
Observations reveal that most (if not all) discs go through the "transitional disc" phase, which is currently interpreted as the last stage before the disc dispersal. Photoevaporation and planet formation have been 
studied as possible physical mechanisms responsible for the formation of these discs. While it is likely that more than one mechanism is at play, the interplay between them has until now not been studied in 
detail. We show results from 2d simulations of protoplanetary discs undergoing X-ray photoevaporation with an embedded giant planet. By reducing the mass accretion flow onto the star, discs that form giant 
planets will be dispersed at earlier times than discs without planets by X-ray photoevaporation. This process, planet formation induced photoevaporation (PIPE), is able to produce transition disc that for a given 
mass accretion rate have larger holes when compared to standard X-ray photoevaporation. This constitutes a possible route for the formation of the observed class of accreting transition discs with large holes, 
which are otherwise difficult to explain by planet formation or photoevaporation alone. Moreover, assuming that a planet is able to filter dust completely, PIPE produces a transition disc with a large hole and may 
provide a mechanism to quickly shut down accretion. This process appears to be too slow however to explain the observed desert in the population of transition disc with large holes and low mass accretion rates.

The interplay between X-ray 
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A more detailed look

Motivation
X-ray photoevaporation 
cannot account
for these.
Do they have a different 
physical origin?
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Observable consequences
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Our model is gas only, so we have to make assumption about the dust. We 
make two different limiting assumptions: on the left we assume that dust and gas 
are fully coupled as they leak through the gap.
On the right, we assume that the planet is 100% efficient at filtering dust at its 
location.

We plot crosses on the tracks every 104 years to show how fast the disc proceed 
along the track. Different tracks are for different planet locations and X-ray 
luminosities.

We are currently working to include a more detailed dust treatment in our 
modeling.

For the same mass accretion rate, PIPE produces 
transition discs with bigger holes

Photoevaporation provides a mechanism to “shut down” accretion 
and modifies the evolution of the disc. In this scenario, transition 
discs with different mass accretion rates are interpreted as 
progressively older discs.
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Figure 5. Comparison of the mass of the inner disc normalized to the initial

value for simulations with different position of the planet, varying from 10

to 50 AU (runs M10-M50). The further the planet, the slower the clearing

of the disc.
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Figure 6. Mass of the inner disc, normalized to the initial value, as a func-

tion of time, for simulations with the high value of the X-ray luminosity

with positions of the planet of 20 and 40 AU, runs M20x (solid blue line)

and M40x (dashed green line).

2.2.4 Varying X-ray luminosity

As a limiting case, we run simulations with a high value of X-ray

luminosity, equal to logLx=30.8. The disc is 0.65 Myr old at the

time when the giant planet is inserted. While this may sound like

an unrealistically young age for planet formation, we note that the

relative disc age can be obtained by the appropriate scaling of ini-

tial parameters and here we chose a value that gives a similar sur-

face density normalization (although the disc is less spread, being

younger) to the previous case. This shows how even quite a mas-

sive disc can be rapidly dispersed by the combined effect of X-ray

photoevaporation and planet formation.

The evolution of the mass of the inner disc as a function of

time, normalized to the initial value, is shown in figure 6 for differ-

ent values of the planet initial position. Because of the higher mass-

loss rates of photoevaporation, everything is happening quicker,

with a dispersal that can happen so fast as less than 105 years af-

ter the planet formation. Also in this case the further the planet,

the slower the process of disc dispersal. Visual inspection of the

images confirms the same qualitative behaviour we outlined in the

previous section.

2.2.5 Effect of migration

To test the sensitivity of our results to migration, that we neglected

so far, we run a simulation with migration included, M20m. The

left panel of figure 7 shows a comparison in the masses of the inner

disc, showing that there is very little difference in the process of

disc clearing. This is a consequence of the fact that the clearing

proceeds from inside out, so that the beginning of the clearing is

set by the properties of the disc in the inner portion, rather than

in the neighbourhood of the planet that is affected by migration.

The right panel of figure 7 shows the semi-major axis a function

of time, showing that the planet has not migrated much before the

disc is dispersed, approximately 2 AU. It may be argued that this is

a consequence of the initial conditions, namely that we took quite

an evolved disc. Inserting the planet at earlier times would have

allowed more time to migrate, and therefore to be more incisive in

modifying the clearing. This is what has been studied by Alexander

& Armitage (2009) and Alexander & Pascucci (2012), who coupled

the disc evolution to the planet migration and studied the resulting

planet distribution. The effect of more massive planets inserted in

massive (self-gravitating) discs is the focus of a forthcoming study

by Clarke et al. (in prep.), while in this work we focus on the study

of less massive disc-planet systems.

3 DISCUSSION

In the previous section we showed how PIPE is able to change the

picture of disc dispersal with respect to photoevaporation or planet

formation alone. The main finding is that discs with a planet are

likely to be dispersed earlier than discs without. An interesting test

of the PIPE scenario, is to compare its predictions with the obser-

vations of transitional disc, that are interpreted as discs caught in

the act of clearing. In particular we study the Ṁ −Rhole parameter

space. For each of our models, the aim is to compute evolutionary

tracks that can be plotted in this parameter space. In contrast with

Owen et al. (2011), due to the increased computational cost, we are

not able here to run a whole population synthesis; rather, we will be

limited to comparing with individual datapoints. In particular, we

wish to answer the question if transition discs with large holes and

mass accretion rates can be accounted for by PIPE. A similar at-

tempt has been made by Morishima (2012) through the modelling

of X-ray photoevaporating discs with dead zones.

Unfortunately, our hydrodynamical modelling does not yield

directly these parameters. In particular, the mass accretion rate the

observations measure is the one onto the star, that we cannot re-

solve for numerical reasons. Therefore, we make two limiting as-

sumptions to the modelling.

In the first, conservative assumption, we assume that the X-ray

photoevaporation driven clearing of the innermost disc proceeds as

it would do in the absence of a planet, opening a gap at approxi-

mately 1.5 AU. This gap is inside the region that we can resolve in

the simulation. The disc will then exhibit two gaps, the dynamical

one cleared by the planet and the one opened by photoevaporation,

that divide the disc in three distinct regions (named A,B and C in

the following for clarity). As in the photoevaporation case, we as-

sume that the dust in the innermost disc A will drain very quickly
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The distance of the planet controls the speed of the 
process. The further out the planet is, the bigger the mass 
reservoir in the inner disc is, so that photoevaporation takes 
longer to dissipate the disc
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Run name Orbital radius [AU] logLX t0 [Myr] Notes

M10 10 30.04 2

M20 20 30.04 2

M20m 20 30.04 2 migration

M20f 20 30.04 2 slower accretion

M20o 20 30.04 2 no photoevaporation

M30 30 30.04 2

M40 40 30.04 2

M50 50 30.04 2

M20x 20 30.8 0.65

M40x 40 30.8 0.65

Table 1. The table summarises the simulations run. The number in the name of the run specifies the position of the planet in AU; the “x” denotes the runs with

high X-ray luminosity. In addition to the standard runs, which let the planet position and the X-ray luminosity vary, there also tree “special runs”, with names

M20m, M20f and M20o, respectively including migration, with a slower planetary accretion timescale employed and without photoevaporation. The initial

planet mass is in every case 0.7 MJ .
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Figure 2. Solid blue line: mass of the inner disc (i.e., inside the planet or-

bital radius) with photoevaporation (run M20). Dotted red line: mass of the

inner disc without photoevaporation (run M20o). Dashed green line: mass

of the outer disc (i.e., outside the planet orbital radius) with photoevapo-

ration (run M20). Dotted-dashed cyan line: mass of the outer disc without

photoevaporation (run M20o). In the run M20 with photoevaporation, the

inner disc is rapidly dissipated, while in the control run M20o it reaches a

sort of steady-state value.

can be seen in the intermediate step in which photoevaporation is

clearing the disc from inside out. Finally, we are left only with the

outer disc, when the disc is approximately 2.2 Myrs old. It should

be noted that the clearing of the inner disc is due to the combined

effect of photoevaporation and planet formation. In the control sim-

ulation M20o without photoevaporation, the mass of the inner disc

is reduced, but not cleared completely, as can be seen from the

bottom row of figure 1. On the other hand, with photoevaporation

alone the disc would have cleared on a longer time-scale, after 3.3
Myrs years. It can be concluded that PIPE, i.e. the combined effects

of photoevaporation and planet formation, is able to clear the inner

disc at earlier times, that is, stars with giant planets will dissipate

their inner discs quicker.

Figure 2 shows the masses of the outer and inner disc (i.e., at

radii larger and smaller than the planet orbital radius) as a func-

tion of time. For reference we included also the result of the con-

trol run M20o without photoevaporation. While they start from the

same initial value, the difference accumulates in time, and when

photoevaporation becomes important it rapidly dissipates the inner
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Figure 3. Green dashed line: mass accretion rate at the inner boundary of

the grid as a function of time for simulation M20. For reference, the blue

solid horizontal line shows the mass-loss rate due to photoevaporation in

the inner disc, while the red dotted line is a straight line added as a visual

aid to distinguish the moment of the inner disc clearing. The change in the

slope of the mass accretion rate corresponds to the inner disc clearing. This

clearing happens when the mass accretion rate has dropped below some

factor of the mass-loss rate.

disc. On the contrary, in the control run without photoevaporation

the mass of the inner disc reaches some kind of steady state value,

slightly smaller than a Jupiter mass. Due to our use of a floor den-

sity, after the clearing of the inner disc there is still a non-zero mass

inside the orbit of the planet, with a value that is around 10−4 Mjup

(out of scale in the figure). It should be noted also that there is little

difference in the mass of the outer disc between the two runs, and

that the final value is around 15 Mjup.

In figure 3 we plot the mass accretion rate at the inner bound-

ary of the grid. The change in the slope corresponds to the moment

at which the inner disc starts to clear. In the figure we overplot

also, as a horizontal line, the mass-loss rate due to photoevapo-

ration (considering the inner disc only). It can be seen that only

once the mass accretion rate has dropped below some factor of the

mass-loss rate the clearing begins. The qualitative understanding

of disc clearing is thus not really different from the evolution of a

disc without a planet, namely the two-timescale behaviour (as in

the UV switch model): for most of its lifetime the evolution of the

disc is driven by viscosity, and only when the mass accretion rate
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The planet disconnects the outer from the inner disc. The 
inner disc is cleared when the mass accretion onto the star 
falls below the mass-loss rate from photoevaporation in the 
inner disc. After that, the mass accretion rate has a sharp 
drop.

Abstract

From Owen+ 11. Points are 
observations, the colored 
region is where one expects 
to find transition discs 
according to X-ray 
photoevaporation theory.

Effect of a giant planet on disc dispersal
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Figure 1. Top row: surface density in the disc at three different times from simulation M20. Bottom row: same quantities for simulation M20o, which do not

include photoevaporation. While in the first snapshot the inner disc is still there also in the case including photoevaporation, it is caught in the act of clearing

in the second snapshot. Finally, we are left with a disc with the outer part only in the last snapshot. In the control simulation instead the inner disc is left.

we test also a situation with a 10 times slower accretion timescale.

Table 1 summarises the simulations run.

Lastly, it should be noted that the inclusion of a photoevapora-

tion profile breaks down the degeneracy of the dimensionless units

used by FARGO. In the pure hydrodynamical case, we have one free

mass scale and the results can then be scaled to different central star

masses. This is no longer the case including photoevaporation, be-

cause Σ̇w depends on the (physical) radius in the disc and on the

mass of the star.

2.2 Results

2.2.1 Qualitative picture

The surface density in the disc at three different times from runs

M20 and M20o is plotted in figure 1. In the left panel, at an age of

approximately 2.1 Myrs, the dynamical gap cleared by the planet is

evident, but photoevaporation has not yet started to clear the disc.

The surface density at this stage is very similar to a control run

without photoevaporation, the most notable differences are visible

at the gap edges. The planet acts like a dam for the viscous flow,

reducing the mass accretion rate in the inner part of the disc. This

permits photoevaporation to take over, and clear the inner disc, as
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including
photoevaporation

no photoevap

We run simulations 
including the effect of 
photoevaporation with a 
giant planet embedded in 
the disc.
Comparing with a control run 
with no photoevaporation, 
the inner disc is dispersed at 
earlier times, giving rise to a 
transition disc.

We use the code FARGO to 
simulate the interaction. The 
initial mass of the planet is 
0.7 M_jup and it is located at 
20 AU from the star.
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Figure 7. Results from the simulation M20m including migration. Left panel: the mass of the inner disc as a function of time for simulation M20m (blue solid

line). For reference has been plotted also the case without migration, run M20 (green dashed line). Right panel: semi-major axis of the planet as a function of

time.
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Figure 8. Surface density as a function of radius just before the inner disc

clearing starts in run M20 (blue solid line), compared with the surface den-

sity in the 1D calculations from Owen et al. (2011) model with the median

X-ray luminosity (green solid line). The surface density are quite similar

near to the inner boundary, while at greater radii in the case with a planet

the surface density profile is much flatter.

(∼ 103 yr) onto the star, so that region A will be invisible in obser-

vations. The disc will then look like a transition disc and the radius

of the hole is set by the inner radius of disc B, that we can measure

from the 2D simulation. While A is draining, there is still a measur-

able mass accretion rate. We assume that the dependence on time of

the mass accretion rate onto the star is the same as in the 1D simu-

lation, where we take as the beginning of clearing the time at which

in the 1D simulation the radius of the hole is the inner boundary of

our 2D grid. We note that the density structure in the region we can

resolve is quite similar before the onset of clearing of the inner disc,

as we show in figure 8. In this figure we compare the surface density

from our FARGO simulation M20 just before the inner disc begins

to clear with the results from the 1D run without the planet, at the

time in which the radius of the hole is 2 AU (namely the inner radius

of our 2D grid). The surface densities near the inner boundary are

very similar, while at larger radii the density distribution is lower,
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Figure 9. Inner hole radius a function of time (since the clearing), for the

PIPE M20 calculation (blue solid line) and the 1D model with the median

X-ray luminosity (green dashed line) from Owen et al. (2011). The deple-

tion of the surface density caused by the planet makes the opening of the

hole much faster. The oscillations that can be seen in the radius of the hole

in model M20 are a consequence of the oscillations at gap edges visible in

figure 1.

due to the presence of the planet that makes this region devoid of

gas. This motivates us to assume that the dependence with time

of the mass accretion rate onto the star is the same as in the case

without the planet, coming from the draining of the disc A onto the

star, but now with a different Rhole dependence that is derived from

the 2D simulation. In figure 9 we compare the Rhole dependence

for model M20 and the corresponding model without a planet, i.e.

Owen et al. (2011) model with the median X-ray luminosity. We

define the radius of the hole simply as the minimum radius where

the azimuthally averaged surface density is above the imposed floor

density (with an allowance factor of 10, due to the presence of nu-

merical oscillations above the floor density). Because of the men-

tioned depletion of the surface density, the clearing of the hole is

much faster in the case with photoevaporation. When compared to

models that include X-ray photoevaporation alone, we thus expect
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Green: surface density at gap opening in a model with 
photeovaporation only.
Blue: surface density at gap opening in our model.

Since the planet already started to clear the inner disc, 
photoevaporation has less material to remove, so that for 
the same accretion rate the resulting transition disc will 
have a larger hole.

Photoevaporation 
mass-loss rate

Mass accretion rate onto the star

10 AU

50 AU

An inner hole has 
opened
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The region of the 
parameter space where 

transition discs are 
predicted gets wider, but 
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