accreting ‘transition’ discs with holes at radii
greater than 20 au, where our model predicts a significant popula-
tions (although several non-accreting discs with large holes have
been detected in different mass ranges e.g. Merı́n et al. 2010, where
the observations probe different radial scales). The observations are
still rather sparse and it is currently not possible to say whether the
observed population of TDs is a true representation or an artefact
of observational selection effects.

One obvious consequence of an XPE mechanism is that the prop-
erties of TDs should be correlated with the X-ray luminosity, some-
thing no other model of photoevaporation or ‘transition’ disc origin
would predict. In Fig. 14, we show two such correlations namely
the inner-hole radius (left-hand panel) and accretion rate (right-hand
panel) against X-ray luminosity, considering only accreting ‘transi-
tion’ discs (i.e. those with an accretion rate >1 × 10−11 M" yr−1).
The plots have been generated by randomly sampling (in time) the
accreting transition phase of each disc model several times, and
should therefore provide a reasonable estimate of both the general
form of the correlation plus the associated scatter. Clearly, since
discs with higher X-ray luminosities open gaps earlier and at higher
accretion rates a strong positive correlation between LX and Ṁ

would be expected and is reproduced by the models as shown.
Furthermore, we also recover a positive correlation between

inner-hole radius and X-ray luminosity for accreting TDs as shown
in the figure. We can understand this by remembering that while the

C© 2011 The Authors, MNRAS 412, 13–25
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Figure 11. Time evolution of the median X-ray luminosity in the synthetic
cluster for CTTs (solid line) and WTTs (dashed line). The dotted line repre-
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Figure 12. Probability distribution function of accreting (solid line) and
non-accreting (dashed line) TDs with inner-hole radius; they are both scaled
so that the integrated sum of both distributions is 100 per cent.

We have used our population synthesis model to investigate the
accretion rate versus inner-hole size evolution for TDs created by
XPE under the assumption of immediate dust clearing at the time of
gap opening. Fig. 13 shows the probability distribution of the disc
models in the Ṁ − Rin plane. The symbols represent a sample of
observations of solar-type objects classified as ‘transition’ discs by
Espaillat et al. (2007a,b, 2008, 2010) – red circles, Hughes et al.
(2009, 2010) – red squares, Kim et al. (2009) – red diamonds, Calvet
et al. (2005) – black diamonds, Merı́n et al. (2010) – black squares
and Cieza et al. (2010) – black triangles [Although Cieza et al.
(2010) do not fit for the inner-hole radius they list as transitional
sources those discs that have a deficit of emission in the Spitzer
IRAC bands; therefore we conservatively estimate an inner-hole
radius of <10 au for all their sources].

Figure 13. Transition disc probability (where the colour map represents the
probability of finding a disc in each cell) map in the Ṁ − Rin plane. We
have applied an observational cut-off of 10−11 M" yr−1 in accretion rate
and objects below the cut-off are all shown at the bottom of the diagram. We
show a representative sample of solar-type objects classified as ‘transition’
discs; data taken from Espaillat et al. (2007a,b, 2008, 2010) – red circles,
Hughes et al. (2009, 2010) – red squares, Kim et al. (2009) – red diamonds,
Calvet et al. (2005) - black diamonds, Merı́n et al. (2010) – black squares
and Cieza et al. (2010) – black triangles, where error bars are listed they are
shown. We also show two model tracks corresponding to a 1 dex spread in
X-ray luminosities about the median model in magenta.

It is immediately clear from the figure that there is a population
of large inner hole, strongly accreting TDs that cannot have been
created by XPE. Gap opening by a giant planet or grain growth is
perhaps the most plausible explanation for these objects. However,
there are a significant number of discs with inner holes that are
consistent with an XPE origin. Furthermore, we note the lack of
observations of non-accreting ‘transition’ discs with holes at radii
greater than 20 au, where our model predicts a significant popula-
tions (although several non-accreting discs with large holes have
been detected in different mass ranges e.g. Merı́n et al. 2010, where
the observations probe different radial scales). The observations are
still rather sparse and it is currently not possible to say whether the
observed population of TDs is a true representation or an artefact
of observational selection effects.

One obvious consequence of an XPE mechanism is that the prop-
erties of TDs should be correlated with the X-ray luminosity, some-
thing no other model of photoevaporation or ‘transition’ disc origin
would predict. In Fig. 14, we show two such correlations namely
the inner-hole radius (left-hand panel) and accretion rate (right-hand
panel) against X-ray luminosity, considering only accreting ‘transi-
tion’ discs (i.e. those with an accretion rate >1 × 10−11 M" yr−1).
The plots have been generated by randomly sampling (in time) the
accreting transition phase of each disc model several times, and
should therefore provide a reasonable estimate of both the general
form of the correlation plus the associated scatter. Clearly, since
discs with higher X-ray luminosities open gaps earlier and at higher
accretion rates a strong positive correlation between LX and Ṁ

would be expected and is reproduced by the models as shown.
Furthermore, we also recover a positive correlation between

inner-hole radius and X-ray luminosity for accreting TDs as shown
in the figure. We can understand this by remembering that while the
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Figure 20. Fraction of the disc’s total lifetime that the disc presents as
a transition disc (crosses) and a non-accreting transition disc (dots) as a
function of X-ray luminosity.

accretion (Drake et al. 2009; Owen et al. 2011b) is vigorous, and
once the disc enters the clearing phase the outer disc is very depleted
of gas (compared to the result of pure viscous evolution). Again the
mid-plane pressure is low and the disc enters the thermal sweeping
phase quickly.

The reason that such thermal sweeping was not seen in our previ-
ous hydrodynamic simulations of these more massive stars (Owen
et al. 2010) is that our hydrodynamical calculations of discs with
inner holes used input disc profiles that were simply those of primor-
dial discs truncated at a given value and did not take into account
the fact that the outer disc profile would have been modified by vis-
cous evolution and photoevaporation. The discs modelled thus had
higher pressures than discs that had been self-consistently evolved
and were thus less prone to thermal sweeping. This is in contrast to
the sequence of disc clearing for a 0.1 M! star (see Fig. 12) in which
the evolution of the disc profile is followed self-consistently in the
hydrodynamic calculation. We emphasize that our estimate that the
disc is rapidly cleared in higher mass (0.7 M!) stars once the hole
grows to 40 au is very approximate given that it is not based on
self-consistent hydrodynamical simulation of disc clearing in this
case.

8 D ISCUSSION

In this work we have indicated that one of the inescapable con-
sequences of X-ray heating of a protoplanetary disc is a vigorous
photoevaporative flow. The mass-loss rate is effectively determined
by the X-ray luminosity only (when LX/LFUV > 0.01), with disc
structure and stellar mass only having weak effect on the resultant
flow structure. This is easily understood in terms of the model pre-
sented in Section 2, where the conditions at the sonic surface are
determined by the X-ray physics alone, so the disc below has to sim-
ply adjust to feed the sonic surface with the correct mass flux. The
consequence of such large mass-loss rates are that photoevapora-
tion will be competing with accretion over much of the disc-bearing
life of young stars. Stars with higher X-ray luminosities will begin
losing their discs first, followed by the lower X-ray luminosities
stars at late times. Such an evolution is consistent with the obser-
vation that discless stars are systematically more X-ray luminous
than stars still surrounded by discs (Neuhäuser et al. 1995; Stelzer
& Neuhäuser 2001; Flaccomio, Micela & Sciortino 2003; Preibisch
et al. 2005).

We have shown that it is extremely unlikely that the EUV irra-
diation field plays any role in setting the photoevaporation rates: in

any scenario where the EUV can reach the disc, so can the X-rays,
and the resulting X-ray driven wind is optically thick to the EUV.
We have also set out arguments (backed up by simple toy FUV
heating models) that FUV heating becomes important only below
the X-ray sonic surface.9 Only when the X-ray luminosity drops
to sufficiently low (LX/LFUV < 0.01) values does the FUV begin
to shut off the X-ray flow, and may possibly drive a flow itself.
This result raises the intriguing possibility that what determines the
evolution of a disc (and presumably its ability to form planets) is
the star’s intrinsic X-ray luminosity, rather than any variations in
initial conditions when the star/disc system was created (Armitage
2011).

8.1 Disc lifetimes as a function of stellar mass

Since we have shown that the photoevaporation rate is independent
of stellar mass (at fixed LX), then, given some knowledge of the
statistical dependence of X-ray luminosity on stellar mass and of the
scaling of disc viscous parameters with stellar mass, we can examine
the predicted relationship between disc lifetime and stellar mass.
To this end, we adopt the ‘null’ disc evolution method (Ercolano
& Clarke 2010; Owen et al. 2011b), i.e. we assume that discs
evolve in a pure viscous manner until the accretion rate equals the
photoevaporative wind rate. At this point, the disc is cleared rapidly
and we define this point as the disc lifetime. For a disc in which ν ∝
R, the viscous similarity solutions (Lynden-Bell & Pringle 1974)
tell us

Ṁ∗(t) = Ṁ∗(0)
(

1 + t

tν

)−3/2

, (18)

where tν is the disc’s initial viscous time-scale which, for the as-
sumed linear scaling of viscosity with radius, is itself just propor-
tional to the disc initial radius (R1). Thus we can simply write the
disc lifetime (τ d), when t > tν as

τd ∝ Ṁ∗(0)2/3Ṁ−2/3
w tν . (19)

Now using the fact Md(0)/Ṁ∗(0) ∝ tν and Ṁw ∝ LX, we find

τd ∝ Md(0)2/3L
−2/3
X t1/3

ν . (20)

Observations and theoretical work that suggest the discs enter this
viscous phase after a self-gravitating phase suggest that Md(0) ∝ M∗.
Furthermore X-ray observations (Güdel 2004; Albacete Colombo
et al. 2007; Preibisch et al. 2005) indicate that LX ∝ M3/2–5/3

∗ ,
adopting LX ∝ M3/2

∗ we find that

τd ∝ M−1/3
∗ t1/3

ν . (21)

Unfortunately the scaling of tν (or equivalently R1) with stellar
mass is unknown. Some suggested scalings have been motivated by
a wish to reproduce the claimed quadratic dependence of accretion
rate on stellar mass (although it is likely that this empirical corre-
lation – Natta, Testi & Randich (2006) – may be largely driven by
a mixture of sensitivity and selection effects; see Clarke & Pringle
2006; Tilling et al. 2008). One prescription that yields this quadratic
dependence is that of Alexander & Armitage (2006), who assume
that most observed discs are at an age that is much less than their ini-
tial viscous time-scale. Under this circumstance, the accretion rate
is simply linked to the ratio of initial disc mass to initial viscous
time-scale; a quadratic scaling of accretion rate on stellar mass then

9 This is not to say that FUV heating is then irrelevant to setting the structure
of the warm disc at intermediate heights (Gorti & Hollenbach 2008, 2009),
but merely that is not the determinant of the mass-loss rate.
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IMPLICATIONS FOR 
TRANSITION DISCS

• Without thermal 
sweeping transition 
discs dominated at 
large radii.

• Now accreting 
transition discs 
dominates, and get no 
non accreting transition 
discs at radii ~<40 AU
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Figure 11. Time evolution of the median X-ray luminosity in the synthetic
cluster for CTTs (solid line) and WTTs (dashed line). The dotted line repre-
sents the transition X-ray luminosity between CTTs and WTTs as a function
of time. The data points are taken from the compilation of Güdel et al. (2007)
in the Taurus cluster; filled circles refer to CTTs and filled squares refer to
WTTs.
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Figure 12. Probability distribution function of accreting (solid line) and
non-accreting (dashed line) TDs with inner-hole radius; they are both scaled
so that the integrated sum of both distributions is 100 per cent.

We have used our population synthesis model to investigate the
accretion rate versus inner-hole size evolution for TDs created by
XPE under the assumption of immediate dust clearing at the time of
gap opening. Fig. 13 shows the probability distribution of the disc
models in the Ṁ − Rin plane. The symbols represent a sample of
observations of solar-type objects classified as ‘transition’ discs by
Espaillat et al. (2007a,b, 2008, 2010) – red circles, Hughes et al.
(2009, 2010) – red squares, Kim et al. (2009) – red diamonds, Calvet
et al. (2005) – black diamonds, Merı́n et al. (2010) – black squares
and Cieza et al. (2010) – black triangles [Although Cieza et al.
(2010) do not fit for the inner-hole radius they list as transitional
sources those discs that have a deficit of emission in the Spitzer
IRAC bands; therefore we conservatively estimate an inner-hole
radius of <10 au for all their sources].

Figure 13. Transition disc probability (where the colour map represents the
probability of finding a disc in each cell) map in the Ṁ − Rin plane. We
have applied an observational cut-off of 10−11 M" yr−1 in accretion rate
and objects below the cut-off are all shown at the bottom of the diagram. We
show a representative sample of solar-type objects classified as ‘transition’
discs; data taken from Espaillat et al. (2007a,b, 2008, 2010) – red circles,
Hughes et al. (2009, 2010) – red squares, Kim et al. (2009) – red diamonds,
Calvet et al. (2005) - black diamonds, Merı́n et al. (2010) – black squares
and Cieza et al. (2010) – black triangles, where error bars are listed they are
shown. We also show two model tracks corresponding to a 1 dex spread in
X-ray luminosities about the median model in magenta.

It is immediately clear from the figure that there is a population
of large inner hole, strongly accreting TDs that cannot have been
created by XPE. Gap opening by a giant planet or grain growth is
perhaps the most plausible explanation for these objects. However,
there are a significant number of discs with inner holes that are
consistent with an XPE origin. Furthermore, we note the lack of
observations of non-accreting ‘transition’ discs with holes at radii
greater than 20 au, where our model predicts a significant popula-
tions (although several non-accreting discs with large holes have
been detected in different mass ranges e.g. Merı́n et al. 2010, where
the observations probe different radial scales). The observations are
still rather sparse and it is currently not possible to say whether the
observed population of TDs is a true representation or an artefact
of observational selection effects.

One obvious consequence of an XPE mechanism is that the prop-
erties of TDs should be correlated with the X-ray luminosity, some-
thing no other model of photoevaporation or ‘transition’ disc origin
would predict. In Fig. 14, we show two such correlations namely
the inner-hole radius (left-hand panel) and accretion rate (right-hand
panel) against X-ray luminosity, considering only accreting ‘transi-
tion’ discs (i.e. those with an accretion rate >1 × 10−11 M" yr−1).
The plots have been generated by randomly sampling (in time) the
accreting transition phase of each disc model several times, and
should therefore provide a reasonable estimate of both the general
form of the correlation plus the associated scatter. Clearly, since
discs with higher X-ray luminosities open gaps earlier and at higher
accretion rates a strong positive correlation between LX and Ṁ

would be expected and is reproduced by the models as shown.
Furthermore, we also recover a positive correlation between

inner-hole radius and X-ray luminosity for accreting TDs as shown
in the figure. We can understand this by remembering that while the
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Figure 20. Fraction of the disc’s total lifetime that the disc presents as
a transition disc (crosses) and a non-accreting transition disc (dots) as a
function of X-ray luminosity.

accretion (Drake et al. 2009; Owen et al. 2011b) is vigorous, and
once the disc enters the clearing phase the outer disc is very depleted
of gas (compared to the result of pure viscous evolution). Again the
mid-plane pressure is low and the disc enters the thermal sweeping
phase quickly.

The reason that such thermal sweeping was not seen in our previ-
ous hydrodynamic simulations of these more massive stars (Owen
et al. 2010) is that our hydrodynamical calculations of discs with
inner holes used input disc profiles that were simply those of primor-
dial discs truncated at a given value and did not take into account
the fact that the outer disc profile would have been modified by vis-
cous evolution and photoevaporation. The discs modelled thus had
higher pressures than discs that had been self-consistently evolved
and were thus less prone to thermal sweeping. This is in contrast to
the sequence of disc clearing for a 0.1 M! star (see Fig. 12) in which
the evolution of the disc profile is followed self-consistently in the
hydrodynamic calculation. We emphasize that our estimate that the
disc is rapidly cleared in higher mass (0.7 M!) stars once the hole
grows to 40 au is very approximate given that it is not based on
self-consistent hydrodynamical simulation of disc clearing in this
case.

8 D ISCUSSION

In this work we have indicated that one of the inescapable con-
sequences of X-ray heating of a protoplanetary disc is a vigorous
photoevaporative flow. The mass-loss rate is effectively determined
by the X-ray luminosity only (when LX/LFUV > 0.01), with disc
structure and stellar mass only having weak effect on the resultant
flow structure. This is easily understood in terms of the model pre-
sented in Section 2, where the conditions at the sonic surface are
determined by the X-ray physics alone, so the disc below has to sim-
ply adjust to feed the sonic surface with the correct mass flux. The
consequence of such large mass-loss rates are that photoevapora-
tion will be competing with accretion over much of the disc-bearing
life of young stars. Stars with higher X-ray luminosities will begin
losing their discs first, followed by the lower X-ray luminosities
stars at late times. Such an evolution is consistent with the obser-
vation that discless stars are systematically more X-ray luminous
than stars still surrounded by discs (Neuhäuser et al. 1995; Stelzer
& Neuhäuser 2001; Flaccomio, Micela & Sciortino 2003; Preibisch
et al. 2005).

We have shown that it is extremely unlikely that the EUV irra-
diation field plays any role in setting the photoevaporation rates: in

any scenario where the EUV can reach the disc, so can the X-rays,
and the resulting X-ray driven wind is optically thick to the EUV.
We have also set out arguments (backed up by simple toy FUV
heating models) that FUV heating becomes important only below
the X-ray sonic surface.9 Only when the X-ray luminosity drops
to sufficiently low (LX/LFUV < 0.01) values does the FUV begin
to shut off the X-ray flow, and may possibly drive a flow itself.
This result raises the intriguing possibility that what determines the
evolution of a disc (and presumably its ability to form planets) is
the star’s intrinsic X-ray luminosity, rather than any variations in
initial conditions when the star/disc system was created (Armitage
2011).

8.1 Disc lifetimes as a function of stellar mass

Since we have shown that the photoevaporation rate is independent
of stellar mass (at fixed LX), then, given some knowledge of the
statistical dependence of X-ray luminosity on stellar mass and of the
scaling of disc viscous parameters with stellar mass, we can examine
the predicted relationship between disc lifetime and stellar mass.
To this end, we adopt the ‘null’ disc evolution method (Ercolano
& Clarke 2010; Owen et al. 2011b), i.e. we assume that discs
evolve in a pure viscous manner until the accretion rate equals the
photoevaporative wind rate. At this point, the disc is cleared rapidly
and we define this point as the disc lifetime. For a disc in which ν ∝
R, the viscous similarity solutions (Lynden-Bell & Pringle 1974)
tell us

Ṁ∗(t) = Ṁ∗(0)
(

1 + t

tν

)−3/2

, (18)

where tν is the disc’s initial viscous time-scale which, for the as-
sumed linear scaling of viscosity with radius, is itself just propor-
tional to the disc initial radius (R1). Thus we can simply write the
disc lifetime (τ d), when t > tν as

τd ∝ Ṁ∗(0)2/3Ṁ−2/3
w tν . (19)

Now using the fact Md(0)/Ṁ∗(0) ∝ tν and Ṁw ∝ LX, we find

τd ∝ Md(0)2/3L
−2/3
X t1/3

ν . (20)

Observations and theoretical work that suggest the discs enter this
viscous phase after a self-gravitating phase suggest that Md(0) ∝ M∗.
Furthermore X-ray observations (Güdel 2004; Albacete Colombo
et al. 2007; Preibisch et al. 2005) indicate that LX ∝ M3/2–5/3

∗ ,
adopting LX ∝ M3/2

∗ we find that

τd ∝ M−1/3
∗ t1/3

ν . (21)

Unfortunately the scaling of tν (or equivalently R1) with stellar
mass is unknown. Some suggested scalings have been motivated by
a wish to reproduce the claimed quadratic dependence of accretion
rate on stellar mass (although it is likely that this empirical corre-
lation – Natta, Testi & Randich (2006) – may be largely driven by
a mixture of sensitivity and selection effects; see Clarke & Pringle
2006; Tilling et al. 2008). One prescription that yields this quadratic
dependence is that of Alexander & Armitage (2006), who assume
that most observed discs are at an age that is much less than their ini-
tial viscous time-scale. Under this circumstance, the accretion rate
is simply linked to the ratio of initial disc mass to initial viscous
time-scale; a quadratic scaling of accretion rate on stellar mass then

9 This is not to say that FUV heating is then irrelevant to setting the structure
of the warm disc at intermediate heights (Gorti & Hollenbach 2008, 2009),
but merely that is not the determinant of the mass-loss rate.

C© 2012 The Authors, MNRAS 422, 1880–1901
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

Owen et al. (2012)

18 J. E. Owen, C. J. Clarke & B. Ercolano

0 20 40 60 80 100 120
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 Inner Hole Radius [AU]

 C
um

ul
at

iv
e 

Pr
ob

ab
ilit

y

0 2 4 6 8 10 12

 Disc Mass [MJ]

Figure 19. Cumulative distribution of inner hole radii (solid line)
and disc mass (dashed line) at which the thermal sweeping process
starts for the disc models calculated in the Owen et al. (2011b)
population synthesis model (0.7M!stars).

(gas free) debris discs. This new thermal sweeping effect now
provides a mechanism for the removal of these relic discs on
a rapid (dynamical) time-scale (∼ 103−4 years).

In order to investigate at what point we expect the ther-
mal sweeping to set in for the case of discs around higher
mass stars (the calculations reported in Section 6 were for
stars of mass 0.1M!) we apply the pressure criterion derived
in Equation 15, since this corresponds to the point at which
the radial width of the X-ray heated bound gas is ∼ H .
We follow the population synthesis approach of Owen et al.
(2011b), i.e. we assume that all discs evolve according to a
viscous similarity solution with fixed parameters and where
the only quantity that varies from star to star is the X-ray
luminosity which sets the photoevaporation rate. Then each
star-disc system is evolved under the combined effects of vis-
cous evolution and photoevaporation, following each system
through the phase of gap opening and outer disc clearing.
We identify the point that ‘thermal sweeping’ sets in with
point that the maximum mid-plane pressure in the viscous
disc falls below the value given by Equation 15. The varia-
tion of this radius with X-ray luminosity is rather modest,
given that X-ray luminosity affects the radial profile of the
clearing disc only through the mild effect of the degree of
depletion of the disc during the phase of photoevaporation
starved accretion (Drake et al. 2009; Owen et al. 2011b).
Consequently our population synthesis model predicts that
in the higher mass stars, thermal sweeping should set in at a
narrow range of radii around 40 AU and disc masses ! 10MJ

(see Figure 19).
Furthermore, the identification of this gas expulsion

method significantly alters the ratios of accreting/non-
accreting ‘transition’ discs expected, since discs spend less
time in the non-accreting phase than previously expected.
In Figure 20 we plot (as a function of X-ray luminosity) the
fraction of the disc’s lifetime that the disc spends as a tran-
sition disc (crosses) and as a non-accreting transition disc
(dots). This indicates that discs with high (" 1030 erg s−1)
and low (! 1029 erg s−1) X-ray luminosities spend the ma-
jority of their transition phase as accreting objects. Discs
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Figure 20. Fraction of the disc’s total lifetime that the disc
presents as a transition disc (crosses) and a non-accreting transi-
tion disc (dots) as a function of X-ray luminosity.

with intermediate X-ray luminosities spend similar amounts
of time in the accreting and non-accreting phases. Thus over
the entire population of discs, one would expect most transi-
tion discs to appear as accreting. We can understand the rel-
ative lack of non-accreting transition discs at both high and
low X-ray luminosity as follows. At low X-ray luminosity the
disc accretes most of its mass onto the star over its longer
lifetime, so that the mid-plane pressure is low once it en-
ters the accreting phase and thermal sweeping sets in rather
promptly. At high X-ray luminosity the process of photo-
evaporation starved accretion (Drake et al. 2009; Owen et
al. 2011b) is vigorous and once the disc enters the clearing
phase the outer disc is very depleted of gas (compared to the
result of pure viscous evolution). Again the mid-plane pres-
sure is low and the disc enters the thermal sweeping phase
quickly.

The reason that such thermal sweeping was not seen in
our previous hydrodynamic simulations of these more mas-
sive stars (Owen et al 2010) is that our hydrodynamical
calculations of discs with inner holes used input disc profiles
that were simply those of primordial discs truncated at a
given value and did not take into account the fact that the
outer disc profile would have been modified by viscous evo-
lution and photoevaporation. The discs modelled thus had
higher pressures than discs that had been self-consistently
evolved and were thus less prone to thermal sweeping. This is
in contrast to the sequence of disc clearing for a 0.1 M! star
(see Figure 12) in which the evolution of the disc profile is
followed self-consistently in the hydrodynamic calculation.
We emphasise that our estimate that the disc is rapidly
cleared in higher mass (0.7 M!) stars once the hole grows
to 40 AU is very approximate given that it is not based on
self-consistent hydrodynamical simulation of disc clearing in
this case.

8 DISCUSSION

In this work we have indicated that one of the inescapable
consequences of X-ray heating of a protoplanetary disc is
a vigorous photoevaporative flow. The mass-loss rate is ef-
fectively determined by the X-ray luminosity only (when
LX/LFUV > 0.01), with disc structure and stellar mass only
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CONCLUSIONS

• Thermal sweeping provides a mechanism to rapidly clear the 
outer disc. 

• High energy radiation causes the inner edge of the disc to 
become dynamically unstable, allowing the disc to be entirely 
penetrated by the high energy radiation. 

• Critical surface density a weak function of inner hole radius.

• Most transition discs created by photoevaportion will be 
accreting rather than non-accreting. 
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