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ABSTRACT

Observed infrared (IR) excesses indicate that protoplanetary discs evolve slowly for the majority of their lifetime before losing
their near- and mid-IR excesses on short time-scales. Photoevaporation models can explain this ‘two-time-scale’ nature of disc
evolution through the removal of inner regions of discs after a few million years. However, they also predict the existence
of a population of non-accreting discs with large cavities. Such discs are scarce within the observed population, suggesting
the models are incomplete. We explore whether radiation-pressure-driven outflows are able to remove enough dust to fit
observations. We simulate these outflows using CUDISC, including dust dynamics, growth/fragmentation, radiative transfer and a
parametrization of internal photoevaporation. We find that, in most cases, dust mass-loss rates are around 5-10 times too small
to meet observational constraints. Particles are launched from the disc inner rim, however grains larger than around a micron do
not escape in the outflow, meaning mass-loss rates are too low for the initial dust masses at gap-opening. Only systems that have
smooth photoevaporation profiles with gas mass-loss rates >~5 x 10™°Mg yr~! and disc dust masses <~1 Mg at the time of
gap opening can meet observational constraints; in the current models these manifest as EUV winds driven by atypically large
high-energy photon fluxes. We also find that the height of the disc’s photosphere is controlled by small grains in the outflow as

opposed to shadowing from a hot inner rim; the effect of this can be seen in synthetic scattered light observations.

Key words: protoplanetary discs —circumstellar matter — stars: pre-main-sequence.

1 INTRODUCTION

From the infrared (IR) excesses associated with young stars in
nearby star-forming regions, protoplanetary discs are known to live
for around a few million years before dispersing on much shorter
time-scales, becoming debris discs without a large, optically thick
near-IR excess (Strom et al. 1989; Sung, Stauffer & Bessell 2009;
Hardy et al. 2015; Wyatt et al. 2015). Although not yet fully
understood, the initial primordial phase of disc evolution is currently
thought to be governed by two physical processes; viscous evolution
driven by turbulence (Pringle 1981; Balbus & Hawley 1991), and
magnetohydrodynamical (MHD) winds that carry mass and angular
momentum away from the disc system (Blandford & Payne 1982;
Pudritz & Norman 1983; Bai & Stone 2013). Recent work suggests
that MHD winds are the more important process given that non-ideal
MHD effects lead to large swathes of the disc being too weakly
ionized to support the magnetorotational instability (MRI; Gammie
1996; Perez-Becker & Chiang 2011), and there is currently a large
amount of study going into the effect of MHD winds on disc evolution
(Tabone et al. 2022; Somigliana et al. 2023; Weder, Mordasini &
Emsenhuber 2023; Coleman, Mroueh & Haworth 2024).

The secondary, ephemeral phase of disc evolution has generally
been understood to be a consequence of photoevaporation of the
disc due to stellar irradiation, however MHD winds under certain
conditions can also lead to dispersal on fast time-scales. Photoe-
vaporation occurs when high energy photons from the central star
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heat up gas in the upper layers of the disc to energies at which it is
able to escape the gravitational potential of the system (Hollenbach
et al. 1994). A simple ‘two-time-scale’ picture of disc evolution and
dispersal emerges from comparing the temporal evolution of wind
mass-loss rates and the mass accretion rate given by viscous/MHD
wind processes, first suggested by Clarke, Gendrin & Sotomayor
(2001). In this picture, after a few millions of years of primordial
evolution, the temporally decaying accretion rate falls below the
wind mass-loss rate. This allows the wind to open a gap in the disc at
the wind launch radius, as it removes gas on shorter time-scales than
those required to replace it via the accretion flow from the outer disc.
This splits the disc into an inner and outer component. Without the
replenishment of material from the outer disc, the inner disc drains
rapidly on to the central star in ~10° yr. The outer portion of the
disc is then removed from the inside—out by the photoevaporative
wind. For MHD winds, it has been shown that this two-time-scale
behaviour can also be found if the magnetization of the disc increases
with time (Armitage, Simon & Martin 2013; Bai 2016).

In the photoevaporative case, the loss of the disc’s inner regions
moves it into the class of discs referred to as ‘transition’ discs; those
whose spectral energy distributions (SEDs) lack a hot, near-IR com-
ponent, indicating an inner hole in the disc material (see e.g. Strom
etal. 1989; Owen & Clarke 2012; Ercolano & Pascucci 2017). Whilst
transition discs are a diverse population best explained by a variety of
processes including gap-opening by nascent planets (Artymowicz &
Lubow 1996; van der Marel et al. 2018), grain growth (Dullemond,
Dominik & Natta 2001), and dead-zone trapping (Regdly et al. 2012),
a small fraction of transition discs are not observed to be accreting
and may be best explained through photoevaporation (Cieza et al.
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2010; van der Marel et al. 2016). Along with direct observations of
disc photoevaporation occurring (Ercolano & Owen 2016; Weber
et al. 2020; Rab et al. 2022), the loss of the inner disc in the
photoevaporation scenario makes it favourable for explaining the
observed two-phase nature of disc evolution.

Photoevaporative flows can be driven by a range of photon
energies; extreme ultraviolet (EUV; Hollenbach et al. 1994; Font
etal. 2004; Alexander, Clarke & Pringle 2006b), far ultraviolet (FUV;
Richling & Yorke 2000; Gorti & Hollenbach 2009), and X-rays
(Owen, Ercolano & Clarke 2011b; Picogna et al. 2019; Ercolano,
Picogna & Monsch 2023). Each of these energy regimes exhibit
different wind mass-loss profiles amongst other wind properties, but
all still produce the same qualitative two-time-scale picture described
earlier. This is because in all regimes the wind mass-loss rate does not
decrease with disc mass as rapidly as the accretion rate; a situation
which always leads to gap-opening.

However, Owen et al. (2011b) found that models of internal
photoevaporation lead to a tension between the simulations, which
predict a population of non-accreting discs with large inner cavities
and still a substantial mid-IR excess (dubbed ‘relic’ discs), and the
observations, which exhibit a scarcity of such systems (Hardy et al.
2015). Photoevaporation simulations naturally produce the relic disc
population due to the fact that the stellar radiation intercepted by the
disc decreases with radius whilst the outer disc still retains a large
proportion of its initial mass, leading to long time-scales associated
with the dispersal of the outer disc. The paucity of such systems in the
observed population implies the existence of some additional disper-
sal mechanism currently lacking from the photoevaporation models.

The solution to the relic disc problem is currently not understood.
One proposed solution is an instability termed ‘thermal sweeping’
(Owen, Clarke & Ercolano 2012; Owen et al. 2013). Thermal
sweeping is a process whereby an envelope of vertically expanding
gas allows deeper X-ray penetration to the disc mid-plane and,
therefore, subsequently rapid (103-10* yr) clearing of the outer disc.
However, Haworth, Clarke & Owen (2016) reevaluated the criterion
for the onset of thermal sweeping and found it to only be effective for
discs with large initial accretion rates and low viscosities, suggesting
it is not applicable to a large proportion of discs. This process could,
however, be revisited to better understand its impact on disc dispersal,
particularly by including the effect of FUV heating, not included in
the work done by Owen et al. (2013) and Haworth et al. (2016).

Alternatively, Owen & Kollmeier (2019) suggested that radiation
pressure may be able to remove dust from the disc on shorter
time-scales than the gas evolution. This would resolve the problem
because the observational constraints that limit the abundance of relic
disc systems are mainly set by observations of the dust continuum
emission. If one were to remove the observable dust component
of the disc in a shorter time-scale, this would lead to congruence
with the observed relic disc fraction. The radiation field from the
central star exerts an additional force on dust grains in the upper
regions of the disc (Takeuchi & Lin 2003). This radiation field
imparts a purely radial force on any dust grains that experience
direct stellar illumination. Owen & Kollmeier (2019) studied this
process in dispersing discs, finding that dust outflows driven by
radiation pressure appear to be able to remove the observable dust
component within the required time-scales. In this work, mass-loss
rates of micron-sized grains associated with the radiation pressure
outflow were calculated in a 2D (radial and vertical) region localized
to the dust-trap at the inner edge of the outer disc (the region in
which the turnover in the gas pressure leads to the concentration
of dust grains). These mass-loss rates were then included in a 1D
disc evolution model that was run for secular (~million year) time-
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Figure 1. A cartoon depicting the scenario in which dust can be removed
from the disc in a radiation-pressure-driven outflow. Small dust grains
suspended above the disc photosphere are impinged upon directly by stellar
radiation, accelerating them into an outflow. These small grains at the surface
must be replenished by fragmentation of large dust grains at the disc mid-
plane.

scales. However, some potential issues with this approach were that
the global structure of the disc was not accounted for, and dust growth
and fragmentation were neglected. Without including the entire disc
extent, especially the vertical structure, it is impossible to know if
the outflowing dust actually escapes the disc system or re-enters
at larger radii; a question especially important considering we are
dealing with a radial force and a disc that may exhibit flaring due to
the temperature profile.

In the work presented in this paper, we improve on previous
work by moving to a 2D (radial and vertical) framework for both
the entire extent of the disc and for the entire simulation time
needed to evaluate whether radiation-pressure-driven outflows can
remove dust in the time-scales required for meeting observational
constraints. To do this, we use a newly developed disc evolution code,
CcuDISC (Robinson, Booth & Owen 2024), which allows the study
of axisymmetric discs in both the radial and vertical directions over
a significant fraction of the typical disc lifetime. The code evolves
the dynamics of differently sized dust grains using a finite-volume
Godunov approach, dust growth, and fragmentation by solving the
Smoluchowski equation on a fixed grid of grain sizes, and also self-
consistently evolves the resultant disc temperature structure from
grain-size and wavelength-dependent dust opacities and the dust
spatial structure. For this study, we have added radiation pressure and
the impact of different photoevaporation models to this framework,
allowing us to study a full picture of disc dispersal.

In Section 2, we outline the radiation pressure dispersal scenario,
Section 3 describes our numerical methods, Sections 4, 5, and 6
detail the results of our simulations, and in Section 7, we generate
synthetic observations.

2 SCENARIO

2.1 Radiation-pressure-driven outflows

Fig. 1shows a sketch outlining how a radiation-pressure-driven
outflow can form. Stellar radiation impinges directly upon grains
suspended above the photosphere, exerting a force on them. Small
grains inhabit these high altitudes in the disc as they are well-coupled
to the gas and therefore held up against gravitational settling by
turbulence (Dubrulle, Morfill & Sterzik 1995), and, more importantly
in discs with winds, vertical advection due to drag from the wind flow
(Giacalone et al. 2019; Booth & Clarke 2021; Hutchison & Clarke
2021). Large grains, in contrast, settle to the disc mid-plane.
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Figure 2. The B parameter for different grain sizes and the two stellar types
used in our suite of simulations. The effective temperatures and stellar radii
that are appropriate for young stars of the shown mass can be seen in Table 1.

The ability of radiation pressure to remove dust grains from the
dust-trap can be quantified by comparing it to the gravitational force
that acts against outward radial forces. The ratio of these forces, the
P parameter, is given by

1 o0
Bla) = m/ﬂ L ()kexe(v, a)dv, (1

as a function of grain size, a, where L, and M, are the stellar
luminosity and mass, and k. is the wavelength- and grain-size-
dependent extinction opacity. In this work, we assume a blackbody
stellar spectrum at all wavelengths apart from in the EUV/X-ray, in
which the respective luminosities are varied for our parameter study.
For typical dust compositions (i.e. those used in Birnstiel et al. 2018),
the opacity peaks at @ ~ 0.1 — 1 um before falling off at a rate of
~ a~! for larger grains. Fig. 2 shows how B varies with grain size for
the two stellar masses we considered in this study (see Table 1), using
Planck mean opacities calculated with the DSHARP properties using
the DSHARPPYTHON package (Birnstiel 2018; Birnstiel et al. 2018).
For a system with no gas, a dust grain initially in a Keplerian
orbit would need 8 > 0.5 to overcome the gravitational potential and
escape the system. However, for systems with gas — and therefore
drag — the additional radial force from radiation pressure allows
dust grains to travel at orbital velocities that are potentially slower
than the gas and remain in a stable orbit, meaning that the grains
can be dragged along by the gas and receive angular momentum;
for a micron-sized grain at a few au with a 8 of 0.1 this leads
to an outward drift velocity of ~ 1000cms™!. This is a situation
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essentially opposite to the standard inward drift due to the pressure
support felt by the gas (Takeuchi & Lin 2003). This outward drift
means dust grains can be removed from the system for g > 0.1.
Given this, we can see from Fig. 2 that grains with radii <~ 10 um
are affected by radiation pressure and can be driven outwards along
radial trajectories.

2.2 Dispersing the dust disc

If radiation pressure can drive dust outflows, we then must answer
the question of whether or not these outflows can disperse the
dust component of the disc on time-scales that fit the observations.
The currently observed disc SED population implies that outer disc
dispersal must occur on time-scales that are ~1-10 per cent of the
disc lifetime (Hardy et al. 2015). As discs typically live for a few
Myr, the removal of the majority of the dust must occur within a few
hundred thousand years. There are several conditions that have to be
met in order for radiation pressure outflows to fulfil such constraints.
These are:

(i) The mass-loss rate of dust from the dust-trap must be large
enough to make the disc optically thin to mid-IR within the observa-
tional time constraints.

(ii) The trajectories of dust grains accelerated at the radius of the
dust-trap must point out of the disc system.

(iii) The small dust above the disc photosphere must be replen-
ished on time-scales fast enough to not inhibit the mass-loss rate due
to radiation pressure.

The mass-loss rates required to meet the first condition depend on
the mass of dust within the optically thick dust-trap at the inner edge
of the disc, as this produces large mid-to-far-IR excesses that are
incommensurate with observations of non-accreting transition discs.
To remove this observational component, dust must be removed from
the trap until it becomes optically thin to mid-IR. From our own
simulations and previous work (see e.g. Owen & Kollmeier 2019),
the mass of dust in the trap just after inner disc dispersal is typically
~0.1-1 Mg for a range of radial drift efficiencies — combining this
with observational constraints of ~10° yr gives us required mass-loss
rates from the trap of ~10~%Mg, yr~!.

Fulfilling the second condition essentially depends on the direction
of the resultant force on the dust grains and the disc flaring. Fig. 3
shows the forces acting on dust grains above the disc photosphere.
Gravity and radiation pressure both act along the spherically radial
line connecting the star and the grain, but in opposite directions. The
grain also experiences an outward cylindrically radial centrifugal
force due to its angular velocity. With just these three forces, a grain
would have a resultant force that points at an angle above the mid-

Table 1. The various parameters and their values used in our suite of simulations. The stellar parameters (7%, R) for
a given stellar mass were found using the Mesa Isochrones and Stellar Tracks (MIST) grid of stellar evolution models
(Choi et al. 2016). X-ray O11 and P19 both take X-ray luminosity (Lx in erg s~!) as their input parameter, whilst EUV
model takes the EUV ionizing flux (& in photons s~!) as its parameter.

Parameter Value(s)

o 25x%x 1073

" 2.4

Star: M., Ty, Ry 0.7 Mg, 4500 K, 1.7 Ry, 0.4 Mg, 3800K, 1.1 R,
Vfrag 5-20ms™!

Grain internal density, p,,
Photoevaporation model

1.68 gcm™3 (Birnstiel et al. 2018), 1.19 gcm ™3 (Ricci et al. 2010)
X-ray O11 (constant column) (Owen et al. 2011b)
X-ray P19 (variable column) (Picogna et al. 2019)

EUV (Font et al. 2004; Alexander & Armitage 2007)
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Figure 3. The forces acting on a dust grain suspended above the photosphere
of the disc. Due to the cylindrically radial centrifugal force on the grain,
vertical drag from the photoevaporative wind is required in order for the
resultant force on the grain to point at an angle above the mid-plane that is
greater than the angle made between the mid-plane and the spherically radial
unit vector, 7. This is important as the disc surface will lie along 7 if there is
no flaring, and would be even steeper with radius if the disc exhibits flaring.
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plane that is less than the angle made between the mid-plane and the
spherically radial unit vector, #. For a disc that exhibits no flaring,
the disc aspect ratio (H/R) is constant, whilst a flared disc has an
aspect ratio that increases with radius. This means that for a disc
with no flaring, the disc ‘surface’ lies along #. All of this means
that the resultant force on the grain must point at an angle above
the mid-plane that is at least as large as the angle made between
the mid-plane and 7; otherwise, the grain would ‘re-enter’ the disc
at some radial distance away from the inner rim, stopping it from
escaping the disc. Therefore, we need an additional force to keep the
grains above the disc surface. This can be provided by drag from the
photoevaporative wind flow, which we will approximate as being a
purely vertical force. In the upper layers of the disc, where the gas
is increasingly tenuous, the velocity of this flow becomes of order
the gas sound speed. For small, well-coupled dust grains, this high-
velocity flow exerts a vertical force that can increase the angle of
the resultant force above the mid-plane to greater than 7. If this is
sustained until dust becomes unbound from the disc system, then
we have succeeded in fulfilling condition (ii). There is also a feature
of transition discs that may aid the escape of dust without the need
for large vertical forces; shadowing from the hot inner rim, which
can lead to the aspect ratio actually decreasing with radius in the
inner disc. Whether dust can escape the disc will, therefore, depend
heavily on both shadowing and the wind mass-loss profiles.

The third condition relates to the mechanisms that control the
supply of small grains that can be removed by radiation pressure to
the surface layers of the disc. These mechanisms are: fragmentation
of large grains in the disc interior and delivery of these fragmentation
products to the surface via diffusive and advective processes. As
small grains are removed from the surface layers of the disc, the rate
at which they must be resupplied must be at least large enough to
fulfil condition (i). This requires the fragmentation rate of the largest
grains at the mid-plane to be sufficiently high to feed the mass-
loss rate of small grains from the surface. By writing the relative
velocity due to turbulence as «/(TStcs (see Birnstiel, Dullemond &
Brauer 2009), we can approximate the full form of the fragmentation
calculation (presented in section 5 of Robinson et al. 2024) to find a
simple form for the density production rate of small grains from the
largest grains:

Prrag = 2mnjoy/aSyc, F, 2)
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where n;, o5, St;, and m; are the mid-plane number density, col-
lision cross-section, Stokes number, and mass of the largest-sized
grains, respectively, « is the dimensionless turbulence parameter
(see Shakura & Sunyaev 1973), ¢, the isothermal sound speed, and
F; the fraction of fragments that are small grains that can enter the
outflow. Assuming that 0.1 Mg of dust must be lost from the trap
in a time-scale of 100000 yr to make the disc optically thin, and
using typical values used in this study, we find that the mid-plane
mass volume density (p = mn) of the largest grains must be greater
than ~10~"3g cm ™3 for collision rates to be large enough to fuel the
surface mass-loss. The small grains now at the mid-plane also need to
move up to the surface layers at a sufficient rate. Using the definition
of the viscous time-scale, t, = Z?/v, we can approximate the rate
of surface density transport via diffusion to be o ma H Qg, where
P<um is the mid-plane density of sub-micron dust grains and Qg the
Keplerian angular velocity. Using the typical parameters used in this
study, we find that the mid-plane mass density of sub-micron-sized
grains must be greater than ~10~'°gcm™ in the dust-trap in order
for diffusion to deliver enough dust to the surface. In addition to
diffusion, advection via drag with the wind also contributes to the
delivery of small dust grains to the surface (Booth & Clarke 2021),
meaning that delivery of dust grains to the surface will not be a
limiting factor.

As mass is lost from the disc, these criteria will cease to be fulfiled
(and actually may need to cease being fulfiled, as a dust density of
10~Pgem™ would give a surface density in a dust-trap at 10 au
of a few x 1073gcm™2, which would likely be optically thick to
mid-IR); however, we can use them at the outset of the formation of
radiation-pressure-driven outflows to evaluate the expected efficacy
of the outflows in dispersing the dust disc within the observational
time constraints. We will refer back to these criteria when analysing
our results.

3 METHODS

To get a full picture of disc evolution under the influence of radiation
pressure and various photoevaporation models, we evolve the disc
from the start of the primordial (class II) phase up until full dispersal.
To achieve this, we split up the evolution into two phases that are
modelled in different manners. First, we run simpler 1D models of
disc evolution for the primordial phase until the inner disc has drained
before switching to a 2D framework for the final period of outer disc
dispersal. We run 1D models for the initial phase as these have been
shown to do sufficiently well for standard discs (Birnstiel, Klahr & Er-
colano 2012; Robinson et al. 2024), and we, therefore, save on com-
putational resources allowing us to complete a full parameter scan.

3.1 1D models

For the 1D models, we use the standard approach used by many
authors. We evolve the gas by solving the viscous evolution
equation (Pringle 1981) with an additional source term due to
photoevaporation,

%—zi{lﬁﬁ(ﬁuz )]—z . 3)
or  ROR| OR ¢ vind:

where X, is the gas surface density, v the turbulent viscosity,
and Yiq the surface density loss due to photoevaporation. The
equation is solved in two stages via operator splitting; in the first
stage, the first term on the right-hand side is solved as a diffusion
problem using an explicit forward-time-centred-spatial scheme, and
in the second stage, the source term update (i.e. wind mass-loss) is
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solved through explicit Eulerian updates. The wind surface density
loss rates are taken from three different works to allow us to compare
the effect of different photoevaporation models. We implement both
X-ray and EUV models. Given that the 1D simulations run until gap-
opening, we use the primordial (no inner cavity) disc wind profiles.
These models and their respective references can be found in Table 1.

For the dust, we use the two-population model detailed by Birnstiel
et al. (2012) and solve a single advection-diffusion equation for the

dust,
%_Fli R 2-_&1(& =0 4)
ar ' ROR MTSec R\, ) T

where ¥, is the total dust surface density and # is the mass-weighted
dust advection velocity. This velocity is an average over two dust
populations; one representing the ‘small’ grains, and the other the
‘large’ grains. The grain radius representing the large grains is a
function of radius, set as the minimum of the maximum grain sizes
allowed by either radial drift or fragmentation due to turbulence
or relative drift velocities, whilst the small grain radius is set as
the monomer size, chosen by us to be 0.1 um. Sc is the Schmidt
number, a dimensionless number that represents the strength of dust-
gas coupling. For more specific details of the model, we refer the
reader to Birnstiel et al. (2012). We solve the dust equation using a
second-order finite-volume Godunov scheme in the manner of Stone
& Gardiner (2009), with the second-order primitive reconstruction
performed using a van Leer flux limiter (van Leer 1974). More detail
on this method can be found in Robinson et al. (2024), as we solve the
1D dust equation using the same method used by the 2D algorithm
for cupIsC. To allow the dust to flow through the inner boundary
without unphysical build-ups, we use outflow boundaries for the gas
and set the boundary cell densities to those in the first active cell
(to avoid steep positive pressure gradients that lead to dust-trapping)
and set the dust density in the boundary cells to the floor value
(1 x 1075gem™?). We neglect dust loss due to wind entrainment in
these simulations as other works have argued that this is small during
the primordial phase (Owen et al. 2011a).

The turbulent viscosity, v, is chosen to be consistent with the
photoevaporation studies that we are using for our wind profiles. In
these, the viscosity is linear with respect toradius, i.e. v = vo(R/au).
This was chosen as the nature of the underlying cause of viscosity
is not well constrained whilst a linear relationship with radius is
fairly consistent with observations (see e.g. Hartmann et al. 1998).
In our simulations, vy is calculated using the « formalism (Shakura &
Sunyaev 1973), vo = ¢}/ Qg aucm?s™!, where ¢; o, is the sound
speed at 1 au assuming a mid-plane temperature of 100 K at 1 au, and
Q au is the Keplerian angular velocity at 1 au. We use this viscosity
for both the 1D and 2D simulations.

We set up each 1D simulation with 500 logarithmically spaced
radial cells between 0.1 and 500 au. We initialize the gas surface
density in each 1D simulation with the zero-time self-similar solution
derived by Lynden-Bell & Pringle (1974) with a characteristic radius
of 30 au and an initial gas mass of 0.07 Mg. A range of initial
conditions for each of the wind mass-loss mechanisms have been
explored in previous works (see e.g. Alexander et al. 2006b; Owen
et al. 2011b; Picogna et al. 2019), but we use these initial conditions
for all simulations as our final conclusions are not sensitive to them,
and therefore varying them is not important for our exploration. We
initialize the dust surface density as being well-mixed with the gas
with a dust-to-gasratio of 0.01,i.e. £4(R) = 0.01X,(R). An example
of a 1D simulation can be seen in Fig. 4, which is essentially a repeat
of previous simulations in Owen & Kollmeier (2019). After the gap
opens, the inner dust disc drains in ~50 000 yr in this particular
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Figure 4. A 1D simulation of disc evolution from the time of gap-opening
until inner dust disc drainage. For this run, the gap opened after 3.6 Myr, and
the inner dust disc had fully drained after 48 000 yr. The opacity of the lines
increases with time, with snapshots at 0, 10, 20, 30, 40, and 48 kyr. The Owen
et al. (2011b) X-ray photoevaporation model was used for this run, with an
X-ray luminosity of log;o Lx = 30.

simulation, and we can see the expected approximately Gaussian
profile of the build-up of dust in the pressure trap at the outer disc’s
inner rim.

3.2 2D models

After completion of the 1D models, we use CUDISC (Robinson et al.
2024) to continue the simulations. CUDISC is an axisymmetric disc
evolution code that includes dust dynamics, growth and fragmenta-
tion, and radiative transfer in both the radial and vertical dimensions.
CUDISC employs a second-order finite-volume Godonuv solver for
dust dynamics, solves the Smoluchowski equation for dust growth
and calculates radiative transfer using a multifrequency hybrid ray-
tracing/flux-limited-diffusion method; see Robinson et al. (2024)
for full details. The simulation grid uses cells that are bounded by
lines of constant cylindrical radius, R, and lines of constant angle
above the mid-plane, 0; however, we will generally use cylindrical Z
when discussing or plotting the vertical structure of the simulations.
CUDISC does not evolve the gas in 2D as full hydrodynamics would
be too computationally expensive to allow simulations to be run for
Myr time-scales, and therefore the gas is still evolved in 1D using
the method described in the previous section. The 2D gas density
is calculated through hydrostatic equilibrium. We implement the
effects of winds and radiation pressure, as detailed in the following
sections.

3.2.1 Photoevaporative winds

As the 2D models commence once the inner disc has drained, we
use the wind mass-loss profiles for discs with inner cavities given
by the works listed in Table 1. These profiles depend on the radius
of the inner cavity. To calculate the vertical gas velocity, we assume
that the surface density loss is supplied by the vertical flow of gas
through the disc (Booth & Clarke 2021), and calculate the velocity
through mass conservation,

2‘:wind
Pg

5

Ug,Z =
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There are two caveats to this approach. The first is that we over-
estimate the velocity in the upper layers of the disc because our
calculation of the gas density assumes hydrostatic equilibrium, an
assumption that breaks down in the wind region. However, this
does not significantly affect the drag force on dust grains, which
is dependent on the mass flux of gas, p,v, and therefore does not
affect whether dust is entrained. The second is that at the inner rim
of the disc, the wind is launched radially inwards before redirecting
vertically upward (Alexander et al. 2006a; Owen et al. 2010), which
is not included in our assumption of a purely vertical wind; the effect
of which is discussed in Section 4.

3.2.2 Radiation pressure

Radiation pressure is included as an additional source term to the
momentum equations and calculated in the explicit update alongside
gravitational and curvature terms. For dust species & in a given cell,
the force exerted per unit volume is given by

00

Liv —Tew A

frad.k = ze ’ pd.kKext,k,vdV r, (6)
o 4dmer

where r is the spherically radial distance from the star to the cell, ¢
the speed of light, p, x the mass density of dust species k, L, , the
frequency-specific stellar luminosity, 7, , the frequency-specific total
optical depth between the star and the cell, and kex «,, the frequency-
specific extinction in the cell. We cover our choice of opacities in
Section 3.2.3. In practice, this integral is carried out as a sum over
the wavelength bins used in the simulation,

L*,B — ~
frad,k = g 47TC}"Ze ‘de,kKexl.k,Brs (7)
where B indexes the wavelength bands. The total optical depth to the
star in cell ij, 7, p,;j, is calculated via

I=i

Ty Bij = Z Z Pd.1jkKext1jk,B T Pg.1jKgexlj. B> (8)
=0 &

where p, ;; and k,.,, ;;,p are the gas mass density and extinction (in

wavelength band B) in cell /j respectively.

3.2.3 Opacities

To calculate grain size and wavelength-specific opacities, we use
the PYTHON package for the DSHARP Mie-Opacity Library (Birnstiel
2018), detailed in Birnstiel et al. (2018). With this, we calculate both
the absorption and scattering opacities for a wavelength range of
0.1-10° wm and a grain size range of 0.1 um — 50 cm. We primarily
use the DSHARP grain composition which includes a 20 per cent mass
fraction of water ice, giving an internal grain density of 1.68 gcm™>,
For comparison, we also run some simulations using the composition
detailed by Ricci et al. (2010), which includes a 35 per cent mass
fraction of water ice, giving an internal grain density of 1.19 gcm™3,
The optical constants used for the Mie calculations are taken from
Henning & Stognienko (1996), Zubko et al. (1996), Draine (2003),

and Warren & Brandt (2008).

3.2.4 Grid parameters and initial conditions

For each 2D simulation, we use a spatial grid with 200 logarithmically
spaced radial cells and 200 vertical cells, spaced according to a power
law, 0", with n = 0.75. The power-law spacing concentrates vertical
cells about the mid-plane, allowing us to resolve the well-settled large
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dust grains. We use reflecting boundary conditions at the mid-plane,
meaning that we can set our inner vertical boundary to 6y, = 0
(6 = 0 is defined as the mid-plane in CUDISC), and use an outflow
boundary condition at the outer vertical boundary, setting 6y,.x = 7/6
rad. Both radial boundaries are set with outflow boundary conditions,
with the outer boundary set to 300 au for every simulation, as by the
time of gap-opening in the 1D simulations, the gas surface density
at this radius is at least four e-folds lower than the peak value. The
radius of the inner boundary is simulation-dependent and is set to be
the radius of the inner cavity of the gas disc from the completed 1D
simulations, minus 0.25 au.

The stellar heating and radiation pressure calculations use 200 log-
arithmically spaced wavelength bins, spanning a wavelength range
of 0.1-10° um. These wavelengths, and the opacities associated with
them, are binned into 20 logarithmically spaced wavelength bands
for the flux-limited-diffusion (FLD) calculations used for radiative
transport of re-emitted thermal radiation. A constant background
temperature of 10 K is applied to provide a baseline radiation field
that bathes the entire disc. We set the relative tolerance of the FLD
solver to 107>,

For the dust, we use a size grid with 150 logarithmically spaced
bins between 0.1 um and 50 cm, giving us a grid resolution of
my41/my, = 1.36. This choice ensures that there are at least seven
bins per mass decade, a requirement for accuracy in the coagulation
routine (Ohtsuki, Nakagawa & Nakazawa 1990). We set the relative
and absolute tolerances for the time-integration of the coagulation
solver to 1073 and 1079, respectively. For the fragment distribution
power-law exponent (7 in equation 66 in Robinson et al. 2024), we
use the standard value of 11/6 (Dohnanyi 1969; Tanaka, Inaba &
Nakazawa 1996) and we set the factor that controls the amount of
material that an impactor can remove relative to its mass (xiy in
equation 68 in Robinson et al. 2024) as unity. For dust diffusion, we
set the Schmidt number to unity. To avoid numerical issues due to
division by small numbers, we use a dust-to-gas ratio floor value of
107'2, and a gas density floor of 10~*°gcm ™. We use a dust-to-gas
ratio floor as opposed to a dust density floor as it avoids spurious
dust diffusion in regions where the dust is floored. For our fiducial
models, we set the dust fragmentation velocity to 10 ms~! and use
the DSHARP opacities with an associated internal grain density of
1.68 gcm ™.

We only study the dust dynamics up to the the wind base. This
is sufficient because grains that are delivered to the wind base are
generally removed from the system (Booth & Clarke 2021; Hutchison
& Clarke 2021). We define the wind base, or wind launch surface,
as the height in the disc where the spherically radial column density
of neutral gas to the star is equal to the maximum neutral column
that ionizing radiation can penetrate. We set this to the value for
X-ray photons, 10?! cm~2 (Ercolano, Clarke & Drake 2009). To
avoid short time-steps due to fast-moving dust in regions that do
not impact our results, we floor any dust that crosses the wind base.
Although the maximum penetrated column can be lower for EUV
winds (Hollenbach et al. 1994), this choice does not affect our results
because the wind base is far above the photosphere in the EUV
simulations due to lower initial dust masses at the time of gap-
opening. Dust grains on trajectories that cross the wind base are in a
region of very low gas density and experience the maximum possible
radiation pressure force meaning they are certain to leave the system.
Thus, the choice of penetration depth does not affect our results.

We examine the effects of three different photoevaporation models;
the X-ray models of Owen et al. (2011b) and Picogna et al.
(2019) (hereafter X-ray O11 and P19, respectively), whose strength
is controlled by the X-ray luminosity, Ly, and the EUV model
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Figure 5. Surface density loss profiles for the different photoevaporative
models listed in Table 1. These profiles are those used in the fiducial 2D
simulations detailed in Section 4, and are for direct illumination of the outer
disc once a gap has opened in the gas and the inner disc has drained onto
the star. The ionizing radiation strength is set to the fiducial value for each
wind model; the X-ray luminosity, Ly = 1 x 10°° erg s~!, for the X-ray
O11 and B models, and the EUV ionizing flux, ® =1 x 104 photons s
for the EUV model. The integrated mass-loss rates for the three models are
4.9 %107, 1.9 x 1078, and 5.5 x 107°Mg, yr~! for the X-ray O11, P19,
and EUV models, respectively.

presented by Font et al. (2004) and Alexander & Armitage (2007), the
strength of which is controlled via the EUV ionizing photon flux, ®.
For our fiducial models, we use a 0.7 M, star (see Table 1 for the other
associated stellar parameters) and choose values of Ly = 1 x 10%°
erg s7!, ® =1 x 10** photons s~!'. Whilst this EUV rate is larger
than typical EUV fluxes observed in T Tauri stars (Pascucci et al.
2014) and those used in previous works (see e.g. Alexander et al.
2006b; Alexander & Armitage 2007), it is chosen to give similar gas
mass-loss rates to the X-ray models. We do this because, in this study,
we aim to understand the conditions necessary for rapid dust removal
in photoevaporating discs and therefore want to compare the effect
of different wind profiles whilst maintaining realistic disc lifetimes.
We also note that recent work by Sellek et al. (2024) concludes that
the O11 and P19 models overestimate gas mass-loss rates by up to
around an order of magnitude; we comment on this when discussing
our results. We note that the models by Sellek et al. (2024) do not
currently include discs with inner holes as are studied in this work.
Fig. 5 shows the surface density loss rates for each wind model in
the fiducial simulations. The integrated mass-loss rates for the three
models are 4.9 x 107, 1.9 x 1078, and 5.5 x 10~°Mg, yr~! for the
X-ray O11, P19, and EUV models, respectively. One differentiating
feature between the models is how peaked the mass-loss is at the disc
inner rim; the EUV model has a smoother profile than both X-ray
models, being significantly less peaked than the O11 model.

We choose a fiducial turbulence of o = 2.5 x 1073 to directly
compare to previous works that reproduce observed disc lifetimes
(see Owen & Kollmeier 2019). This value is larger than recent
observational work implies (107*~10~3, see Manara et al. 2023 for a
review), however using a lower value would not affect our qualitative
results; this is discussed in Section 4.2.

To convert from the 1D simulation results to the initial set-up for
the 2D simulations, the following steps are taken:

Effect of radiation pressure on PPD dispersal
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(i) The multispecies 2D dust density distribution is initialized from
the 1D dust surface density by calculating the volume density for dust
species k from

(R Z)—fMex (— z > )
Pa k(1% = k«/ﬁhk(R) p 2hﬁ(R) ,

where fj. is the fraction of the total dust surface density distributed
into size-bin k. The distribution is set according to an MRN (Mathis,
Rumpl & Nordsieck 1977) distribution with a sharp upper exponen-
tial cut-off at a grain size set as the minimum of the fragmentation
and drift limits at a radius R in the disc (see Birnstiel et al. 2012 for
the forms of these limits). A is the scale height of dust species &,
given by

h:H”é, (10)
1+ St/

where H is the gas scale height. The dust velocities are initialized in
Keplerian orbits with meridional velocities set according to steady-
state drift and settling velocities,

Vg, R — T]SIQKR
Vd,R 71 Tse
Vdp | = QxR s (11)
Va,z —StQx Z

where 1 accounts for the deviation of the azimuthal gas velocity from
Keplerian due to pressure.

(i) The initial disc temperature is calculated through a nested
iteration process; we calculate the temperature and update the gas
vertical distribution through hydrostatic equilibrium, iterating this
procedure until the root-mean-square error in temperature over the
entire disc drops below 0.01 per cent. We then recalculate the
dust distribution according to step (i) and iterate over this whole
procedure until the dust, gas, and temperature distributions are all
converged.

4 RESULTS: DUST MASS-LOSS RATES

The combined processes of radiation-pressure-driven dust outflows
and global disc evolution create a complicated picture that has not
been studied before. We begin by looking solely at the features of
the dust outflows formed in the inner regions of the disc, and how the
mass-loss rates of dust from the dust-trap depend on different disc
parameters. We use our findings from this study to understand the
evolutionary calculations described in Section 5.

To explore how mass-loss rates depend on different disc param-
eters, we take our fiducial models described in Section 3.2.4 and
modulate each parameter. Our fiducial dust surface densities as those
reached at the end of 1D simulations using the fiducial values: these
have peak dust-trap surface densities of 0.041, 0.012, and 0.033
gcm™ for the X-ray O11, P19, and EUV models. respectively. The
respective radii of the gas disc inner rims of each of the fiducial
models at the end of the 1D simulations are ~ 2.2, 12, and 0.7 au.
The end points of the fiducial 1D simulations are used as inputs for
each 2D simulation. For each parameter, we run 2D simulations for
each fiducial value and for 0.5 x, 2x, and 5x the fiducial values.
To isolate the dust evolution, we turn off the 1D gas surface density
evolution — keeping, however, the vertical gas velocities due to the
wind. These 2D models are run for 1000 yr without photoevaporative
winds or radiation pressure to relax the system, then run with all
forces until a quasi-steady state is reached.
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Figure 6. A snapshot of the fiducial X-ray O11 model after 10 000 yr. The 2D densities and velocities of three different grain sizes are shown in the first column.
To find the photosphere, the optical depth is calculated at a wavelength of 0.64 wm, the location of the peak of the stellar blackbody spectrum. From the top
down, the second column shows the temperature profile, the dust-to-gas ratio and the grain size associated with the peak of the dust density distribution at each
location in the disc. The temperature profile is shown up to the wind base, and in this figure is set to 0 (black) above it to aid the reader. The region above the

wind base is also where the dust density is at the floor value.

4.1 Outflow characteristics

Fig. 6 shows a snapshot of the fiducial X-ray O11 simulation after
10000 yr. From the density profiles of differently sized grains, we
can see the morphology of the outflow; sub-micron-sized grains sus-
pended above the photosphere have high velocities and move along
trajectories that point out of the surface of the disc, micron-sized
grains above the photosphere are accelerated, but with trajectories
that mostly point back below the photosphere, and mm-sized grains
are confined to the mid-plane due to settling. The temperature profile
exhibits a superheated disc surface due to the opacity of the small
grains that inhabit this region, with a cool mid-plane governed by
the opacity of the mid-plane dust to the re-processed stellar radiation
emitted by the surface layers. The total dust-to-gas ratio shows that
the outflow raises the dust content in the upper layers of the disc
to higher concentrations than at intermediate heights, especially at
radii slightly exterior to the dust-trap. We also show the grain size
associated with the peak of the dust density distribution at each
location in the disc. The most noticeable feature of this is the sharp
transition from ~10 pm grains to < 1um grains at an altitude slightly
below the photosphere; this is because the dust distribution is double-
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peaked at these heights, one peak at the size of the grains in the
outflow, and one at the maximum grain size set by the balance of
settling, diffusion, growth, and fragmentation within the disc interior.
At a certain altitude, the grains in the outflow become the dominant
grain size, causing the sharp transition we see in the peak grain-
size distribution. This feature of the dust grain-size distribution is
important for the location of the disc photosphere; this is discussed
in Section 6 where Fig. 17 shows an example grain-size distribution
as a function of height.

Fig. 7 shows the photosphere aspect ratios, Hpno/ R, for the fiducial
simulations of each wind model, both at the start of the simulation,
when no dust has been drawn up into the wind or affected by radiation
pressure, and after 4000 yr of evolution. The photosphere is defined
as the surface in the disc at which the optical depth to the star
at the peak of the stellar blackbody spectrum (~ 0.6pm) is unity.
The dependence of the aspect ratio on radius gives an indication
of the amount of disc flaring. For reference, the level of flaring for
a passively heated primordial disc is also shown (Hppot/R o R¥7;
Chiang & Goldreich 1997). Initially, all the discs have lower altitude
photospheres than at later times, and the discs with inner radii < 10
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Figure 7. Aspect ratios of the photospheres, Hpnot/ R, for each fiducial wind
model simulation. Dashed lines show the aspect ratios at the start of the
simulations, before the outflow has formed, whilst the solid lines are after
4000 yr of evolution.

au exhibit no flaring in the inner regions of the disc. All models have
the same level of flaring as the passively heated disc for radii greater
than around 50 au. After the outflow has formed, the X-ray O11
model has the least amount of flaring, up to around 30 au, compared
to the other models; the X-ray P19 model exhibits passively-heated
levels of flaring at all radii, whilst the EUV model shows an initial
level of flaring commensurate with passive-heating before flattening
between around 10 and 30 au.

The difference between the initial photospheres and those where
the outflow has formed indicates that the level of flaring in the
evolving disc is set by the morphology of the outflow, as opposed
to shadowing due to a puffed-up inner rim. Any effects due to
shadowing are removed by the ability of the wind and radiation
pressure to carry dust up to higher altitudes of the disc. The evolving
X-ray O11 model shows less flaring than the X-ray P19 model
because the trajectories are much closer to radial due to reduced
drag from the wind, which has a lower mass-loss rate for the X-ray
O11 model. The radial trajectory of the outflow increases the radial
optical depth, reducing the flaring of the photosphere. The increased
vertical drag from the wind in the X-ray P19 model reduces the
radial optical depth of the outflow, leading to a larger degree of
flaring. The flaring in the EUV photosphere at radii < 10 au arises
because the dust-trap is more tightly radially confined in comparison
to the other models (see Fig. Al). In the EUV model, we see a thin
wall of dust rising vertically at the inner edge of the disc before
following approximately radial trajectories after ~3 au, whilst the
other models show a smoother, more radially extended density profile
in the outflow for the first few au. This thin wall in the EUV model
is less optically thick than the outflows at the inner edges of the
X-ray models, meaning that the photosphere is located deeper in the
disc. However, the outflow rapidly increases in radial optical depth
as it moves out to ~10 au, causing the photosphere to flare. Past 10
au, there is minimal difference in outflow morphologies between the
X-ray and EUV models, and the photospheres exhibit similar levels
of flaring.

In reference to criterion (ii) from Section 2.2, an interesting point
to note is that the level of photospheric flaring is not dictated by
shadowing; it is governed by the relative power of radiation pressure
versus vertical drag due to wind, as this controls the structure of small
grains in the disc surface. So, whilst the amount of flaring in the EUV
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and X-ray P19 models appears to potentially be a barrier to dust mass-
loss from the disc, as dust can re-enter the disc if the trajectories do not
have enough of a vertical component, it is actually set by the fact that
the trajectories do have enough of a vertical component. The inverse
of this applies to the X-ray O11 model — although the photosphere
is less flared up to ~30 au, this is due to the radial trajectories of
the grains, and we can see from Fig. 6 that micron-sized grains have
trajectories that drop below the photosphere, meaning they will not
contribute to overall mass-loss from the disc. We explore the effect
of this in our evolutionary calculations detailed in Section 5.

4.2 Dust mass-fluxes

To evaluate and compare the dust outflow for each simulation, we
calculate the outwardly radial mass flux of dust above the interior of
the disc at aradius of 1.1 x Ry, With Ry, being the radius at which
the dust surface density in the trap is at a maximum. We choose a
radius slightly past Ry, as the flow is steadier here, meaning stabler
mass fluxes can be calculated.

Fig. 8 shows how the mass fluxes are affected by modulating
each parameter. We see that for the fiducial models, the relative dust
mass-fluxes are correlated with the total mass-loss rates for each wind
model (given in Fig. 5). This is to be expected, given that larger mass-
loss rates mean larger vertical gas velocities — this increases the drag
on grains, increasing the supply of dust mass to the disc surface.
When varying the dust surface density for all photoevaporation
models, we find that increasing the amount of dust available leads to
larger mass fluxes; this is because a larger surface density leads to a
larger mass of small dust grains in the surface of the disc, increasing
the mass reservoir available for acceleration. Notice, however, that
the increase is sub-linear, and therefore, more massive discs will
take longer to disperse. For the strength of ionizing radiation, we
find that all models show a correlation between increasing ionizing
flux and increasing mass fluxes. This can again be attributed to the
increased wind velocity dragging a larger proportion of dust from
the disc interior up to the surface of the disc. The mass-loss rates
of the X-ray models have a similar dependence on X-ray luminosity
that is stronger than the dependence of the EUV mass-loss rate on
EUYV photon flux; this is why the correlation is weaker for the EUV
model compared to the X-ray models.

Both the turbulent & and fragmentation velocity affect the limiting
maximum grain size set by fragmentation (Birnstiel et al. 2012),

Ui
rag
Qfrag X a (12)

but in opposite ways — the effect of this can clearly be seen in the
correlations seen for the mass fluxes of the X-ray models with o
and vg,g. A higher o or lower vg,, decreases the maximum grain
size, increasing the fraction of dust mass in small grains. For small
grains, the balance between diffusive processes and radial forces due
to gas drag is skewed in favour of diffusion, as they are well-coupled
to the gas and thereby less affected by radial drift. With reduced
maximum grain sizes, the total dust population is less concentrated
in the dust-trap, spreading out over a wider radial region. This pushes
the inner rim of the dust disc closer to the inner rim of the gas disc,
which, in conjunction with the increased opacity of smaller grains,
moves the mid-plane photosphere to smaller radii. This, in turn,
decreases the mid-plane temperature at the dust-trap, which lowers
the gas scale height, decreasing the gas density at the height of
the photosphere. Reducing the gas density reduces the radial drag
on grains that are being accelerated by radiation pressure, allowing
large radial velocities for the grains.
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Figure 8. The dependence of the radial mass flux of dust above the dust-trap on different simulation parameters, namely the total dust surface density, the flux
of ionizing radiation that controls photoevaporation, the turbulent «, and the fragmentation velocity. The results for each of the different wind models are shown
for each parameter. Parameter values are normalized to those used in the fiducial simulations.

It is these large radial velocities that allow larger mass fluxes when
moving to lower maximum grain sizes due to higher a or lower vyp,g.
The opposite effect is seen for decreasing « or increasing vgry. One
deviation from this is seen in the X-ray models is for the X-ray O11
model with the largest value of «, where the viscous spreading is
so strong that the dust-trap surface density falls to a value 7x less
than the fiducial model after 10000 yr, as dust is diffused out of
the inner edge of the disc and into the wind. We do not see this
in the X-ray P19 model as the trap is at larger radii and almost 10
au behind the edge of the gas disc, meaning the increase in viscous
spreading does not force dust out of the inner edge of the disc, and
the surface density does not reduce enough to limit mass-loss rates.
The EUV model also diverges from the correlation seen in the X-ray
models. As opposed to the mid-plane photosphere radius decreasing
with lower maximum grain sizes, we find that it follows the opposite
correlation, but to a weaker extent. This is because the disc inner rim
in the EUV model is initially much closer to the star, and therefore the
radiation pressure force on the grains is much larger ( frq o 1/r%).
This especially affects bottom-heavy grain-size distributions (see
Fig. 2) and overrides the diffusive spreading, pushing the dust, and
therefore the photosphere, further out. These results imply that in the
inner disc, radiation pressure dominates over the effects of gas drag
and diffusion, whilst the opposite is true for large radii. In reference
to our choice of fiducial o discussed in Section 3.2.4, we note that
these results imply that using smaller values in the range 10~4-10~3

MNRAS 536, 1689-1709 (2025)

would not affect our qualitative results found in the evolutionary
calculations described in Section 5 for two reasons; that the effect
of @ on the photosphere plateaus as we move to lower values (as
shown by Fig. 8), and that dust is transported to the photosphere by
advection from wind drag as opposed to turbulent diffusion.

In summary, and in reference to the criteria set out in Section
2.2, we find that mass-loss rates from the trap are a few times less
than the desired mass-loss rate of 107°Mg yr~! for the fiducial
models, however, more massive discs, stronger photoevaporation,
more turbulence, and lower fragmentation velocities can increase
mass-loss, at least when the inner edge of the disc is at a few au.
However, the relationship between mass-loss and disc mass is sub-
linear, meaning that although mass-rates are larger, the disc will still
take more time to clear. Likewise, larger turbulence will lead to larger
mass of dust needing to be cleared, as the gas disc will evolve faster
and therefore gap-opening will occur sooner. This also applies to
larger photoevaporation rates. A similar issue may arise for lower
fragmentation velocities, as these mean that more of the dust mass
is in small grains, which drift slowly, leaving more dust mass in the
outer disc at the onset of gap-opening. Stronger photoevaporation
may also cause a separate issue by pushing the inner edge of the
outer disc radially outwards at a faster rate, meaning that although
there are large mass-losses via the outflow, the dust-trap will be
refilled more quickly by the sweeping up of dust as the disc inner
edge moves outwards.
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We also find that the flaring of the disc, which in part controls
whether dust can escape the disc without re-entering, is controlled
not by shadowing due to the puffing-up of the inner rim, but by the
morphology of the outflow. This is important for the evolution of
the system, as the ability of dust to escape the disc can actually be
hindered by the existence of the outflow itself.

A caveat to our results here is that our assumption of purely vertical
gas velocities for the wind (see Section 3.2.1) means that the vertical
velocities of dust grains at the very inner rim are exaggerated and
that there should also be an inwardly radial component. Reductions
in the vertical velocities could lessen the effect of the dust outflow
on the disc photosphere and reduce dust-mass loss rates. However,
we do not think that this would alter our conclusions as the dust-
trap (where the majority of the dust mass resides) is always located
at a distance that is at least 10 gas scale heights behind the inner
gas edge, and therefore several au behind, where the assumption of
vertical gas velocities holds. Simulations that include the full 2D gas
velocity solution should be performed in the future to investigate the
effect on the results detailed here.

5 RESULTS: EVOLUTIONARY CALCULATIONS

For the full evolutionary calculations, we perform some additional
steps after step (ii) in Section 3.2.4 to improve the accuracy of the
initial dust profiles, as here we do not only care about the steady-state
dust mass-loss rates but also the time-dependent evolution. These
steps are:

(i) Given that the actual dust grain distribution has more complex
features than the simple power-law profile of the MRN distribution
(see e.g. Birnstiel, Ormel & Dullemond 2011), we perform a static,
1D evolution of the dust surface density distribution using a vertically
integrated coagulation kernel (see Birnstiel, Dullemond & Brauer
2010), evolving the dust to coagulation-fragmentation equilibrium.
We perform this calculation in 1D because, without dynamics, the
dust would not settle, leading to erroneous results. As this calculation
is static and therefore also does not account for the grain size limit
caused by drift, we then apply exponential cut-offs to the distribution
in regions of the disc where drift would limit the maximum grain size
to below the fragmentation limit, i.e. n¢y(a) = n(a) exp [—(a /ad)3] s
aq being the drift-limited maximum grain size. This then requires us
to re-normalize the dust surface density in these regions. Finally, we
then re-calculate the 2D dust density distribution using equation (9).

(i) To relax the entire system before turning on the wind and
radiation pressure, we run the dust dynamics, coagulation and
temperature calculation for 1000 yr.

At this stage, we then ramp up the wind and radiation pressure up
to their intended strengths over the course of 100 yr. From this point
on, the simulations are run until we are able to establish the efficacy
of dust disc dispersal via radiation pressure outflows; typically a
time-scale of 0.5-1 Myr.

To evaluate the effect of radiation pressure over the full disc evolu-
tion across arange of possible disc configurations, we ran a parameter
study in which we varied the stellar type, the dust fragmentation
velocity (vgag) and the photoevaporation model. The values of these
parameters and others used in the suite of simulations can be seen
in Table 1. We also varied the strength of photoevaporation in each
model; the X-ray luminosity (L x) for the X-ray models and the EUV
ionizing flux (®) for the EUV models. Two-grain internal densities
can be seen in the table — one was used for the majority of our study
as it comes from the DSHARP (Birnstiel et al. 2018) opacity model,
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Figure 9. The evolution of dust and gas surface density profiles for the
fiducial X-ray O11 configuration with just photoevaporative (PE) effects (top
panel) and with both PE and radiation pressure (RP) effects (bottom panel).
Two different grain sizes are shown, representing small and large grains.
For this simulation, the gas gap opened after ~ 3.6 Myr and the inner dust
disc fully drained after another ~ 50 kyr. Starting at the end of inner disc
drainage, this figure shows time snapshots at 0 yr and then at intervals of
0.2 Myr, ending at 1 Myr of evolution. The line opacity increases with time.

whilst the other density was used for simulations where the Ricci
et al. (2010) opacity model was applied.

5.1 Fiducial model

The X-ray O11 model was used in the initial study of disc dispersal
under the influence of radiation pressure (Owen & Kollmeier 2019).
For this photoevaporation model, we define our fiducial simulation
as using the 0.7 Mg star and having the parameters log,, Lx =
30 and v, = 10m s~!. Fig. 9shows the evolution of the surface
density profiles of both gas and dust for the fiducial model with and
without the effects of radiation pressure. These surface densities were
calculated from the 2D simulations by integrating over the vertical
dimension. For the individual grain sizes, vertically integrated, mass-
grid-independent surface densities were calculated from the volume
densities via

ad(m)z/ moPiy, (13)
—0o Om
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Figure 10. 2D density and velocity profiles for two different grain sizes in the fiducial X-ray O11 model. The left and right columns show simulations with only
photoevaporative (PE) effects and with both PE and radiation pressure (RP) effects, respectively. The top and bottom rows show the profiles for 0.13 and 0.83
pm sized grains, respectively. The photosphere, defined as the surface at which the optical depth to stellar radiation, 7, is unity, is also shown. This particular

snapshot is after 75 000 yr of evolution.

We can see that the inclusion of radiation pressure does not lead
to a significant change in the evolution of the dust surface density.
For both 2D simulations, the initial dust mass was 1.93 Mg and
decreased to ~1.82 Mg after 1 Myr, giving average mass-loss rates
of just above 107"Mg yr~!, which agrees with the radial mass-loss
rates calculated for the fiducial model in Section 4.2. Whilst this
mass-loss rate is less than the desired 107°Mg, yr—!, we would still
expect to see a more significant reduction in the dust-trap surface
density over the course of 1 Myr, however, the mass in the dust-trap
(defined as the region between the inner edge of the disc and the
‘knee’ in the dust surface density profile, which is at around 6 au for
the first time snapshot in Fig. 9) actually increases from 0.11 to 0.55
Mg over the course of the photoevaporation and radiation pressure
simulation. This evidently does not fit with observational constraints
of removing the observational disc component within ~10 per cent of
the disc lifetime, and implies that the impact of inward dust drift and
the outward motion of the disc’s inner edge due to photoevaporation
refilling the dust-trap means that the required mass-loss rates need to
be higher. For this fiducial model, the loss rate would have to be about
at least five times higher to overcome the refilling, closer to the esti-
mated desired value of 107®Mg yr~!. The only significant difference
visible in the surface density profiles is in the small grain population,
where the inclusion of radiation pressure leads to a shallower and
less steep decrease in density at radii exterior to the trap.

If we compare the 2D density and velocity structures for small
grains, we can investigate why the mass-loss rates are not high
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enough. Fig. 10 shows such profiles for ~0.1 and ~1um grains.
In the purely photoevaporative model, we see the sub-micron-sized
dust grains well-coupled to the gas flow; they move radially inwards
due to viscosity and vertically upwards due to the photoevaporative
wind flow. Larger, micron-sized grains are less well-coupled to the
gas, moving vertically upwards only at the very inner edge of the
disc where the vertical mass flux of the photoevaporative wind is
largest. In contrast, in the photoevaporation + radiation pressure
model, sub-micron-sized grains are driven along radial trajectories
due to radiation pressure. As discussed in Section 4.1, we see that the
micron-sized grains are also impacted strongly by radiation pressure,
however their trajectories are not away from the disc, but deeper
into the disc interior. We can see the effect of this by looking
at the spherically-radial mass flux of grains up to 2 um in size
through different regions of the disc. These can be seen for both the
photoevaporation model and photoevaporation + radiation pressure
model at the location of the dust-trap and 2x this radius in Fig. 11.
The sharp cut-offs at low and high heights are caused by the transition
from inward radial drift (negative mass flux) to outward radial motion
caused by photoevaporation/radiation pressure and the flooring of
dust that travels above the X-ray wind base. Whilst radial mass fluxes
for the photoevaporation + radiation pressure model are high at the
trap location (comparable to those found in the simulations of Owen
& Kollmeier 2019), they reduce by several orders of magnitude
further out in the disc. This is due to the re-interception of the
disc material decelerating the dust via drag. The dust can then drift
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Figure 11. The spherically radial mass flux of grains up to 2 um in size for
the fiducial X-ray O11 configuration. The x-axis is plotted in units of Z/H,
H being the gas scale height set by the respective mid-plane temperature for
each simulation and location. The mass fluxes are shown for both the model
with just photoevaporative (PE) effects and the model with PE and radiation
pressure (RP) effects. The mass fluxes are shown at the mid-plane radius of
the dust-trap, Ryp, and 2x this value. This snapshot is after 75000 yr of
evolution.
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Figure 12. The total mass-loss rate of dust through the wind base for the
fiducial X-ray O11 simulation, for both the model with just photoevaporative
(PE) effects and the model with PE and radiation pressure (RP) effects. This
snapshot is after 75 000 years of evolution.

back into the pressure trap as opposed to escaping. Linking back
to criterion (ii) from Section 2.2, this re-interception severely limits
dust removal from the disc by radiation-pressure-driven outflows,
regardless of large radial mass fluxes at the trap location.

We can also see the difference caused by the inclusion of radiation
pressure by looking at the mass-loss through the wind base, shown for
the two cases with and without radiation pressure in Fig. 12. Without
radiation pressure, the wind drags a large mass of dust vertically
upwards at the very inner edge of the disc, whilst with radiation
pressure we see that the additional radial force decreases the flux of
dust crossing the wind base, an effect suggested by Booth & Clarke
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Figure 13. The average mass-loss rates and final dust-trap masses for the X-
ray O11 parameter study with the 0.7 Mg, star. The brightness map indicates
the mass-loss rates whilst the numbers in each box indicate the final dust
masses, 1 Myr after gap-opening.

(2021) in their work on dust entrainment. This means that whilst
the addition of radiation pressure increases the mass of dust that is
pushed radially outwards to further radii, it actually decreases the
loss of dust to the wind at the disc inner rim.

5.2 Parameter study — mass-loss rates and final masses

In this section, we study whether any regions of parameter space can
allow dust to be removed efficiently on secular time-scales with the
evolution of both the dust and gas in the disc. As previously found
in Section 4.2, the regions of parameter space that lead to the largest
mass-loss rates may also lead to increased disc masses, and therefore
longer dispersal times.

5.2.1 X-ray O11 model

Fig. 13 shows the average mass-loss rates and final dust-trap masses
1 Myr after the time of gap-opening for the X-ray O11 parameter
study with the 0.7 Mg, star. The ages of the discs at gap-opening were
3.6 and 2.1 Myr for X-ray luminosities of 30 and 30.3, respectively.
As with the fiducial model, in all of the runs, the mass in the dust-trap
increased over the course of the simulation. This means that none of
the parameter choices leads to the removal of the dust component in
the time-scales required by observational constraints, as the dust trap
remains too massive and, therefore optically thick, even 1 Myr after
gap-opening.

As suspected in Section 4.2, we find that lower fragmentation
velocities and higher X-ray luminosities lead to larger mass-loss
rates but also mean that there is a larger mass in the dust disc at the
onset of gap-opening. This results in the low fragmentation velocity,
high X-ray luminosity case having the largest dust mass remaining
1 Myr after gap-opening even though the mass-loss rate is largest.

Runs with the 0.4 M, star and a fragmentation velocity of 10 ms™!
produced dust mass-loss rates of 4.06 x 1077 and 1.16 x 10~°Mg,
yr~! for X-ray luminosities of 30 and 30.3, respectively. The
respective disc ages at the time of gap-opening were 2.9 and 1.6 Myr
for these luminosities. Whilst the mass-loss rates are larger than
the rates for the 0.7 Mg star, the discs around the 0.4 Mg star
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Figure 14. The average mass-loss rates and final dust-trap masses for the X-
ray P19 parameter study with the 0.7 Mg star. The brightness map indicates
the mass-loss rates whilst the numbers in each box indicate the final dust
masses, 0.25 Myr after gap-opening.

also had more dust present at the onset of gap-opening, so 1 Myr
after gap-opening, the simulations had 0.75 and 2.2 Mg of dust
remaining in the trap. Attempting simulations for the 0.4 Mg, star at
fragmentation velocities of 5 ms~!, we found that at the end of the
1D simulations the dust-to-gas ratio at the inner edge of the outer disc
was greater than unity. This is because the smaller dust grains, which
are less well-coupled to the gas, are less affected by the outwardly
radial force provided by the super-Keplerian gas, and so are able
to build up closer to the inner rim as photoevaporation removes gas
and increases the radius of the cavity. This feature was also observed
in the work by Alexander & Armitage (2007). In this regime, the
dust would start to act independently from the gas and would create
strong back-reaction effects on the gas, none of which are included
in our model, so we discarded these simulations and did not run
2D simulations. However, our results for the 0.7 My, star indicate
that discs with these parameters would also not clear on fast enough
time-scales.

5.2.2 X-ray P19 model

As with the X-ray O11 model, we ran simulations with and without
the effect of radiation pressure for the X-ray P19 model with the 0.7
Mg, star and the parameters log,, Lx = 30.3 and v,y = Sms™'. The
gap opened after 1.5 Myr for this configuration. We find that radiation
pressure again does not aid dust removal much. 0.25 Myr after gap-
opening, the total dust masses remaining in the dust traps were 0.28
and 0.23 Mg, for the model with just photoevaporation and with both
photoevaporative and radiation pressure effects, respectively. Given
that this mass of dust still constitutes an optically thick trap, we
cannot meet the observational constraints. In contrast to the X-ray
O11 model, our 2D simulations end ~ 0.3 Myr after gap-opening
because the gas mass-loss rates are higher for the X-ray P19 model
(as can be seen in Fig. 5), leading to the inner rim of the disc exiting
our grid boundaries in less than 0.5 Myr.

Fig. 14 shows the average dust mass-loss rates and final dust-trap
masses 0.25 Myr after gap-opening for the X-ray P19 parameter
study with the 0.7 Mg star. The ages of the discs at the time of
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gap-opening were 3.3, 2.1, and 1.5 Myr for X-ray luminosities of
29.7, 30, and 30.3, respectively. As with the X-ray O11 model, none
of the parameter choices reduce the dust-trap mass enough to meet
observational constraints. We did not include runs with fragmentation
velocities of 20 m s ™! as these led to the lowest mass-loss rates for the
X-ray O11 model. The trend in mass-loss rates is the same as for the
X-ray O11 models, with higher mass-loss for lower fragmentation
velocities and higher X-ray luminosities. For final dust-trap masses,
we see a similar trend of an increase in final mass for larger X-ray
luminosity for a fragmentation velocity of 10 ms~'. However, for a
fragmentation velocity of 5 ms~! we find that the final mass actually
decreases when moving from an X-ray luminosity of 30 to 30.3.
This is because, although the higher luminosity simulation starts
with more mass due to shorter disc ages at the time of gap-opening,
the mass-loss rate is high enough that in the same time period, it
can remove enough mass to give a final mass lower than the lower
luminosity simulation.

For the 0.4 Mg, star, the same trend as in X-ray O11 was found.
Whilst the mass-loss rates were larger than their 0.7 Mg star
counterparts (all in the range 5.7 x 1077—1 x 107°Mg yr™!), the
final masses were also all larger (e.g. 1 Mg for the 5 ms~!, 30.3
simulation; this with a mass-loss rate of 1 x 10>Mg, yr™!). This is
because the ages of the discs at the time of gap-opening were shorter
than their 0.7 Mg star counterparts; 2.9, 1.9, and 1.4 Myr for X-ray
luminosities of 29.7, 30, and 30.3 respectively.

We also ran models with the X-ray P19 wind model but using
the Ricci et al. (2010) opacities as opposed to the DSHARP opacities,
however this change only slightly affected the quantitative results,
with therefore no real effect on the qualitative outcomes of the
simulations.

5.2.3 EUV model

For the EUV model, we used values of photon ionizing flux of
1 x 10 and 5 x 10® photons s~!. For the 0.7 M, star, the ages of
the disc at the time of gap-opening were 12 and 6.3 Myr for 1 x 10%
and 5 x 10* photons s~!, respectively, and for the 0.4 Mg, star the
low flux simulation had an age > 20 Myr, meaning we discarded it
for being too long to match observations, and the high flux simulation
had an age of 6.9 Myr. We were also only able to include simulations
with fragmentation velocities of 10 ms~!, as simulations with 5 ms~!
led to dust-to-gas ratios greater than unity at the inner rim of the disc.

The EUV models were the only models where observational
constraints on dispersal were met, however this was not solely due
to the addition of radiation pressure. For the high flux, 0.7 Mg
star simulation with just photoevaporation, the mass-loss rate was
2.49 x 107%Mg, yr~! and had 0.18 Mg of dust remaining in the
trap after 0.3 Myr, whilst the simulation with radiation pressure had
respective values of 2.55 x 107°Mg yr~! and had 0.12 Mg, The
simulation with radiation pressure having a final dust-trap mass
that is around a third less than the final mass without radiation
pressure, whilst only a marginally larger mass-loss rate, indicates
that radiation pressure causes more mass to be moved to larger radii
without actually leaving the disc system. Again, we choose a time
cut-off due to the disc’s inner radius leaving the simulation domain
shortly after 0.35 Myr. For the low flux, 0.7 Mg, star simulation with
radiation pressure, we find that the dust is totally removed whilst the
disc inner rim is within the grid, dropping to less than 5 x 107*Mg
after 0.8 Myr; an average mass-loss rate of 5.47 x 10~'Mg, yr~!. For
the 0.4 Mg, star, the high flux simulation dropped to 0.1 Mg, after
0.3 Myr with an average mass-loss rate of 3.14 x 107°Mg, yr—'.
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Figure 15. The vertically integrated grain-size distribution with respect to radius for each of the three wind models. The parameters for each of the models are;
X-ray Oll:log g Lx = 30, vfrag = 10ms™!, X-ray P19: log g Lx = 30.3, vfrag = 5 ms~ !, EUV: @ =5 x 10% photons s~ Vfrag = 10ms~!, all with the 0.7
Mg star. For reference, the approximate maximum limits on grain size due to fragmentation and drift (given by Birnstiel et al. 2012) are over-plotted in solid
white and dashed white, respectively. These particular snapshots are after 100 000 yr of evolution.

These mass-loss rates are comparable to the rates found for the
other two models; one reason why the discs can be more successfully
cleared is that the initial dust masses at the time of gap-opening are
almost an order of magnitude lower than the initial masses for the
other models. Higher photon fluxes would decrease the lifetime of
the disc pre-gap-opening; however, we are already using atypically
large fluxes — anything larger would be very unlikely in real systems.
Also, importantly, the EUV surface-density loss rates are much larger
in the direct rather than the diffuse regime; this can be seen in the fact
that the integrated fiducial EUV gas mass-loss rate is comparable to
the fiducial X-ray mass-loss rates (see Fig. 5) in the direct regime,
however, the pre-gap-opening disc lifetime is several times longer.
This allows more gas and dust to be lost on to the star before outer
disc dispersal commences.

5.2.4 Evolution summary

In summary, the evolutionary calculations demonstrate that only low
mass discs (S1 Mg) can be efficiently dispersed via the action
of radiation pressure and photoevaporative winds. For each of the
photoevaporative models we find mass-loss rates of between 107’
and 10~*Mg yr~!, however only in EUV models with atypically large
high-energy photon fluxes do we find that the disc can be dispersed
sufficiently quickly. Calculating a representative dispersal time-scale
from the ratio of the initial dust disc mass to the mass-loss rate for
each simulation can give us a metric to understand when disc disper-
sal is efficient. For the successful EUV simulations, this time-scale
is < 0.5 Myr, whilst the X-ray P19 and O11 simulations have time-
scales of order 1 Myr and 10 Myr, respectively. The X-ray P19 high
photoevaporation rate and low fragmentation velocity run has a time-
scale of 0.6 Myr, making it the most efficiently dispersing disc from
the X-ray runs. We also find that radiation pressure competes with en-
trainment in the wind and decreases the dust mass reaching the wind
base at the inner rim of the disc by pushing material out to larger radii.

In the majority of cases, the refilling of the dust trap through
radial drift and the outward motion of the disc’s inner rim means
that the required mass-loss rates from the trap need to be larger by
up to an order of magnitude. Looking at our results in comparison
to the criteria for disc dispersal set out in Section 2.2, this means
that the discs are not fulfilling the first criterion, that the mass-loss
out of the trap is sufficiently large. This is despite fulfilling the third
criterion, that the mass-loss is not limited by fragmentation at the
mid-plane or transportation of small grains above the photosphere,
as the mid-plane densities of the large, fragmenting dust grains in
each simulation are of the order a few 10~"gcm™, greater than
the critical value calculated in Section 2.2. We can also see from
Fig. 15, the dust grain-size distributions for simulations from each
wind model, that both the X-ray models show an abundance of small
grains at the trap, indicating they are not over-depleted by the outflow.

Another issue that limits the mass-loss rates relates to the second
criterion, which is that the dust leaving the trap must be able to escape
the disc. As discussed earlier, for the X-ray O11 model, from Fig. 11,
we can see that the radial mass flux at the radius of the trap and at
2x this radius decreases by at least an order of magnitude. This is
because the trajectories of the dust grains above ~ pm, which would
make up a large proportion of the mass in the outflow, point at an
angle above the mid-plane that is below the angle above the mid-
plane made by the photosphere of the disc. This leads to radiation
pressure exerting a weaker force on the grains and also increased
drag with the gas in the disc. Ultimately, these grains then re-enter
the disc interior, settling downwards and drifting inwards towards
the disc’s inner edge. This behaviour is consistent across all of the
X-ray O11 simulations. Fig. 16 shows these trajectories for micron-
sized grains for the fiducial X-ray O11 simulation, alongside similar
trajectories for the simulations made with the other wind models
shown in Fig. 15. We see that dust in the X-ray P19 simulation
is launched more effectively than in the X-ray O11 model, with
the trajectories at the very inner edge pointing out of the disc and
through the wind base, but that the decrease in wind drag with radius

MNRAS 536, 1689-1709 (2025)

Gz0z Arenuer g uo 1sanb Aq 6E1816./6891/2/9€G/2I0IME/SEIUW/WOd"dNO"d1WaPED.//:SANY WOy PAPEO|UMOQ



1704  A. Robinson, J. E. Owen and R. A. Booth

107 1072 107" 107'® 107"
Dust density [g cm™]

— Photosphere —— 1000 cm s7'

T T I I
X—ray O11
a = 1.38 um

LI I B S B S R

20 25 30

(o))
o
(&)

(&)
o

N
o
T

N
o

o

Height above mid—plane [AU]

[04]
o

(o2}
o

40

20

5 100 150
Cylindrical radius [AU]

Figure 16. The outflow of micron-sized grains formed for each of the
simulations shown in Fig. 15. All models are shown at a snapshot time
of 100000 yr.

causes dust to fall back into the disc at larger radii. This again leads
to refilling of the dust-trap as the dust drifts back inwards and the
trap location moves outwards due to photoevaporation. The dust is,
therefore, essentially cycled through the disc, moving from the trap to
larger radii before drifting in to repeat the cycle. In the EUV models,
we see micron-sized grain outflows that are able to escape the disc by
crossing the wind base at the inner edge of the disc and at larger radii.
The combination of a stronger wind and a decreased initial dust-trap
mass leads to a low density, vertically distended small grain dust
distribution and therefore a low-altitude photosphere. This allows
more dust to experience strong forces due to radiation pressure,
through which an efficient outflow can form.

Although one could infer from our results that only an EUV wind
driven by atypically large high-energy photon fluxes could explain
the observations, we do not believe that this is a satisfying conclusion.
What is clear, is that the shape of the wind mass-loss profile with
radius is very important, along with the mass of dust in the disc at
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the time of gap-opening. Smoother mass-loss profiles that are less
peaked at the inner rim (i.e. EUV-like profiles) aid in preventing infall
of dust at larger radii. Better constraints on the shape of X-ray wind
profiles could allow micron-sized grains to escape the disc in the
manner found for EUV winds. However, recent hydrodynamic and
thermochemical simulations of X-ray photoevaporation by Sellek
et al. (2024) imply that this is unlikely, as they include additional
cooling pathways to those found in the models of O11 and P19
and find significantly lower temperatures in the wind (driven pre-
dominantly by atomic cooling through neutral collisions), leading
to lower gas mass-loss rates; real systems therefore may have even
lower dust mass-loss rates than we have found in this work.

6 DUST GRAIN-SIZE DISTRIBUTION:
‘LEVITATING’ GRAINS

In addition to mass loss, the inclusion of the vertical dimension in our
dust growth and dynamics simulations allows us to study the effect
of winds and radiation pressure on the dust population in both grain-
size distribution and spatial distribution; we have, in fact, already
seen that the flaring surface of the disc is dictated by the outflow.
Fig. 15 shows the dust grain-size distribution as a function of radius
for three simulations after 10° yr, one for each wind model. As with
Fig. 9, we plot the vertically integrated, mass-grid-independent dust
surface density (see equation 13) for each grain size. The grain-size
distributions show that, as expected, the maximum grain size is set
by fragmentation in the region of the dust-trap at the inner edge of
the disc, whilst set by dust drift in the outer parts of the disc.

Another notable feature is the enhancement of micron-sized grains
at radii exterior to the trap seen in all three wind models, most
prominently the X-ray P19 model. This enhancement arises because
grains with sizes of around 1—a few pm are ‘levitated’ by the balance
between drag via wind and gravitational settling. Grains much larger
than this are too massive and have negative vertical velocities at all
heights, whilst much smaller grains have positive vertical velocities
at all heights; they are light enough to be dragged up above the
photosphere and out of the disc. The exact size of the levitating
grains depends on the wind strength, demonstrated by the fact that the
enhancement is seen at larger grain sizes for the X-ray P19 and EUV
wind models, which have greater wind loss rates in these examples.

We can gain insight into why the density of these grains is enhanced
by looking at the relationship between dust dynamics and growth
in the vertical dimension. Fig. 17shows the vertical dust grain-size
distribution at a radius behind the dust-trap for the fiducial X-ray O11
simulation. In the dust density contours, we can see the over-density
of grains at around 0.7 pm that extends to the mid-plane.

The coagulation rates show that small grains grow into large grains
around the mid-plane; they are not replenished, however, because, in
this region of the disc, large grains drift radially inwards before
they can grow to sizes larger than the fragmentation threshold.
At intermediate heights (between ~1 and 2 au), the distribution
is in equilibrium, where coagulation rates are low because the
relative velocities between grains are small. However, as we reach
the upper layers of the disc, we see that small grains being
dragged up from the mid-plane by the wind are coagulating into
levitating, micron-sized grains. This is because their relative laminar
velocities rapidly increase with height due to drag from the now
high-velocity wind and radial acceleration from radiation pressure,
especially above the photosphere, increasing collision rates (see
Fig. B1).

However, as the grains grow into these levitating grains, their
growth rates drop as the relative laminar velocities between them-
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Figure 17. The dust grain-size distribution with respect to height (grey
contours) after 10% yr at a radius of 13 au, behind the dust-trap, for
the fiducial X-ray O11 simulation. The filled contours show the overall
production/destruction rates of grains due to coagulation and fragmentation.
The photosphere, defined as the surface at which the optical depth to stellar
radiation, 7, is unity, is shown by the dashed line, and the levitating grain
size (vz(Z, a) = 0) is shown by the dotted line.

selves and similar-sized grains decrease. This process leads to the
observed enhancement of the levitating grains. Also, these grains
are the dominant opacity source for stellar radiation, which peaks at
~ 0.7 um, and therefore define the height of the photosphere. As we
can see from Fig. 17, the size of levitating grains increases with height
above 2 au due to radiation pressure providing additional vertical
support against settling. The grains that make up the enhancement
are, therefore, not stationary but slowly being dragged up. The
enhancement region can be thought of as a pile-up, a traffic-jam-like
effect that is aided by the particulars of the coagulation/fragmentation
rates at these heights. As the grains in the overdense region are slowly
dragged up, their velocities quickly become large enough to cause
fragmentation with the other, smaller grains (again, see Fig. B1) —
this generates the increased production of 0.1 um grains above 2.6
au, which are rapidly dragged vertically upwards by the wind.

We also note that although the overdensity of levitating grains is
produced at the disc surface, the enhancement is seen at all heights in
the disc, all the way down to the mid-plane. This is because, although
the grains are levitating with near-zero laminar velocities, the local
dust-to-gas ratio where the grains are produced is much larger than
at lower heights, so diffusive processes carry dust down the gradient
of the dust-to-gas ratio — towards the mid-plane.

7 SYNTHETIC OBSERVATIONS

7.1 Spectral energy distributions

Fig. 18 shows SEDs calculated for each of the simulations shown
in Fig. 15, one from each wind model. We calculate SEDs using
the radiative transfer code RADMC3D (Dullemond et al. 2012), using
all of the dust species and their associated opacities included in
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our CUDISC calculations. The SEDs are calculated for an observer
inclination of 0° —i.e. a face-on disc. For reference, we include data
points from observations of the non-accreting transition disc around
IRAS 0412542902 (see Espaillat et al. 2015) which typifies the
system we are attempting to model.

We find that the X-ray models maintain a peak mid-to-far IR flux
over their entire evolution that is too large to be consistent with
observations, whilst the EUV model fits the observed peak after
around 0.25 Myr. The X-ray models have all evolved after the time
of gap-opening for at least 10 per cent of the primordial disc lifetime,
meaning that the longevity of the mid-to-far IR flux is incompatible
with the population level statistics of disc observations. As the IR
peak is caused by the dust in the trap, this indicates that the X-ray
models have too much dust still in the trap; as discussed in Section 5,
this is primarily due to the fact that, whilst each of the wind models
have similar mass-loss rates, the initial dust mass in the trap for the
X-ray models was larger. The dust mass in the trap for the consistent
EUV model is 0.12 Mg, whilst the X-ray O11 and P19 runs have
0.55 and 0.23 Mg, respectively. These correspond to peak dust-trap
surface densities of 7.5 x 107*, 1.7 x 1072, and 1.9 x 103gcm™2,
respectively. This puts a constraint on the surface density of being
<1073 to match observed fluxes, which corresponds to ~0.1 Mg
when the trap is at ~100 au.

We also notice that the far-IR and mm observations show a larger
excess, and therefore a shallower slope, than any of the models. This
component is due to the dust mass that is in the outer part of the
disc (not the trap) and therefore could imply that IRAS 0412542902
has a larger mass of dust exterior to the trap than in our models.
Espaillat et al. (2015) fit a disc model with a disc mass that is around
an order of magnitude larger than the dust remaining in our discs
and an outer radius to the disc of 50-60 au. This implies that whilst
the dust trap must be less optically thick, there should actually be
more mass at larger radii; this could potentially be achieved by
smaller fragmentation velocities, as these decrease the rate of radially
inward dust drift. The difference could also be a function of the
dust properties (i.e. opacities and composition), where our chosen
properties are not entirely compatible with the conditions in the
observed disc. We speculate that models that are able to fit the mm
fluxes may actually be better for fitting the near-to-mid IR fluxes, as
they imply that less material is able to reach the inner, hotter regions
of the disc.

7.2 Scattered light

We also produced scattered light images, shown in Fig. 19, again
using RADMC3D. These were made by interpolating the vertical
dimension to a lower resolution of 80 cells between angles from
the mid-plane of £ /6 rad and making the data 3D by copying the
(R, Z) data into 80 equally spaced azimuthal cells through 0 — 27
rad. These can be seen for the three simulations shown in Figs 15
and 18, at a time of 10° yr after gap-opening (the same snapshot as
Fig. 15).

We see that the EUV disc is already much more optically thin in
the disc mid-plane than the other wind models, as the direct stellar
emission is clearly visible. We also note that the apparent aspect
ratio of the discs differs depending on the wind model; the X-ray
O11 model appears flatter than the X-ray P19 model, and the EUV
model has a more diffuse appearance with a less discernable aspect
ratio. Whilst the gas scale height aspect ratio, H /R, is similar for all
simulations (0.12 for both X-ray models and 0.14 for the EUV model
at 100 au), the photosphere aspect ratios at 100 au are 0.25, 0.3, and
0.22 for the X-ray O11, P19, and EUV models, respectively. Since
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Figure 18. Spectral energy distributions for simulations from each of the different winds models. The line opacity increases with time. The snapshot times after
gap-opening for each of these models are; X-ray O11: 0, 0.5, and 1 Myr, X-ray P19: 0, 0.125, and 0.25 Myr and EUV: 0, 0.15, 0.25, and 0.3 Myr. Also plotted
as diamonds are observational data for the non-accreting transition disc around IRAS 0412542902 (data from Espaillat et al. 2015; der Marel et al. 2016). All
systems are taken as being at a distance of 140 pc away from the observer, the distance to the Taurus star-forming region.
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Figure 19. Scattered light images of discs from the three wind models. These false colour images use the intensity of light at 0.8, 2, and 8 yum for the blue,
green, and red channels respectively. These particular snapshots are after 100 000 yr of evolution.

the photosphere is a measure of the height of the small dust, it makes
sense that the X-ray O11 model appears flatter than the P19 model
given the lower wind mass-loss rate. The EUV model has the lowest
photosphere because the dust is extremely diffuse in the outflow due
to the low dust mass and large wind velocities; this also explains
the diffuse nature of the scattered light image. The EUV model also
shows evidence of an X-shaped structure that is associated with the
upper surface of the micron-sized dust grains that are entrained in the
wind, however the true opening angle of this structure is obfuscated
by our 6 domain stopping at angles of /6.

We can compare our results to those found by Franz et al. (2022)
for dust entrainment in winds. In their work, they used the Picogna
et al. (2019) wind model, X-ray P19 in our study, so it is of no
surprise that the disc morphology we see for this model most closely
aligns with their results. However, as our spatial grid does not include
angles above the mid-plane that are greater than /6 rad, we cannot
resolve the cone-shaped features that they observe. However, we can
say that the supply of grains to the wind base will be reduced due
to the impact of radiation pressure, which would reduce the strength
of the cone features. Future work that included this region in our
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simulations would have to be done to fully understand the impact
of radiation pressure on their results, however we also speculate that
the opening angle of the cones would increase due to the additional
radial force on the grains.

8 DISCUSSION

Given that, in the majority of cases, initial dust masses are too high
and mass-loss rates too low for efficient dust removal, the relic disc
problem cannot be solved by radiation-pressure-driven outflows, at
least not with current photoevaporation models. This implies that a
solution may come from the photoevaporation process, and models
such as thermal sweeping (Owen et al. 2012, 2013; Haworth et al.
2016) may need to be revisited. The problem could also potentially
be solved by processes that reduce the total dust mass at the onset of
gap opening, for example sequestration of dust into planetesimals or
planets, as the sub-linear relationship seen between dust mass-loss
rates and dust surface density in Section 4.2 means that lower mass
discs can be dispersed on shorter time-scales. This is something that
could be added to the models presented in the work. Although, as
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seen in Section 7.1, lower dust masses may lead to mm fluxes that
are too low for observed systems, so some mechanism (e.g. trapping)
may meed to be invoked to keep enough dust mass at large radii.

In this work, we have not accounted for the effects of external
photoevaporation from the UV background present in star-forming
regions (see Winter & Haworth 2022 for a review), nor the difference
in gas evolution caused by MHD winds. As opposed to the spreading
seen in viscous discs, both of these processes lead to the reduction
of the gas disc outer radius over time, MHD winds through direct
removal of mass and angular momentum (Tabone et al. 2022), and
external photoevaporation through direct removal of mass from the
outer disc. In general, reducing the gas disc’s outer radius would
act to drive dust radially inward as the outer pressure slope steepens
(see Sellek, Booth & Clarke 2020), increasing the flux of dust into
the dust trap; this would make it even harder for radiation pressure
and wind-driven outflows to remove the optically thick dust from
these discs. External photoevaporation can also remove dust from
the outer disc via entrainment in the outer wind, especially dust
below 10-100 pm (Sellek et al. 2020), which could substantially
truncate the dust at radii >~ 100 au in most of our simulations (see
Fig. 15).

One interesting consequence of the movement of dust from the trap
to the outer parts of the disc is that it could potentially explain the
measured overabundance of crystalline dust grains at radii exterior
to the crystalline radius (van Boekel et al. 2005) — the radius where
the disc temperature exceeds ~800 K, the temperature at which
grains are hot enough to become crystalline. A similar mechanism
was invoked by Shu, Shang & Lee (1996) but with grains being
deposited at larger radii by MHD-driven winds. In our case, it may
be possible that the combination of radiation pressure and either
photoevaporative or MHD-driven winds could transport dust grains
either from the hot, inner parts of the primordial disc or up to altitudes
that allow them to be heated sufficiently by stellar radiation to become
crystalline, and then send such grains to large radii in the disc. This
problem could be studied by applying our framework to primordial
discs and tracking non-crystalline and crystalline grains as multiple
dust fluids in the disc.

Recent hydrodynamic simulations have found that FUV photons
can drive photoevaporation from the inner disc in a manner similar to
the X-ray models studied here, where X-rays aid the heating but do
not constitute the dominant driving radiation field (Wang & Goodman
2017; Nakatani et al. 2018; Komaki, Nakatani & Yoshida 2021). We
did not consider heating by FUV photons for this work because there
are currently no works with mass-loss rate fits for photoevaporating
discs with inner holes. It would be interesting to study the effect of
this in future work, as FUV photons penetrate deeper into the disc
atmosphere, moving the wind base closer to the photosphere. We
speculate that this could increase dust mass-loss rates as grains that
are accelerated by radiation pressure above the photosphere could
more easily enter the wind and be lost to the system.

One important feature of our findings is that the photosphere height
is defined by levitating grains, as discussed in Sections 6 and 7.2.
The photosphere is, therefore, defined by the nature and strength of
the wind profile, along with the dust properties. This is important for
interpretations of scattered light observations, which trace the spatial
distribution of small dust grains. Regardless of the strength of the
wind, the photosphere will always lie at larger heights than those
that one would calculate for a windless disc. This should be kept in
mind when we measure scale heights and degrees of flaring from
scattered light observations, as we could misinterpret characteristics
of the disc such as the settling efficiency and therefore the degree of
vertical turbulent mixing.
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9 CONCLUSIONS

In this work, we have studied how the addition of radiation pressure to
photoevaporating transition discs affects dust dynamics, in particular,
whether dust can be efficiently removed in a radiation-pressure-
driven outflow. The conclusions that we draw from this work are:

(i) In general, sub-micron dust grains are launched along trajecto-
ries that point out of the disc system and into the wind, whilst grains
larger than a few microns that experience weakened vertical drag
from the wind are pushed radially outwards but deeper into the disc
interior. In systems with lower dust masses or stronger winds, larger
dust grains can be removed in the outflow.

(ii) Radial mass fluxes of the order 10~7—-10"*Mg, yr~! are formed
above the photosphere at the radius of the dust-trap. However, the
dust trap is also refilled by radial drift of dust grains from the outer
disc and by the sweeping up of dust as the inner rim of the gas disc
is pushed radially outwards due to photoevaporation. In the majority
of cases, the mass-loss rates from the dust-trap are around 5-10x
too small to deplete the trap faster than it can be refilled, leading to
the mass in the trap actually increasing as the system evolves.

(iii) Models with EUV winds have lower dust masses at the time
of gap-opening, which leads to a lower altitude photosphere than
the X-ray models. This means larger grains can enter the outflow,
and the mass-loss rates are large enough to deplete the dust-trap
in time-scales that fit observations. However, atypically high EUV
photon fluxes (~10* photons s~') must be invoked. In addition,
whilst the near-to-mid-IR flux constraints are met, the dust masses
are too low to match mm fluxes of relic disc observations, implying
that either a mass of dust must be kept at large radii (by dust trapping
for example), or that another mechanism must be actively removing
mass from the dust trap for large mass discs.

(iv) Given that most of the parameter space does not lead to
efficient dust removal, the solution to the relic disc problem must
come from processes that reduce the dust disc mass at the time of
gap-opening, e.g. planet formation, or from our understanding of
photoevaporation.

(v) The shape of the photosphere is governed by the nature of
the outflow. Micron-sized grains that are dragged up to the surface
layers of the disc define the height of the photosphere, and lead
to photosphere flaring that is commensurate with that of passively
heated discs, negating any effects of shadowing due to a hot inner
rim of the disc.

(vi) An enhancement of ‘levitating’ micron-sized grains is seen
due to high relative velocities in the surface layers. The size of these
grains is set by the strength of the wind.

(vii) Synthetic scattered light images show that the apparent
surface of the disc is set by the height of micron-sized grains, i.e.
the photosphere, which is controlled by the properties of the outflow
as opposed to the gas scale height. This may need to be factored in
when interpreting scattered light observations of photoevaporating
discs, as the photosphere height is always higher than the gas scale
height. This result warrants further study in primordial discs as well
as transition discs.
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Figure Al. Density profiles of 0.4 pum grains after the outflow has formed for the X-ray O11 and EUV fiducial models. The photosphere (where the optical
depth to the peak wavelength of the stellar blackbody is unity) is shown by the over-plotted line.

APPENDIX A: PHOTOSPHERE FLARING OF
DIFFERENT WIND MODELS

Fig. Al shows the density profiles for sub-micron grains in the
fiducial models outlined in Section 4.1. The EUV model exhibits
a much more radially confined dust-trap than the X-ray O11 model.
This translates to a thin wall of grains that are pulled up at the very
inner edge of the disc in the EUV model, compared to a smoother
and radially deeper wall in the X-ray O11 model. This difference
leads to a deeper photosphere in the first few au for the EUV model,
however past ~3 au, the grains trajectories are closer to radial, and
the outflow becomes more radially extended, increasing the optical
depth.

APPENDIX B: LEVITATING GRAIN
VELOCITIES

Fig. B1 shows the magnitudes of the velocities of differently sized
grains at three different heights for the simulation shown in Fig. 17.
For heights below the photosphere (2.1 au), we see that relative
velocities are small until grains reach sizes of ~10 pum, whilst for
heights just above the photosphere (2.5 au) the relative velocities
between grains < 1 um are large, but then become small until the
fragmentation velocity is reached for ~5 pm grains. For heights just
slightly higher (2.6 au), we see that the velocities of the levitating
grains (~0.7 um) are now larger than the fragmentation velocity —
these are now able to fragment with the low velocity, sub-micron
grains. As shown by the dashed lines, the radial velocity due to
radiation pressure is key in controlling the relative velocities in this
region of the disc.

© 2024 The Author(s).
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Figure B1. The magnitudes of the grain velocities at three different heights
for the simulation shown in Fig. 17. Solid lines show the total velocity
(magnitude of both Z and R components) whilst the dashed lines show just
the radial velocity. The fragmentation velocity is shown by the grey dash—
dotted line.
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