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ABSTRACT

Protoplanetary discs spend their lives in the dense environment of a star-forming region. While there, they can be affected by
nearby stars through external photoevaporation and dynamic truncations. We present simulations that use the AMUSE framework
to couple the TORCH model for star cluster formation from a molecular cloud with a model for the evolution of protoplanetary
discs under these two environmental processes. We compare simulations with and without extinction of photoevaporation-driving
radiation. We find that the majority of discs in our simulations are considerably shielded from photoevaporation-driving radiation
for at least 0.5 Myr after the formation of the first massive stars. Radiation shielding increases disc lifetimes by an order of
magnitude and can let a disc retain more solid material for planet formation. The reduction in external photoevaporation leaves
discs larger and more easily dynamically truncated, although external photoevaporation remains the dominant mass-loss process.
Finally, we find that the correlation between disc mass and projected distance to the most massive nearby star (often interpreted
as a sign of external photoevaporation) can be erased by the presence of less massive stars that dominate their local radiation field.
Overall, we find that the presence and dynamics of gas in embedded clusters with massive stars is important for the evolution of

protoplanetary discs.

Key words: methods: numerical — protoplanetary discs — stars: formation.

1 INTRODUCTION

The currently known population of more than 5000 exoplanets is
incredibly diverse. The observationally prominent classes of Super
Earth and Hot Jupiter planets are not found in our Solar system, and
planetary system architectures such as compact resonant chains of
terrestrial planets differ from the Solar system. The origin of this
diversity is the subject of current research (e.g. van Elteren et al.
2019; Kruijssen et al. 2021; van der Marel & Mulders 2021; Speedie
et al. 2022).

A potential driver of this diversity is the environment in which
a planetary system is born. Star formation typically takes place in
a clustered environment (Lada & Lada 2003), and planets form in
protoplanetary discs around young stars. Star clusters dissolve into
the Galactic field on typical time-scales of 100 Myr (Krumholz,
McKee & Bland-Hawthorn 2019), whereas planet formation is
thought to take place in the first ~1 Myr (e.g. Kruijer et al. 2014;
Sheehan & Eisner 2018; Tychoniec et al. 2020), and is at most
constrained by the disc lifetime which is typically a few to ten
megayears (Mamajek 2009; Michel, van der Marel & Matthews
2021; Pfalzner, Dehghani & Michel 2022). Although these numbers
are uncertain, this implies that planet formation typically takes place
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while the host star is in a region of enhanced stellar density compared
to the Galactic field.

One of the clearest examples of the environment influencing
protoplanetary discs is proplyds. Discovered by O’dell, Wen &
Hu (1993) and O’dell & Wen (1994) in the Orion Nebula Cluster
(ONCQ), proplyds are interpreted as protoplanetary discs which
lose mass in a thermal wind due to irradiation by a nearby star.!
This loss of mass from the disc due to external irradiation is
termed external photoevaporation (EPE). The modelling of this
process started soon after its discovery (Johnstone, Hollenbach &
Bally 1998; Storzer & Hollenbach 1999; Adams et al. 2004), but
modelling the wind was challenging due to the complex thermo-
dynamics (and the chemistry coupled to that) in protoplanetary
discs. Clarke (2007), Mitchell & Stewart (2010), and Anderson,
Adams & Calvet (2013) coupled calculations of the mass-loss rate
to time-dependent models of a viscous disc. Recently, Haworth
et al. (2018b) developed the FUV Radiation-Induced Evaporation
of Discs (FRIED) grid. They computed the mass-loss rate due to
EPE for a grid of host star masses, radiation fields, disc radii, and
disc masses. This allowed EPE to be studied for large populations of
discs.

! Originally simply a contraction of PROtoPLanetarY disc, this term has since
come to specifically refer to rapidly evaporating protoplanetary discs.
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A recurring theme in EPE is that it is very efficient in depleting
protoplanetary discs. Mass-loss rates can be as high as ~107% Mg,
yr~! (Henney & Arthur 1998; Henney & O’Dell 1999; Henney et al.
2002) in discs that appear to be at least 1 Myr old (Beccari et al. 2017).
This would imply initial disc masses much greater than observed
(Tychoniec et al. 2018), and discs that are potentially gravitationally
unstable (Haworth et al. 2020). Simulations (e.g. Concha-Ramirez
et al. 2021) find similarly short disc lifetimes. Attempts to reconcile
the observed high mass-loss rates at comparatively late age typically
involve migration of discs into regions of high radiation fields and
late formation of either discs or the massive star driving EPE (e.g.
Winter et al. 2019).

EPE can impact planet formation by shaping the protoplanetary
disc. It can halt gas accretion and the migration of giant planets when
it truncates the disc to where the planet forms (Winter et al. 2022),
and it can also reduce the pebble flux in the disc inwards of the outer
edge (Sellek, Booth & Clarke 2020).

Another environmental influence is the disruption of a disc during a
close encounter with another star. Such encounters typically result in
the truncation of the disc beyond a certain radius (Breslau et al. 2014),
but can also impact the inner disc by inducing spiral arms (Pfalzner
2003) and accretion bursts (Pfalzner, Tackenberg & Steinhausen
2008). In the following text, we will refer to this process as dynamic
truncation. A number of suspected ongoing and recently occurred
dynamic truncation events have been observed (Cabrit et al. 2006;
Kurtovic et al. 2018; Zapata et al. 2020; Dong et al. 2022; Huang
et al. 2022).

Multiple studies have modelled these processes in star clusters,
using the cluster’s structure and dynamics to inform models of
EPE and/or dynamic truncation. These works used either one or
both of the processes, and various models for the star cluster.
Some studies started from spherically symmetric stellar distributions,
with e.g. Rosotti et al. (2014), Vincke, Breslau & Pfalzner (2015),
Vincke & Pfalzner (2016), Vincke & Pfalzner (2018), and Concha-
Ramirez, Vaher & Portegies Zwart (2019a) investigating dynamic
truncations, Winter et al. (2019) investigating EPE, and Concha-
Ramirez et al. (2019b), Concha-Ramirez et al. (2021) investigating
both. Other works reproduce the substructure of young stellar clusters
with a fractal distribution, such as Portegies Zwart (2016) in their
dynamic truncation simulations and Nicholson et al. (2019), Parker,
Nicholson & Alcock (2021a), Parker et al. (2021b) in their EPE
simulations. Recently, Concha-Ramirez, Wilhelm & Zwart (2022)
and Qiao et al. (2022) used models that included the formation of
a star cluster from a collapsing molecular cloud. Concha-Ramirez
et al. (2022) included both EPE and dynamic truncation, but not
stellar feedback on cluster gas, or radiative transfer. This required star
formation to be halted manually, and prohibited them from taking
into account extinction due to cluster gas. Still, the extended period
of star formation resulted in discs being present that were young
and massive compared to the average within the cluster. Qiao et al.
(2022) included feedback from massive stars, but did not resolve
individual stars. Instead, they grouped them in sink particles 0.45 pc
in radius, and assumed a mean distance of half a cell size, 0.09 pc,
between stars in a sink. This subgrid approach prohibited them from
including dynamic truncation and gas and stellar dynamics near the
stars that drive EPE. They found that gas within the cluster shields
protoplanetary discs for ~0.5 Myr after the start of star formation.

In this work we aim at modelling the formation and dynamics
of individual stars, the evolution of their protoplanetary discs, and
feedback effects of the stars on the gas. To this end, we couple
the protoplanetary disc population model developed by Concha-
Ramirez et al. (2022) and Wilhelm & Portegies Zwart (2022) to
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the TORCH model for the formation of star clusters in collapsing
molecular clouds (Wall et al. 2019, 2020).

We run a series of simulations with and without radiation shielding
due to the cluster gas. These runs allows us to characterize the impor-
tance of radiation shielding on the early evolution of protoplanetary
discs. We investigate the relative importance of EPE and dynamic
truncation, the lifetimes of protoplanetary discs, and the external
photoevaporation of dust and its consequences for planet formation.

2 METHODS

2.1 Star formation model

We use the TORCH model (Wall et al. 2019, 2020), which combines
multiple codes using the AMUSE framework (Portegies Zwart et al.
2009; Pelupessy et al. 2013), to model the environment in which
our population of protoplanetary discs forms and evolves. We briefly
summarize the model here, and discuss changes made to enable this
work.

TORCH models the collapse of a giant molecular cloud under
self-gravity, the formation of stars, and feedback on the cloud from
stellar winds, extreme ultraviolet (EUV, E, = 13.6 + eV) and far
ultraviolet (FUV, E,, = 5.6-13.6 eV) radiation, and supernovae. It
models magnetohydrodynamics (MHD) using the FLASH adaptive
mesh (AMR) model (Fryxell et al. 2000), which is internally coupled
to the radiative transfer code FERVENT (Baczynski, Glover & Klessen
2015). Stellar dynamics are modelled with the pH4 fourth-order
Hermite N-body code (McMillan et al. 2012), and stellar evolution
with the SEBA parametrized stellar evolution code (Portegies Zwart &
Verbunt 1996; Toonen, Nelemans & Portegies Zwart 2012). The stars
and gas are dynamically coupled using a variation of the BRIDGE
method (Fujii et al. 2007; Portegies Zwart et al. 2020) adapted to
grid-based hydrodynamics.

TORCH uses the sink particle method to form stars. When the
gas density in a maximally refined grid cell satisfies a number of
conditions (those of Federrath et al. 2010, e.g. a density exceeding
the Jeans density, and being in a converging flow), a sink particle is
placed in that cell. This sink particle will then accrete all mass in
excess of the Jeans density within its radius (which is 2.5 minimum
cell sizes). This Jeans density is 1.53 x 1072° g cm ™3 for our medium-
resolution runs, assuming a sound speed of 1.9 x 10* cm s~!, and
scales with the squared inverse of the minimum cell size.

Sink particles in TORCH represent regions of dense gas where
multiple stars can form. Upon the formation of a sink, a queue of
stellar masses is generated from the Kroupa initial mass function
(IMF; Kroupa 2001). At every time step, we check if the sink is
more massive than the first stellar mass in the queue. If it is, a star
of that mass is spawned, and the mass is removed from the queue
and the sink’s mass reservoir. This is repeated until the sink is less
massive than the next queued mass. The stars are spawned at the
sink’s position and with the sink’s velocity, both with a random offset.
The position offset vector has an isotropically distributed orientation,
and its magnitude is uniformly distributed between 0 and the sink
radius. The velocity offset is drawn from a normal distribution in
each direction, with a mean of 0 and a standard deviation of the
sound speed of the surrounding gas.

In this work, stars with masses <1.9 Mg form with a protoplane-
tary disc of a mass ~10 per cent of its host star (see Section 3.1.2).
In order to conserve mass in this step, the star formation algorithm
has been adapted such that a star with a disc is only formed once the
sink has accreted enough mass to form both the star and the disc.
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The disc mass is subtracted from the sink mass along with the star’s
mass.

For the purposes of gravitational dynamics, we add the disc mass,
and any mass accreted from a disc on to its star in the disc model,
to the stellar mass. Disc material lost through EPE and dynamic
truncation is removed entirely from the simulation space. We neglect
tidal effects of the extended nature of the disc on the gravitational
dynamics.

In our simulations only stars more massive than 7 Mg exert
feedback, through EUV and FUV radiation, stellar winds, and
potentially supernovae. They are then also the only drivers of EPE.
We will refer to these stars as massive stars.

2.2 Protoplanetary disc model

We model the population of protoplanetary discs using the model
of Concha-Ramirez et al. (2022) and Wilhelm & Portegies Zwart
(2022). This model is based on VADER (Krumholz & Forbes 2015),
which numerically integrates the a-disc model (Shakura & Sunyaev
1973; Lynden-Bell & Pringle 1974). We briefly summarize the
processes modelled and refer the reader to the aforementioned work
for more detail.

Our model includes four mechanisms through which discs can
lose mass. The first is EPE. For this process, we derive mass-loss
rates from interpolation on the FRIED grid (Haworth et al. 2018b),
and remove mass from the outer disc edge inwards. The second is
dynamic truncation, which we discuss further in Section 2.3.2. The
third is accretion on to the host star. The accretion rate is based on
observations of discs in a young star-forming region (Alcald et al.
2014), with a decrease in time as described by Wilhelm & Portegies
Zwart (2022). The fourth is internal photoevaporation (IPE), where
radiation from the host star drives a mass flow from the inner disc. We
base mass-loss rates and profiles on Picogna et al. (2019), with host
star mass scalings by Owen, Clarke & Ercolano (2012), and stellar
X-ray luminosities by Flaccomio, Micela & Sciortino (2012). The X-
ray luminosity also decreases with time, as described in Wilhelm &
Portegies Zwart (2022).

We also model the EPE of dust as in Haworth et al. (2018a).
Dust grains up to a certain size can be entrained in the EPE
wind. Within about 1 Myr (Birnstiel, Klahr & Ercolano 2012),
small grains coagulate into larger particles and the dust reservoir
becomes more resistant to entrainment. The model represents the
disc’s dust reservoir as a scalar value, initially 1 per cent of the gas
mass. It loses mass proportionally to the gas EPE loss, but with
an exponentially decaying factor that represents the dust growing
resistant to EPE. This model does not resolve the dynamics of dust
within the disc such as inward pebble drift. It also does not model
the coagulation of dust into planetesimals or planets. This mass
thus represents an upper limit on the amount of solids available for
planet formation. Also because of this we refer to this quantity as
the disc’s ‘solid mass’, though we still refer to its depletion as ‘dust
EPE’.

We use a turbulent viscosity parameter of ez = 10~ throughout
this work. The grid of the disc model consists of 330 cells spaced
logarithmically between 0.01 and 3000 au.

2.3 Model coupling

2.3.1 Radiation field

We aim to investigate the effects of extinction from cluster gas on
the efficiency of EPE. FLASH performs radiative transfer of FUV and
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EUV radiation, including extinction. To obtain the FUV flux to which
adisc is exposed we can sample the radiation field in the grid cell the
disc is located in. We refer to this method as the radiative method
(i.e. derived from radiative transfer). Alternatively, we can obtain
the radiation field without extinction from the positions and FUV
luminosities of the stars using the =2 scaling of the radiation flux.
We refer to this method as the geometric method (i.e. derived from
geometric consideration). We could set the effective cross-section of
FUYV radiation in FLASH to O to obtain the limit without extinction,
but this would also eliminate the feedback effect of FUV radiation
on the gas.

We use the FUV luminosity function of TORCH, which has zero
luminosity for non-massive stars to reduce computational cost.
Compared to Concha-Ramirez et al. (2022), whose disc model we
build on, we do not include FUV radiation of stars between 1.9 and
7 Mg. More massive stars will eventually dominate the radiation
field, but before their formation we likely underestimate the FUV
radiation field.

We made an improvement to the FUV flux estimation in TORCH. In
the original implementation, the energy flow into a cell by a number
of rays was converted into a flux by division with the area of a
cubic cell face. This leads to an underestimate of the area exposed
to radiation for off-axis rays, and a subsequent overestimate of the
flux. We implemented an improved approximation of this area that
reduced the relative bias in the flux estimate from +0.5 to —0.1. This
is detailed in the Appendix.

2.3.2 Dynamic truncation

Dynamic truncations are implemented using an event-based ap-
proach. The stellar dynamics code is interrupted when two stars
come closer than 0.02 pc. Their closest approach re, is estimated
by computing the periastron distance of their two-body Kepler orbit.
The radius to which each disc involved in the encounter is truncated,
R,,is computed as in Concha-Ramirez et al. (2022) (based on Breslau
et al. 2014):

0.32
Tenc nmi
R = (*) ) ey
3 nmyp

where m, is the mass of the disc’s host star and m, is the mass of the
other star. We then remove all disc material beyond that radius. We
also set the collision radius of both stars to 0.49r,, for the rest of the
coupling time-step to prevent the same encounter from being picked
up multiple times. We also remove 1 per cent of the truncated mass
from the solid reservoir.

3 SIMULATIONS

3.1 Initial conditions

3.1.1 Star-forming region

The initial conditions of the simulation consist of a spherical cloud
of gas embedded in a uniform medium. The cloud has a total
mass of 10* My and a radius of 7 pc, with a Gaussian density
profile, and a uniform temperature of 30 K. It has a turbulent
velocity field following a Kolmogorov spectrum, and a virial ratio
oy = % = 0.25. The ambient medium has a hydrogen number

density of 1.25 cm™ and a temperature of 8000 K. There is a uniform
magnetic field along the z-axis with a magnitude of 3 pG.
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3.1.2 Protoplanetary discs

After a star with a disc forms in the simulation, the disc’s mass
density profile is initialized as

Mgy exp (—r/Rao)
27'[Rd’0 (1 — e_') r

(r,t=0)= , 2)
inside of Ry o, and 1072 gem~2 outside (required by VADER, but
negligible compared to the disc). My o and Ry ¢ are the initial disc
mass and radius, respectively. The initial pressure profile is derived
assuming the ideal gas law, with a mean molecular weight of 2.33
hydrogen nuclei, and the temperature profile:

M N\ N -12
T(r):lOOK(MO) (—) , 3)

au

where M, is the mass of the host star.

The initial disc mass My and radius R4 are re-scaled from Wil-
helm & Portegies Zwart (2022). Their initial conditions represent the
most massive protoplanetary discs that are stable against gravitational
instability and are still similar in structure to observed discs. We scale
these initial conditions to obtain a disc mass of 0.1 Mg, at a stellar
mass of 1 Mg, as in e.g. Concha-Ramirez et al. (2022) and Qiao
et al. (2022), while still following the observational relation they
were based on. The initial disc masses and radii as a function of
stellar mass are then

M\ 0T

Mo =0.1M =) 4

4.0 o) (Mc)) “4)
M\ 045

Ry = 117 * ) 5

4,0 au (M@> (©)

Note that our initial disc radii are larger than those in Concha-
Ramirez et al. (2021), who use a similar power law index but a
reference radius of 30 au.

The ratio of disc mass to stellar mass decreases with stellar mass.
In Concha-Ramirez et al. (2021), it was found that disc lifetime
increased with host star mass, while observations appear to indicate
the opposite trend (Carpenter et al. 2006; Dahm & Hillenbrand
2007; Ribas, Bouy & Merin 2015). Wilhelm & Portegies Zwart
(2022) showed that a decreasing disc mass ratio combined with more
efficient IPE and accretion at higher stellar mass could reproduce
this trend in low radiation environments. However, the regions
investigated by Carpenter et al. (2006) and Dahm & Hillenbrand
(2007) both contain O and/or B type stars. In Section 4.5, we
investigate whether this trend is reproduced in our simulations of
regions with massive stars and high radiation fields.

3.2 Overview of runs

In order to control run-to-run variations we use the same hydrody-
namical initial realization but vary the realization of the IMF that
the sink particles use. As a result, star formation will start at an
identical time and position in each run. The formation of different
mass stars will lead to small differences in the evolution of the
gas. The formation of high-mass stars at different times (and of
different masses) will lead to larger differences due to feedback.
These differences can be large enough to lead to differences in the
star formation process (Lewis et al. 2022).

For a number of realizations of the IMF, we run one radiative
simulation and one geometric simulation. These will diverge from
one another after the first high-mass star forms. The difference in
FUYV radiation field leads to different EPE rates. Because the disc
mass is included in the gravitational mass, this leads to differences
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in stellar dynamics, which grows exponentially due to the chaotic
nature of gravitational dynamics. Due to the gravitational coupling
between the stars and the gas these perturbations then propagate
to the gas dynamics. If this impacts the formation of massive stars
(even if just delaying or speeding up their formation) the two systems
will diverge even more rapidly. It is unclear a priori whether these
perturbations are large enough to influence star formation in such a
way, but our results show that they are (see Fig. 2).

All our runs use a minimum FLASH refinement level [, of
4. We run five pairs of simulations with identical IMF realization
at maximum refinement level 5 (medium resolution; runs mlr-m5r
with the radiative method of computing discs’ FUV radiation field,
and m1g-m5g with the geometric method, together called the main
runs; runs with the same IMF realization but different radiation field
method are called paired runs). This refinement level corresponds to
a minimum cell size of 0.068 pc. In addition we run two simulations
at maximum refinement levels 4 and 6 to investigate resolution effects
(runs 13r and h3r, respectively), using the same IMF realization as
in two of the paired runs (m3r/m3g), and one run that starts from
different hydrodynamical initial conditions (m6r; this run serves to
compare cloud-to-cloud variations with those following from IMF
sampling). These latter three runs use the radiative method, and we
call these the extra runs.

An overview of all runs is given in Table 1.

4 RESULTS

All figures in this section use the colours in Table 1 to indicate
specific runs. For runs mlr/g to mSr/g, which share colours, we
indicate which data are from the radiative and geometric runs.

4.1 Star formation overview

In Fig. 1, we show a number of maps of our simulation. In the
main runs, star formation has started in four dense regions, with the
majority forming in the biggest overdensity on the right side of the
z axis projected maps. Three more subclusters form in an arc to the
left (with one subcluster forming between 2.15 and 2.25 Myr). Some
runs show signs of feedback bubbles being blown by massive stars,
e.g. runs mSr/g in the main overdensity and in the bottom subcluster.
In run mér, there is also a subcluster containing the majority of stars
and multiple smaller subclusters.

In Fig. 2, we show an overview of the star formation history of
our simulations. As discussed in Section 3.2, the difference in EPE
rate between the radiative and geometric runs has led to diverging
star formation histories. For each pair of runs, the first massive star
to form is the same star (with the same mass, at the same time),
and some later massive stars also form at the same time (e.g. the
two born in runs m4r and m4g up to 0.1 Myr after the first star
formed). However, in other runs entirely different massive stars form
(e.g. the two < 10 Mg stars at 2 Myr in run m3r, which did not
form in m3g). There are also large differences in the star formation
history between runs 13r, m3r, and h3r, which use the same IMF seed
and cloud initial conditions but different resolution. In general, star
formation starts earlier at lower resolution. The massive stars that
form are also entirely different. This makes it so that these runs are
not a straight-forward test of numerical convergence.

In Fig. 3, we show the time evolution of the virial ratio of the stellar
population of all runs. Each cluster typically starts subvirial when
the potential of both stars and gas is counted, but globally unbound
if only the stellar potential is considered. Both virial ratios evolve
toward a value of 1. The stars become globally bound after 1 Myr even
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Table 1. Overview of the simulation runs presented in this paper. Columns contain, from left to right, the name of the run; the colour used for the run in
figures; the maximum FLASH grid refinement level /i,y ; the method for computing the FUV radiation field protoplanetary discs are exposed to; 7., the time
at which the first star forms; #, ~7m,, the time at which the first star more massive than 7 Mg formed; M, ~7m,, the mass of the first star more massive
than 7 Mg to form; fepg, the time at which the run ends; the number of stars formed; the number of protoplanetary discs in the run; the number of dispersed
protoplanetary discs in the run; and the number of dynamic truncations in the run.

Run Colour Imax ~ FUV field method . (Myr)  ti ~7mgy (Myr) My ~7my (M@) fena (Myr)  Stars Discs  Disp. discs ~ Trunc.’s
mir H Radiative 1520 1788 8.14 2480 1800 1717 7 796
m2r Bl Radiative 1,520 1.995 7.90 2130 499 482 0 563
m3r B Radiative 1,520 1.850 1.3 2300 940 893 0 153
mér H Radiative 1,520 1.830 16.8 2390 1973 1888 4 120
msr H Radiative 1,520 1.796 206 2110 340 326 0 106
me N Geometric 1,520 1788 8.14 2480 2500 2480 19 75
me N Geometric 1,520 1.997 7.90 2160 531 511 0 392
m N Geometric 1,520 1.850 11.3 2300 897 854 2 164
mie N Geometric 1,520 1.830 16.8 2380 1764 1706 14 71
mse M Geometric 1520 1796 206 2150 537 516 0 70
mér H Radiative 1380 1708 19.2 2290 1693 1636 13 557
13r [ Radiative 1452 1705 16.8 2530 2705 2591 7 172
h3r B Radiative 1.631 1.893 11.8 2080 1166 1127 2 584

if the residual gas were to be removed instantaneously. This trend
is mostly due to the stellar potential becoming more prominent; the
stellar kinetic energy and the gas potential remain of comparable
magnitude.

In Fig. 4, we show the distribution of all stars’ local stellar density.
Each panel shows the distribution at a different moment in time. An
individual star’s local stellar density is calculated using the unbiased
density estimator of Casertano & Hut (1985), using the distance to
the sixth nearest neighbour. The distribution evolves to slightly larger
values through time; the median density increases from ~10° pc~3
to ~10* pc~3, and the maximum density increases from ~10° to
~10° pc~3. Assuming a mean stellar mass of 0.35 Mg, the typical
dynamical time-scale is <1 Myr. There is no clear trend in the stellar
density distribution between radiative and geometric runs.

4.2 Disc evolution overview

In Fig. 5, we show the evolution of the total mass-loss from discs
through different mass-loss processes, integrated over all discs for
each run. The top panel shows this for the main radiative runs, the
middle panel for the main geometric runs, and the bottom panel for
the extra runs. Initially, most mass is lost through internal processes
(i.e. IPE and accretion). At this moment, no massive stars have
formed and each disc only experiences a negligible non-zero EPE
mass-loss rate. The first dynamic truncation events are visible as
instantaneous increases in mass-loss through truncation.

In each run, at the same moment the first massive star forms,
the mass-loss through EPE sharply increases. The mass-loss then
settles into a more shallow increase. This is due to the shrinking of
discs; when the EPE rate is low, discs are able to expand viscously,
and the outer edges of these large discs are weakly bound. When a
massive star forms and the radiation field increases, this far-out mass
is quickly stripped away. As the disc radius decreases, the mass-loss
rate also decreases.

At late times, EPE is the dominant mass-loss process in all runs. In
the radiative runs, mass-loss through truncation is either comparable
to or larger than the combined internal processes (except in run 13r).

In the geometric runs mass-loss through truncation can also be lower
than through internal processes.

4.3 Effects of extinction due to cluster gas

In Fig. 6, we show the distribution of FUV radiation fields to which
the population of discs is exposed. Each panel shows the distribution
at a different moment in time. The range of radiation fields extends
beyond 10* Gy, which is the largest value on the FRIED grid. If a
disc is exposed to a radiation field larger than 10* Gy, interpolation
is not possible, and we instead conservatively use the EPE rate of
the closest (in logarithmic space) grid point. This makes 10* Gy the
effective maximum radiation field.

The tail of the distribution at strong radiation (>10* Gy) fields
is similar for radiative and geometric runs. At 1.9 Myr, when all
runs have the same population of massive stars, this holds for
individual paired runs. At 2.1 Myr, when the paired runs have
different populations of massive stars, the distributions integrated
over all runs are still similar. At 2.3 Myr, the distributions have
diverged more, but so have the star formation history. High radiation
fields are found near massive stars, where the extinction can be
low due to short path lengths or clearing of nearby cluster gas. The
absence of radiation fields >10* Gy on the FRIED grid thus has
comparable impact on radiative and geometric runs.

At lower radiation fields, the distributions differ. In radiative runs,
more discs experience radiation fields in the range of 1—10* G than
in geometric runs. We conclude that extinction due to cluster gas
mostly shields discs in moderate to high radiation fields, while there
remains a minority of discs exposed to very high radiation fields.
Still, as late as ~0.5 Myr after the formation of the first massive star,
about half the discs in radiative runs are exposed to radiation fields
below the mean interstellar level.

In Fig. 7, we show for all runs the distribution of the median and
maximum radiation fields to which discs have been exposed. This
demonstrates the variability of the radiation field. On the diagonal, a
disc has been exposed to a constant radiation field.
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Figure 1. Left column: Three projections of gas column density when star formation starts (in m1-5r/g), one at the end of mér, and a slice of the FUV flux
around the most massive star at the end of m5r. Middle, right columns: Zooms of the gas column density at the end of runs m1r-m5r and m1g-m5g, respectively.
Black points are massive stars (size corresponds to mass), white points are non-massive stars.
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Figure 2. The star formation history of all runs. The lines indicate the
cumulative mass of formed stars. Symbols (the run number for the main
runs and mor, [ for 13r, and & for h3r) show the mass and formation time of
massive stars.

In general, discs in radiative runs have larger variations in radiation
field when compared to geometric runs. While the maximum flux is
similar in radiative and geometric runs, the median fluxes are much
lower in the radiative runs. In radiative runs, the majority of discs
have ratios of maximum to median flux >100. In geometric runs, the
majority has a ratio <100. The trend can be understood by cluster
gas creating very large spatial gradients in the radiation field. In
the radiative runs, a disc can move across a ridge of gas, quickly
going from low to high radiation field or the other way around. In
the geometric runs, the radiation field varies at most with the inverse
square law.
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Figure 3. The evolution of the stellar virial ratio of all runs. Solid lines
include the gravitational potential of the gas and stars, dotted lines only
that of the stars. The horizontal black lines mark virial ratios of 1 (virial
equilibrium) and 2 (gravitational boundedness).

In Fig. 8, we show the fraction of discs in our radiative runs
(including 13r, h3r, and mé6r) that are effectively unshielded. We
define this by first computing the ratio of the (extincted) radi-
ation field to the geometric radiation field, and selecting those
with a ratio > e~ (i.e. an optical depth of at most unity if
there were only a single radiation source). This fraction repre-
sents the degree of global gas clearing. The unshielded fraction
is not a monotonically increasing quantity on the time-scale of
our runs, and does not becomes greater than 60 percent as
late as ~0.5 Myr after the formation of the first massive star.
The results for run mé6r do not differ notably from the other
runs.
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Figure 4. The fraction of stars in a local stellar density greater than some
value, at three moments in time, for the main radiative and geometric runs.
Black lines are aggregated over all simulations that have data at that moment.

In Fig. 9, we show the distribution of disc mass-loss through EPE,
normalized to the initial disc mass. Each panel shows the distribution
at a different moment in time.

Between runs with the same IMF seed and different radiation
field methods, discs in the geometric runs have lost more mass
through EPE than in the radiative runs. The exception to this is
runs m5r and m5g, both at 1.9 and 2.1 Myr. At 1.9 Myr, the radiative
and geometric distributions are similar at mass-losses >0.4, but the
radiative distribution is slightly above the geometric one. This implies
that the same stars are subject to EPE, but the total number of stars
differs. The first massive star in these runs forms in a small subcluster,
and the large subcluster is initially fully shielded. At 2.1 Myr, the
radiative distribution is above the geometric one for most mass-
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Figure 5. The cumulative mass-loss through time for all runs, through
different mass-loss channels. These channels are external photoevaporation
(EPE), IPE plus accretion, and dynamic truncation. In the top two panels, we
emphasize runs m1r and m1g as representative examples for clearer viewing.

losses. This is due to the formation of a ~50 Mg, star at 2 Myr in the
radiative run that is absent in the geometric run. Compared to other
radiative runs, m5r is not an outlier at 2.1 Myr.

At 2.3 Myr, ~0.5 Myr after the formation of the first massive
star, almost all discs in the geometric runs have lost more than half
their mass through EPE, compared to about half in the radiative runs.
The tails at high mass-losses also differ considerably. 10-30 per cent
of discs in geometric runs lose >90 per cent of their mass through
EPE, compared to about 3 per cent of discs in radiative runs. Contrast
this with the similarity of the tail at high radiation fields. This can
be explained through the radiation field variability demonstrated in
Fig. 7. Discs that occupy the tail at high radiation fields do not do
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Figure 6. The fraction of discs exposed to a radiation field greater than some
value, at three moments in time, for the main radiative and geometric runs.
Black lines are aggregated over all simulations that have data at that moment.

so all of the time, both in radiative and geometric runs. The lower
median radiation field in radiative runs appears to lead to a lower
mass-loss integrated over time.

4.4 Dynamic truncations

In Fig. 10, we show the distribution of disc mass-loss through
dynamic truncations, normalized to the initial disc mass. Each panel
shows the distribution at a different moment in time.

Until the formation of the first massive star (due to the different
treatments of EPE) the radiative and geometric runs evolve identi-
cally (up to numerical round-off errors). At 1.9 Myr, the runs start to
diverge, and the stellar orbits are still almost identical, resulting in
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Figure 7. The median and maximum FUYV radiation field of all discs in our
main radiative (top), geometric (middle), and extra (bottom) runs. Black lines
indicate a maximum radiation field equal to the median (solid), 10 times
the median (dashed), and 100 times the median (dotted). Also shown is the
fraction of discs with a maximum-to-median ratio smaller than 100. Note that
the axes are logarithmic above 1 Gg and linear below that.

identical truncation events. This leads to similar truncation mass-loss
distributions.

As the models evolve further and the paired runs diverge, different
truncations happen, and the mass-loss distributions diverge. In
general, discs in radiative runs lose more mass through truncation
than discs in geometric runs, especially when comparing paired runs.
This is a direct consequence of EPE. Both truncation and EPE act
on the outer disc. A disc that has lost material through EPE will be
smaller, and can lose less mass through truncation. In an extreme
case a certain encounter may not truncate a small, photoevaporated
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Figure 8. The fraction of discs in our radiative runs that are unshielded in
the FUV, meaning that the radiation they received has been extincted by a net
optical depth of unity or less.

disc, while it may have truncated a larger disc. The opposite case can
also happen, where a dynamically truncated disc has a lower EPE
rate due to the remaining material being deeper in the host star’s
potential well. This further reduces EPE in radiative runs, in addition
to lower radiation fields, but not to a point where dynamic truncation
globally dominates over EPE in terms of mass-loss.

As also seen in Fig. 5, EPE mass-loss dominates truncation mass-
loss, both in the radiative and geometric runs. However, a small
fraction of discs lose a large amount of mass though truncation. At
2.3 Myr, about 0.8 Myr after the first star forms, about 3 per cent of
discs in radiative runs and 1 per cent of discs in geometric runs lose
more than half their initial mass through dynamic truncations. The
fraction of discs that lose a non-negligible amount of mass through
truncations is about 10 percent in radiative runs and 6 percent in
geometric runs. A very small fraction of discs, <1 percent, loses
>90 per cent of their mass through truncations, even at early times.

In Fig. 11, we show the distribution of the ratio of disc mass-loss
through truncations to that lost through EPE. Each panel shows the
distribution at a different moment in time.

While most discs lose more mass through EPE than through
truncations, a considerable fraction of discs (~1-10 percent) are
dominated by truncation mass-loss. This fraction is greater for the
radiative runs. This shows that EPE may be the dominant mass-
loss process globally, but truncation can be the dominant mass-loss
process for a minority of discs.

In Fig. 12, we show the distribution of disc radii after truncation in
all simulations. This distribution is related to the distribution of close
encounters between stars, but adjusted by stellar masses (equation 1)
and the disc radius distribution. A given close encounter only results
in a truncation if a disc is larger than the truncation radius, so the
truncation radius distribution of a population of smaller discs will be
skewed to smaller radii.

We also show the approximate region of the Kuiper cliff at 40—
50 au (Allen et al. 2001; Portegies Zwart et al. 2018). The Kuiper
cliff is within the distribution of truncation radii, but well above the
median, which is at 10-30 au. Allen et al. (2001) already suggested
that a truncation or excitation event might have been the origin of the
Kuiper cliff, and our simulations imply that such truncation events
can reasonably happen in high-density star-forming regions.

We also show the radii (measured in CO emission) of a number
of discs observed to have been in dynamic encounters: AS 205 N
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for the main radiative and geometric runs. Black lines are aggregated over all
simulations that have data at that moment.

and S (80 and 45 au, Salyk et al. 2014); RW Aurigae A and B (58
and 38 au, Rodriguez et al. 2018); UX Tau A and C (250 and <56
au, Zapata et al. 2020); and DO Tau (250 au, Huang et al. 2022).
We disregard the discs of HV Tau and Z CMA AB because they are
circumbinary discs, which we do not model. For Z CMA C, no CO
radius was given.

All observed post-truncation radii fall above the median post-
truncation radii in most of our simulations. Except for DO Tau and
UX Tau A, all fall within the 90th percentile of the majority of
simulations. These two exceptions are likely due to discs with radii
>250 au not being present in our simulations due to strong EPE. We
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note that the observed discs are all in low-mass star-forming regions
lacking OB stars.

4.5 Disc lifetime

Our simulations cover such a short period of time that there are few
fully dispersed discs (at most ~1 per cent, Table 1, second to last
column; a disc is considered dispersed when its gas mass is less than
8 x 107> My), so we are unable to estimate the disc lifetime via
the decrease of the fraction of stars with discs. In addition, the still
ongoing formation of stars with discs complicates such an analysis.
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Therefore, we investigate the time it has taken discs to lose a certain
fraction of mass.

In Fig. 13, we show the distributions of the half-mass times of
the discs in all simulation runs. If a disc has lost less than half its
mass by the end of the simulation, we take its half-mass time to be
infinity. Horizontal dashes indicate (from bottom to top) the Oth, 16th,
50th, 84th, and 100th percentiles. The upward triangles indicate the
maximum age of discs in each simulation, which is the upper limit
of half-mass times during the simulation time. We consider the half-
mass time of discs that retain more than half their mass to be infinite,
although after further evolution they could be any value.
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For most sets of paired runs, the half-mass times of the geometric
runs are shorter than those of the radiative runs. The exception is
runs m5r and m5g, which can be attributed to the formation of the
~50 Mg in m5r. Aggregated over all main radiative and geometric
runs, the median half-mass time of the geometric runs is smaller than
the radiative runs’ 16th percentile. Even though dynamic truncation
is more efficient in the radiative runs than the geometric runs, the
net effect of shielding in those runs is slower mass-loss per disc.
The half-mass time distribution of run mé6r (which had a different
realization of the cloud’s initial velocity field) is similar to most of
the main radiative runs except m2r, implying that the realization of
the IMF is more important than the realization of the (velocity field
of the) cloud.

The half-mass times are difficult to compare to observed disc
lifetimes. IPE and accretion rates decrease with time in our model,
and EPE rates decrease with disc mass and radius, although the
radiation field can increase as more stars form. In general, the disc
lifetime is not simply twice the half-mass time. Still, it is striking how
short these time-scales are; in all but 3 out of 13 runs, the median
half-mass time is smaller than 0.5 Myr. In three runs, it is even
<0.05 Myr. These values are about an order of magnitude or more
smaller than disc lifetimes estimated from disc fractions, ~2.5-8 Myr
(e.g. Haisch, Lada & Lada 2001; Richert et al. 2018; Michel et al.
2021). However, it should be noted that those values are derived from
disc populations in young stellar associations with a wide variety of
masses, including those that lack massive stars. In some of our runs,
radiation shielding increased disc half-mass times by an order of
magnitude, so an increase of similar magnitude in regions lacking
massive stars appears plausible. On the other hand, Pfalzner et al.
(2022) recently found that disc lifetimes in dense clusters can be as
low as 0.77 Myr, which is of similar magnitude to half-mass times
in our radiative runs.

In Fig. 14, we show the half-mass times of the lower and upper
50th percentiles of host star mass (the median is ~0.25 Mg),
aggregated over all main radiative and geometric runs. For both
radiative and geometric runs, the median half-mass time of the low-
mass population is smaller than that of the high-mass population. This
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is in apparent conflict with the results of e.g. Carpenter et al. (2006),
Dahm & Hillenbrand (2007), and Ribas et al. (2015), who find lower
disc fractions for higher mass stars in star-forming regions including
those with massive stars. However, these results are obtained for
older systems, and we do not resolve the high end of the lifetime
distribution. At later times, mass segregation may migrate higher
mass stars closer to the region’s massive stars than lower mass stars.
Also, the ratio between median half-mass time of the high- and low-
mass populations is smaller for radiative runs (~2) than for geometric
runs (~4). Additionally, in the geometric runs the low-mass median
half-mass time is smaller than the high-mass 16th percentile, while
in the radiative runs this low-mass median is larger than the high-
mass 16th low-mass percentile. These results are consistent with
the picture of Wilhelm & Portegies Zwart (2022), who found that
EPE has a larger impact on the lifetime of discs around low-mass
stars than on that of discs around high-mass stars. This difference is
caused by a combination of EPE being more effective in the loosely-
bound discs around lower mass stars, and of accretion and IPE being
more effective in discs around higher mass stars. Overall, radiation
shielding appears to slightly relax the tension with the observations,
even if it does not resolve it.

4.6 Planet-forming potential

The dust model of Haworth et al. (2018a) describes how dust is
removed from a disc by EPE, but is agnostic to the ultimate fate of
the remaining dust. It effectively provides an upper limit on the solid
mass available for planet formation.

In our analysis we restrict ourselves to discs that do not lose any
more solid mass (meaning that the upper limit on the amount of
material available for planet formation has been established), which
happens when dust grains grow to sizes too large to be entrained in
the photoevaporative wind. In Haworth et al. (2018a), this growth is
implemented as an exponential decrease in the solid mass-loss rate
with time. The time-scale of this decrease is twice the time-scale of
dust growth, which is

1 R3 6
“=5\om, ©
where § is the dust to gas ratio (assumed to be 0.01), R is the outer
disc radius, and M, is the mass of the host star. For every disc, we
compute this time-scale given the final disc radius. If a disc has lost
at most 1 per cent of its solid mass over the last ten dust growth time-
scales, and is older than ten such time-scales, we consider dust EPE
to be finished. In our analysis we focus on two populations of host
stars: low-mass stars, which are the most common in the present-day
universe, and Sun-like stars. We define these populations as stars in
the range of 0.08-0.3 Mg and 0.7-1.3 Mg, respectively.

In Fig. 15, we show the distribution of final solid masses in discs
where dust EPE has finished, for all runs. Between most paired
runs, discs in the radiative runs have more solid mass than those in
geometric runs. The exception to this is low-mass stars in runs m2r/g,
although the difference is small. The median solid mass decreases
from the initial value a small amount in some runs (run m5r), to a
factor of ~2 (e.g. runs mlg, m3g, m4g).

In Fig. 16, we analyse the planet-forming potential of our disc
populations by comparing their solid masses to certain mass limits.
Given an amount of solid mass in planets, and a planet formation
efficiency, we compute the fraction of discs that can form such
planets. Note that we only consider the solid, or rocky/icy, component
of the mass, not the gas component. As limits we choose 1, 3, 10, and
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Figure 13. Violin plots of the half-mass time distributions of all simulation runs, plus those aggregated over all main radiative and geometric runs. Horizontal
dashes mark the Oth, 16th, 50th, 84th, and 100th percentiles (width marks different percentiles; the Oth and 100th are narrowest, the 50th is widest). Upward
triangles denote the maximum disc age in a run, which forms an upper limit on the half-mass time during the simulation time. For this plot, we consider the
half-mass times of discs that retain more than half their mass as infinite (which means that some percentiles can be at infinity).
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Figure 14. Violin plots of the half-mass time distribution of the aggregated
main radiative and geometric runs, split into the lower and upper 50th
percentiles of host star mass (the median is ~0.25 Mg). Horizontal dashes
mark the Oth, 16th, 50th, 84th, and 100th percentiles (width marks different
percentiles; the Oth and 100th are narrowest, the 50th is widest). Upward
triangles denote the maximum disc age in a run, which forms an upper limit
on the half-mass time during the simulation time. For this plot, we consider
the half-mass times of discs that retain more than half their mass as infinite
(which means that some percentiles can be at infinity).

30 Mg. These numbers are approximately logarithmically distributed
and roughly correspond to a single terrestrial planet, a planetary
system with multiple terrestrial planets or a super-earth, the core
mass required to initiate runaway gas accretion (Pollack et al. 1996),
and a rich, Solar system-like planetary system of terrestrial planets
and gas giants. We also assume two values for the planet formation
efficiency, 10 per cent and 25 per cent. These values were also used
by Haworth et al. (2018a) when they introduced the dust EPE model
to obtain constraints on the birth environment of the TRAPPIST-1
planetary system. They are also similar to the efficiencies required
to form the observed giant planet core distribution from the dust
component of Class 0 and Class I discs (Tychoniec et al. 2020).

In many cases, the fraction of discs that can potentially form certain
planetary (solid) masses is reduced from that when considering no

loss of solid material. This is less important for lower planetary
masses, higher efficiencies, and more massive host stars. For low-
mass stars, EPE can prevent the formation of one or more gas giant
cores, and some super-earths or multiple terrestrial planets, especially
in the absence of shielding. For Sun-like stars, EPE can prevent the
formation of Solar system-like planetary systems, and some gas giant
cores. Less massive planetary systems are barely affected.

Comparing the fraction of discs with enough solid mass for certain
mass limits in paired runs, there are few cases where the difference
is greater than one Poissonian standard deviation. The only cases
where the difference is greater than one standard deviation (and in
fact greater than ~3 standard deviations) are runs m1r/g, m3r/g, and
m4r/g, for low-mass stars, at a planetary solid mass of 3 Mg and a
formation efficiency of 0.1, and at a mass of 10 Mg and an efficiency
of 0.25. For Sun-like stars, there is no significant decrease. Part of
this is the larger standard deviation in the sample of Sun-like stars,
but compared to the low-mass sample there does not appear to be as
large an absolute difference in fraction between paired runs. Runs
m2r and m2g, and mS5r and m5g, do not follow these trends, but these
runs only formed a massive star in the main subcluster late in time
(the first massive star in runs m5r/g formed in a smaller subcluster,
and in runs m2r/g the first massive star formed 0.2 Myr later than
in the other runs). As a result more discs are able to grow a large
EPE-resistant solid reservoir before EPE begins.

These results imply that radiation shielding can aid the retention
of solid mass in discs around low-mass stars. These discs can then
potentially form a larger number of planets, or planets that are more
massive. This effect is smaller, and not significant, for Sun-like stars.
This is most likely due to lower EPE rates because their discs are
more strongly bound.

5 DISCUSSION

We have run simulations of protoplanetary discs in a star-forming
region. These simulations followed the collapse of a molecular
cloud; the formation of stars with discs; stellar dynamics, feedback,
and evolution; and disc evolution under environmental influences.
We found that extinction decreases mass-loss through external
photoevaporation, increasing disc lifetimes and the reservoir of solids
available for planet formation.

MNRAS 520, 5331-5353 (2023)

$20z fieniga ] uo Jasn uaissH qooer Aq 89/ L £0.//LEES/b/0ZS/a10NIB/SBIUW/WOD dNo-oIWapeoe//:sdny WwoJj papeojumoq


art/stad445_f13.eps
art/stad445_f14.eps

5344 M. J. C. Wilhelm et al.

1 2 3 4 5 Radiative Geometric 1 2 3 4 5 mé6r 13r h3r
1501 0.08 < M«/My < 0.3 (Low mass) 150
T o T Initial range J oy

100 A

Initial median

- 100

Disc solid mass [Mg]

'—v—t—.
50 A

= AT — |
0 nin =] ol =

50

0.7 < M«/Mgo < 13(Sun like)

400 A A
ol H o oW
h—
K= w —

r400

Disc solid mass [Mg]

ql
2
Tl

-200

r100

300 - T TAVERZAN
=
200 A —_—
—i
i
100 A
i —
N
- I
0 beed

i 2 3 4 Radlatwe

Georr'1etric 1 2 3 4 5

m6r I3r h3r

Figure 15. Violin plots of the solid mass distribution (of discs where dust EPE has finished) of all simulation runs, plus those aggregated over all main radiative
and geometric runs. Host stars are in the ranges of 0.08-0.3 Mg (top panel) and 0.7-1.3 Mg (bottom panel). Horizontal dashes mark the Oth, 16th, 50th, 84th,
and 100th percentiles (width marks different percentiles; the Oth and 100th are narrowest, the 50th is widest). The grey-shaded regions indicate the range of
initial disc solid masses for the respective host star mass bin, the black horizontal line the median (for masses following the Kroupa IMF).

5.1 Impact of the star formation algorithm on dynamic
truncations

The close encounters that result in dynamic truncations happen at
length scales smaller than the size of star-forming sinks. Additionally,
the stars’ initial velocities have a random component. As a result
we under-resolve the early stellar dynamics at scales relevant for
dynamic truncations. Properly resolving these dynamics requires
higher resolution, in which every sink represents an individual
protostellar core rather than a small region where stars form, such
as in the simulations conducted by Bate (2012) and Grudi¢ et al.
(2021).2 However, this requires a major rework of our method and is
outside the scope of this work.

The initial velocity structure will typically be erased on a scale
of the free-fall time of the sink. In our main runs, we use a sink
formation density of 1.528 x 1072° gcm™3, which yields a time-
scale of at most 0.5 Myr. A stellar population of mass M, within the
sink radius r; = 0.17 pc will have a free-fall time of 1.2(M_./Mg) %>
Myr. Even with a stellar population of ~1000 My (comparable to
the total mass of stars formed) within a sink, which only reduces the

2This does not yet account for binaries, which can have discs around each
component and a circumbinary disc.

MNRAS 520, 5331-5353 (2023)

free-fall time to ~0.04 Myr, still a considerable fraction (>1 per cent)
of our simulation time and longer than the time resolution of most
of the figures presented. As a result the initial velocity structure will
leave an imprint for a non-negligible amount of time.

Additionally, the stellar density at formation will be determined
by the resolution when the interval between two formations is
shorter than the time it takes to leave a sink particle. Because
the density influences the distribution of encounter distances, we
expect the effect of dynamic truncations to depend on resolution. The
probability that a newly formed star is initialized on an orbit leading
to a nearly instantaneously truncation event also increases at higher
resolution. In general, we find that most truncation events happen
within the volumes of sinks, but involve stars that have already left
their birth sink. In Fig. 17, we show the distribution of truncation
mass-loss shortly (up to 10 kyr) after each star’s formation and at the
end of each simulation.

A fraction of ~0.3—1 percent of all discs in medium-resolution
runs experience a truncation event shortly after formation (this
increases to ~3 per cent in the high resolution run). These truncation
events can lead to the loss of ~95 per cent of the initial disc mass.
However, many more truncation events happen at a later time, to
the point that 3-30 per cent of discs have undergone a truncation.
Thus, early truncations affect a small but non-negligible fraction
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Figure 16. The fraction of discs with enough material, after dust EPE finishes, to form planetary systems of a given solid mass (top to bottom, 1, 3, 10,
30 Mg), at a given planet formation efficiency. Discs are split into two samples based on their host star mass: 0.08-0.3 M, (low-mass M dwarfs, left column)
and 0.7-1.3 Mg (Sun-like, right column). Lines are drawn between the data of the radiative and geometric runs of the same IMF realization to guide the eye.
As an example, in run mlr, about 85 percent of discs around low-mass stars has enough material to form 3 Mg of solid planets (at a formation efficiency of
10 percent), while in run m1lg this fraction is 50 per cent. Error bars denote one standard error of the Poissonian distribution for the total number of discs in
each sample. Horizontal black lines show the fraction of discs with enough solid material at formation (e.g. no discs around low-mass stars exist that form with
enough solid material to build 30 Mg of solid planets assuming 10 per cent planet formation efficiency); their line style is consistent with the corresponding

planetary system mass.

of all discs, but the bulk of mass-loss through truncations happens
later.

Resolution affects the importance of dynamic truncations. Both
the immediate and final mass-loss is greater in run h3r than in 13r,
except for a small tail at high immediate mass-loss. The final mass-
loss in 13r and h3r are also respectively smaller and greater than in
m1-5r. Note that run h3r has not advanced as far in time as 13r and
m3r, so the existing discs could undergo even more truncation events.
New stars will also form, but because of the (for now) exponential
star formation rate, the density of newly formed stars within sinks
will only increase, likely increasing the number of immediate and
total truncations.

We conclude that the star formation algorithm used in TORCH
affects the results of dynamic truncations. To properly resolve this

we’d need to increase resolution such that every sink particle is
its own star. However, our general findings that EPE is globally
dominant over dynamic truncations (consistent with Winter et al.
2018), but that dynamic truncation can dominate in individual discs,
hold across a range of resolutions.

5.2 Pre-main sequence evolution

We assume that stars are born on the zero-age main sequence
(ZAMS). We thus neglect the embedded phase of disc evolution,
and we neglect the pre-main sequence evolution of the feedback
strength of massive stars. This includes FUV luminosity, so this also
affects EPE.

MNRAS 520, 5331-5353 (2023)
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Figure 17. The fraction of discs that have lost mass due to dynamic truncation
greater than some value, within the first few kiloyears after formation
(dashed) and at the end of the simulation (dotted). The top panel shows main
radiative runs, the middle panel the main geometric runs, and the bottom
panel the extra runs. Black lines are aggregated over all simulations in each
frame.

5.2.1 Embedded discs

During the first 0.5 Myr of the formation of low-mass stars (Dunham
et al. 2014), the star and its disc are embedded in an envelope. This
envelope is another source of extinction of the FUV radiation field
and will further shield the disc from EPE. This can resolve the issue
of our short disc lifetimes as compared to observations. However,
this envelope will also itself be subject to EPE, which may shorten
the embedded phase (and even impact the formation of the star and
disc).

MNRAS 520, 5331-5353 (2023)
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Points indicate the ZAMS Kelvin—Helmholtz time-scale. Results are obtained
using MESA releases 2208 (dashed lines) and 15140 (solid lines).

5.2.2 Pre-main sequence massive stars

The suddenness with which EPE mass-loss accelerates when the
first massive star forms is an artefact of the identically zero FUV
luminosity of lower mass stars and the instantaneous formation of
massive stars with non-zero FUV luminosity.

In Fig. 18, we show the evolution of the FUV luminosity of
a selection of massive pre-main sequence stars. To obtain these
values, we set up pre-main sequence stellar models in the MESA
stellar evolution code (releases 2208 and 15140; Paxton et al. 2011,
2019), integrated their black-body spectra over the FUV spectral
range, and multiplied those with the stellar surface area (the same
procedure used in our model). These stellar models are initialized
with a metallicity of 0.02. For comparison, we also plot the FUV
luminosity of ZAMS from our model for the same masses. We also
indicate the ZAMS Kelvin—Helmholtz time-scale of each star.

The FUV luminosity of pre-main sequence stars is initially lower
than the ZAMS value for <1 kyr for a 100 Mg, star to 0.2 Myr for
a7 Mg star (all very close to the ZAMS Kelvin—Helmholtz time-
scale). There is also a period of 10-100 kyr where the luminosity is
up to a factor of ~2 larger than the luminosity at the ZAMS. These
time-scales are a considerable fraction of our run times. The results of
the two versions of MESA for the pre-main sequence are similar for
lower mass, but differ considerably at early times for higher masses.
The main-sequence evolution is nearly identical across stellar
mass.

In our simulations, most massive stars are on the lower end of the
mass range. The radiation field surrounding these stars should then
be built up more gradually, resulting in a more gradual increase
of EPE mass-loss. We argue that the pre-main sequence phase
with negligible luminosity is represented by the sink particle while
it is accreting sufficient mass. However, there is typically a 10—
100 kyr period where the luminosity is within a factor 10 of the
ZAMS luminosity, which is a considerable fraction of our simulation
time.

The number of massive stars in our simulations is ~10, which
would make it feasible to evolve those stars using MESA. Our
simulations only cover a relatively short time-scale, during which
the stars remain on the main sequence. Alternatively, pre-computed
pre-main sequence tracks could be used, such as the MIST tracks
(Choi et al. 2016).
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5.3 Variance of star-forming regions

Our simulations represent star-forming regions that are relatively
massive, like the ONC, as compared to the regions in the Solar
neighbourhood where we are able to properly study protoplanetary
discs. Other regions such as Lupus or Taurus contain fewer stars
and lack OB stars. EPE in these regions may be driven by less
massive stars (which we neglected), or even by massive stars from a
nearby, more massive star-forming region. This is thought to happen
in Lupus, where the disc IM Lup is irradiated by massive stars from
the Galactic field and nearby young associations, and the radiation
field is ~4 Gg (Cleeves et al. 2016). This also implies that for low-
mass star-forming regions, we need EPE rates for radiation fields
<10 Gy, which are currently not available in the FRIED grid.

We are currently unable to properly simulate protoplanetary discs
in low-mass star-forming regions because protostellar outflows are
not implemented in our model, and Matzner & McKee (2000) pointed
out that cloud disruption is dominated by protostellar outflows when
the initial cloud mass is <103 Mg,

5.4 Comparison with earlier simulations
5.4.1 Correlations of disc mass with distance to massive stars

Parker et al. (2021b) investigated the correlation between disc mass
and projected distance to a massive star that can be induced by EPE.
Such a correlation is found in multiple star-forming regions, such
as the ONC (Mann et al. 2014; Eisner et al. 2018) and o Orionis
(Ansdell et al. 2017). van Terwisga, Hacar & van Dishoeck (2019)
found that within the Orion Molecular Cloud, discs in the Trapezium
cluster (which hosts an O-type star) are less massive than those
outside it. Parker et al. (2021b) suggest that such a correlation can
be polluted by projection effects (a star close in projection being
a back- or foreground cluster star) and cluster dynamics (close,
much-evaporated discs moving further away). They find significant
correlations between disc mass and projected distance to the most
massive star in only a minority of their simulations, and conclude
that the observed correlation is likely not caused by EPE.

However, their simulated clusters contain multiple massive stars,
and the most massive star is frequently only slightly more massive
than the second most massive star. In such clusters the radiation
field may not everywhere be dominated by the most massive star.
A population of evaporated discs close to the second most massive
star may remove the correlation of disc mass with distance to the
most massive star. The signature of EPE may then be found in
the correlation between disc mass and the distance to the star that
dominates its local radiation field.

Our models take into account processes that can further complicate
this problem, of which we briefly discuss the impact on the corre-
lation. Ongoing star formation leads to a spread in stellar ages. The
younger population will typically have more massive discs, and may
inhabit a different region of space than the older population. We may
expect that the younger population is closer to the cluster centre. This
is also where the massive stars migrate to due to mass segregation.
This would create a negative correlation between mass and projected
distance, rather than a positive correlation as observed. Extinction, on
the other hand, can be expected to contribute to a positive correlation
by shielding further-away discs.

The disc mass tracer also complicates whether a correlation can
be established. The disc masses used to establish the observed
correlation were based on observations of the dust component.
Although a dust-to-gas ratio of 0.01 is typically used to estimate

Radiation shielding of young discs 5347

the total disc mass, this ratio can be altered by, e.g. pebbles drifting
onto the star, solids being locked in planetesimals and/or planets, and
EPE. For the correlation, this ratio is only important if it is affected
by EPE. Dust EPE only reduces the dust mass in young discs, while
the grains are small enough to be entrained in the wind. The net effect
is a population of discs not affected by EPE, making the correlation
less strong and significant. Finally, Haworth (2021) pointed out that
the radiation responsible for EPE can also heat a disc’s dust, which
leads to an overestimate of the dust mass.? This effect would make a
positive correlation appear less strong.

Finally, we note that ongoing star formation results in differences
in cluster structure and evolution. Of the two cluster models explored
by Parker et al. (2021b), the high-density model has a stellar density
roughly comparable to our simulation. They find no considerable dif-
ferences in the correlations between high- and low-density clusters.

We perform an analysis of the mass—distance correlation for our
data. Following Parker et al. (2021b) we use the Spearman rank
coefficient test to determine the strength and significance of the
correlation between disc mass (both gas and solid) and projected
distance to the most massive star. We also perform the same analysis
with the distance to the nearest massive star. We follow the evolution
of the correlation coefficient and the p-value* through time. For every
moment in time, we perform the analysis 300 times under different
random rotations, in order to reduce biases due to projection effects.

In Fig. 19, we show the evolution of the Spearman’s rank
correlation coefficient of the correlation between disc gas or solid
mass and 2D projected distance to the closest massive star or most
massive star, for our main runs. For reference, we show the formation
times and masses of the massive stars in these runs. We also show,
for a number of star-forming regions, the observed coefficients for
the (p-value <0.01) correlation between solid mass and 2D projected
distance to the most massive star.

For brevity, we refer to the correlation between gas mass and
distance to the closest massive star as c-gCMS, the correlation
between solid mass and distance to the most massive star as c-sMMS,
with c-sCMS and c-gMMS defined analogously.

In general, we find significant positive c-gCMS. Except for run
m2r and run m5r (until the formation of the second massive star,
which is the first in the large subcluster) all runs quickly establish
a significant correlation. This is occasionally broken (run mlr at
2.2 Myr, run m5g at 2.1 Myr), but these moments correspond to the
formation of a massive star. If a massive star forms in a cluster of
stars that has seen little irradiation thus far, it counts as the closest
massive star but has not yet been able to photoevaporate nearby
discs. However, the c-gCMS is then quickly re-established. Between
radiative and geometric runs there are variations in the correlation
coefficient, but there is no clear trend in which of these types of runs
has stronger correlations.

The c-gMMS frequently follows that of the correlation with the
distance to the closest massive star. If only one massive star is present
c-gCMS and c-gMMS are identical by definition, but even after the
formation of a second massive star they are frequently similar. At
some moments c-gCMS and c-gMMS diverge considerably, e.g. in
runs mlr/g at 2.1 Myr and runs m3r/g at 2.0 Myr, where there is
even a significant negative correlation for a time (plus periods of
non-significance). These moments correspond to the formation of

3The observed radiation can be supplied by a smaller amount of higher
temperature, more luminous dust.

40f the null hypothesis that the data are uncorrelated, i.e. the probability that
a random realization has an equal or stronger correlation.
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Figure 19. The time evolution of the Spearman’s rank correlation coefficient of the correlation between disc gas (top panel) and solid (middle panel) mass and
2D projected distance to the closest (solid central line) and most massive (dotted central line) of the massive stars, in the main runs. The bottom panels show the
moments of formation and masses of massive stars. The left column shows the radiative runs, the right column the geometric runs. These results are obtained
from projection after 300 random rotations. Shaded regions denote the 16th and 84th percentiles, the lines the median. The line is a run’s colour if the correlation
is significant (median p-value <0.01), black if not significant. Coloured horizontal lines indicate significant correlation coefficients reported by Parker et al.
(2021b) for the correlation between 2D projected distance to the most massive star and disc dust mass in the ONC, Orion Molecular Cloud, ONC and OMC
combined, and o Ori. The value for NGC 2024 W was obtained by Haworth et al. (2021).

a star more massive than any formed prior. At these moments, the
coefficient of the correlation with distance to the closest massive star
also becomes smaller, though the correlation remains significant.
This implies that EPE is indeed not dominated by the most massive
star everywhere in the cluster, and the non-significant correlations
found by Parker et al. (2021b) — and the accompanying conclusion
that external photoevaporation is not responsible for the observed
correlations — may be due to not accounting for other massive stars.

The c-sCMS and c-sMMS are typically weaker than c-gCMS and
c-gMMS. The correlation is also more frequently not significant.
This is due to the decrease in EPE of dust due to dust growth. An
old disc with a large remaining solid reservoir that comes close to a
massive star loses less dust than gas.

The observed correlation coefficients of the OMC, o Ori, and
NGC 2024 W are in good agreement with the typical coefficients for
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the correlations with gas mass. Those of the ONC and ONC + OMC
are on the high side, with only run m4g briefly reaching a similarly
strong correlation. The coefficients for the correlation with solid mass
are lower than the observed coefficients; only m4r briefly achieves a
correlation comparable to the OMC'’s, but not any other region. While
neither tracer is truly representative of the tracer used in observation,
the observed dust mass should be closer to the solid mass than to a
scaled gas mass.

Interestingly, the observed correlations may even be underesti-
mates, because they do not account for the overestimated mass
of irradiated dust (Haworth et al. 2021), further increasing the
discrepancy with our model. If our model of dust EPE is correct,
there may indeed be an additional process that leads to the observed
correlations. Sellek et al. (2020) introduced a more detailed model
of dust EPE that included drift. They find that generally, dust that is
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large enough to not be entrained is large enough to drift inwards. In
practice, this has a similar effect to our assumption that the gas-to-
dust ratio at the outer disc edge is always | per cent: large dust is not
entrained in either case.

Parker et al. (2021b) suggest dynamic truncations as an alternative,
but this is a process we also take into account. Accounting for dust
drift would make truncations even more ineffective, because the more
compact dust distribution would be more resistant to truncation than
the gas distribution.

5.4.2 Protoplanetary discs in a different star-forming region

Qiao et al. (2022) use a pre-computed model of a star-forming region
to inform the radiation field to which their disc population is exposed.
Their radiative transfer includes extinction by cluster gas. They do
not resolve the dynamics of individual stars (neglecting dynamic
truncations), but group them together in sink particles. Inside these
sink particles the distance between a radiation source and a disc is
assumed to be half a cell size, or 0.09 pc. The initial cloud they
consider is more massive than ours, 10> M, as opposed to 10* M.

The time for discs to be exposed to an unshielded radiation field
is ~0.5 Myr in their simulations. Contrast this with our simulations,
where 0.5 Myr after the formation of the first massive star (and as
late as 0.8 Myr, in runs that reach that far) the radiation field is still
extincted for the majority of discs.

We note that the initial virial ratio of our cloud differs considerably
from that of Qiao et al. (2022)’s. They use a supervirial, marginally
bound cloud («, = 2), while our cloud is strongly bound (¢, =
0.25). Dale, Ercolano & Bonnell (2012), Dale, Ercolano & Bonnell
(2013) discussed how ionizing feedback can clear feedback bubbles
more easily in initially unbound clouds, compared to clouds with
lower virial ratios. Our simulations do not show multiple parsec
scale feedback bubbles, likely due to a combination of lower virial
ratio and a shorter period of feedback [~1 Myr, compared to ~3 Myr
in the work of Dale et al. (2012, 2013)].

Surveys of molecular clouds typically find median virial ratios
greater than unity for clouds with masses ~10* My (Chevance et al.
2022), though with a typical spread of one order of magnitude (Evans
et al. 2021). This argues for shorter shielding times than we find.
Still, this implies that the evolution of protoplanetary disc (and as a
consequence the formation of planets) can depend not only on the
mass of a cloud, but also its dynamical state.

An upper limit on the gas clearing time has been derived by Kim
et al. (2022). By 3 Myr, the emission of molecular gas and young
stars in nearby galaxies have become spatially decoherent on length
scales ~100 pc. This leaves a range of gas clearing times of 0.5—
3 Myr. Whether EPE can impact planet formation in a majority of
discs remains uncertain, depending on how quickly planets form.

5.5 Comparison with observations of NGC 2024

van Terwisga et al. (2020) and Haworth et al. (2021) present
observations of proplyds in NGC 2024 (the Flame Nebula). This
region contains two spatially separated sub-populations of stars.
van Terwisga et al. (2020) find that the more embedded, ~0.2—
0.5 Myr old population has a disc fraction of 45 per cent, and the less
embedded, ~1 Myr old population has a disc fraction of 15 per cent.
Both subpopulations also contain a massive star (an O8V star in the
younger region, and a B0.5V star in the older region). Haworth et al.
(2021) find proplyds in both subpopulations, whose EPE appears to
be dominated by the massive star in their subpopulations, without
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apparent influence of the massive star in the other. This is similar to
the results of O’Dell, Kollatschny & Ferland (2017), who found that
a number of proplyds in the ONC are being photoevaporated by 62
Ori A, the cluster’s second most massive star, rather than 6' Ori C,
as commonly assumed. Both of these findings agree with our earlier
finding that less massive stars may dominate their local EPE.

Haworth et al. (2021) also perform rank correlation tests on the
disc mass (as derived from emission of dust) and projected distance to
the massive stars. When splitting the discs into subsets depending on
the closest massive star, they find a significant correlation for the stars
closer to the older massive star (Spearman 0.39, p-value 2 x 107%;
we include this value in Fig. 19), but not for the stars closer to the
younger massive star. Considering the full population, there are no
significant correlations with the distance to either massive star. This
is in agreement with our suggestion that the effects of EPE on the
distribution of disc masses throughout the cluster can be obscured if
only the distance to the most massive star is considered.

The one significant correlation coefficient is much higher than any
value we find for the correlation with solid mass, although it would
be a reasonable value for correlation with gas mass. Our results show
that a significant correlation with gas mass can be re-established
in «0.1 Myr, much shorter than the age of the young region. In
the correlation with solid mass there are cases were a significant
correlation is re-established in ~0.2 Myr (m3r, mlg, m4g), but the
formation of multiple massive stars in these intervals complicates
this reasoning.

The relatively low disc fraction in NGC 2024 is an interesting
contrast to our results. Our simulations cover a time interval longer
than the age of the younger region, but >99 per cent of stars with an
initial disc retain it. Including stars more massive than 1.9 M lowers
this disc fraction, but only 4 per cent on the Kroupa IMF are more
massive than that. This can’t lower the fraction to the 45 per cent
observed in the younger subpopulation of NGC 2024. This could
point towards our initial discs being too massive, at least on average.
Kuffmeier, Zhao & Caselli (2020) point out that increased cosmic-
ray ionization rates in protostars near high-mass stars can lead to
the formation of smaller discs. However, this does not affect discs
formed before the first massive star.

6 SUMMARY AND CONCLUSION

We have performed simulations that coupled a model of a star-
forming region (including hydrodynamics and stellar dynamics,
evolution, and feedback, with the interactions resolved in the As-
trophysical MUItipurpose Software Environment) with a model of
a population of protoplanetary discs. With this coupled model we
studied the effects that the environment of the star-forming region
has on the protoplanetary discs through external photoevaporation
and dynamic truncation. We focused on the effects of radiation
extinction due to remaining gas of the star-forming cloud which
shielded protoplanetary discs from external photoevaporation. We
ran initially identical simulations with and without extinction:

(1) The evolution of a young star cluster, and its population of
protoplanetary discs, heavily depend on where and when massive
stars form, and how massive they are. This variation is likely larger
than that introduced by differences in the orientation of the cloud’s
initial velocity field.

(i1) Cluster gas left over from star formation shields the majority of
discs for at least 0.5 Myr after the formation of the first stars that drive
both external photoevaporation and feedback. This shielding results
in less external photoevaporation throughout the disc population.
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Even discs that experience strong radiation fields do so for shorter
amounts of time.

(iii) The lower limit of 0.5 Myr for the duration of shielding
contrasts shorter durations found in earlier work. We attribute this
discrepancy to the low virial ratio of our initial cloud, which is at
the lower extreme of observed molecular clouds. This implies that
the importance of external photoevaporation for the evolution of
protoplanetary discs (and the formation of planets) depends on the
dynamical state the discs form in.

(iv) Runs with extinction had more mass-loss through dynamic
truncations than runs without extinction. This reveals a competition
between EPE and dynamic truncation, which both operate at the
outer disc edge. We also find that EPE dominates mass-loss in the
overall disc population, but that in up to 10 per cent of discs dynamic
truncations dominate mass-loss over EPE. Most dynamic truncations
in our simulations are to radii smaller than those observed in star-
forming regions, but our distribution is skewed towards smaller radii
due to EPE shrinking discs throughout the population.

(v) Although there is a trade-off between EPE and dynamic
truncation, the net effect of lowering EPE through shielding is less
mass-loss, and longer disc lifetimes by up to an order of magnitude.
This slightly alleviates the problem of very short disc lifetimes in
earlier simulations of EPE in clusters. We also find that in star-
forming regions with massive stars, discs around higher mass stars
have longer lifetimes than those around lower mass stars. This is in
line with earlier simulations of EPE in young stellar populations, but
disagrees with observations. Notably, this is with the inclusion of
factors that could alleviate this discrepancy (decreasing disc mass-
stellar mass ratio with increasing stellar mass, and IPE mass-loss that
is super-linear in stellar mass).

(vi) The extraction of dust from discs through EPE can reduce
the planet forming potential of discs. For our initial disc masses,
radiation shielding can increase the fraction of low-mass stars that
have the solid mass to form systems of terrestrial planets and gas
giant cores. For Solar-like stars, this effect is not significant.

(vii) We recover consistently significant correlations between disc
gas mass and projected distance to the closest massive star. The
strengths of these correlations are broadly consistent with those of
observed correlations between disc solid mass and projected distance.
Correlations with the disc solid mass from our models are less strong
than observed, and not consistently significant. We may overestimate
the resistance of dust to external photoevaporation, or there may be
a process at work here that we have not accounted for. We also
find that considering only the most massive star in such analyses
can lead to non-significant correlations, and stress that external
photoevaporation can be dominated by different stars in different
parts of a cluster. The signature of EPE on the distribution of disc
masses throughout a cluster must then be sought by considering the
stars that dominate each disc’s EPE.

We have shown that radiation shielding by gas in massive star-
forming regions strongly affects the evolution of protoplanetary discs
within the cluster. It increases disc lifetime by reducing external
photoevaporation, giving more time for planets to form. It also leaves
discs around low-mass stars with more solid mass, allowing for the
formation of more massive planetary systems.

SOFTWARE

Simulations were done using the AMUSE framework (Portegies
Zwart et al. 2009; Pelupessy et al. 2013), using the TORCH model
(Wall et al. 2019, 2020). This model couples PH4 (McMillan et al.
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2012), SEBA (Portegies Zwart & Verbunt 1996; Toonen et al.
2012), and FLASH (Fryxell et al. 2000) (which is in turn coupled
to FERVENT, Baczynski et al. 2015). Additionally, we coupled VADER
(Krumholz & Forbes 2015) to TORCH, and used MESA (Paxton et al.
2011, 2019) for additional analysis. The data analysis for this paper
was done in PYTHON (Van Rossum & Drake 1995), with the NUMPY
(Harris et al. 2020), and scIpy (Virtanen et al. 2020) modules. Plots
were made using the MATPLOTLIB (Hunter 2007) and YT (Turk et al.
2011) modules.
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APPENDIX: FLUX ESTIMATION IN TORCH

The radiative transfer module of TORCH, FERVENT, computes the
FUV radiation field flux in a cell by summing up the energy flow
of all rays intersecting the cell, and dividing that by the face area of
the cell. However, the cross-section (or equivalently, the shadow) of
a cube is not the same at every angle of incidence. Only when the
incidence vector is normal to a cube face is the cross-section equal
to the face area. As we will demonstrate, the cross-section is larger
than a cube face when viewed at a different angle. As a result,
the original method typically underestimates the cross-section, and
then overestimates the radiation field. We introduce an approximate
correction based on the cross-section of a cube rotated around one
axis normal to its faces.

Given a cube viewed along a face-centred axis, the shadow is
simply the area of a face. If the sides have length d, this is:

A=d. (AD

Rotation around another face-centred axis by an angle ¢ shrinks
the effective cross-section of the formerly top face, but exposes
another face (see Fig. Al). The side parallel to the rotation axis will
remain constant, but the projected sides of the two faces will change.
Identifying triangles in Fig. A1, we find the following expression:

A(p)=d-d(sing +cos¢). (A2)

By symmetry, the projected area by rotation about the other axis
(A(0, 9)) has the same form.
Our approximation directly combines these two limiting cases:

A(d),@) =d’ (sing + cos @) (sin@ + cosh). (A3)

Figure Al. A unit cube rotated by an angle ¢. « is an auxiliary angle, and
is /2 — ¢. The cross-section when viewed at an angle ¢ is the sum of two
components, sin ¢ and cos ¢.

MNRAS 520, 5331-5353 (2023)

T2/
/3

Figure A2. Top view of a unit cube, rotated by 7/4 and arctan +/2 around
the axes in the viewing plane. The first rotation extended the cross-section’s
width to ﬁ, and the second rotation left this invariant. Therefore, the long
axis of the top rhombus is still /2. We divide this rthombus in four equal
right triangles, which have one leg equal to +/2/2 and the opposing angle
/3 (from a full 27 divided in six equal parts). The other leg then has

length V22 1/+/6. The triangle’s area is then (ﬁﬂ) (1/«/6) /2=

tan7t/3

1/ (4\/§) The full cross-section consists of 12 such triangles, so the total

area is 12/ <4ﬁ> —3/V3=43.

‘We can estimate the quality of this approximation by investigating
a special case. Rotating one axis by an angle of 7/4, and the
other by an angle of arctan+/2 ~ 0.37, we view the cube along
an axis passing through two extreme corners.® Fig. A2 demon-
strates how we can compute the effective cross-section of this

configuration: A (7’[/ 4, arctan \/i) = +/3d?. In our approximation,
A (7{/4, arctan ﬁ) ~ 1.97d?. The relative error between the true

value and the approximation is A/A — 1 ~ 0.14.

We test our approximation in practice by setting up a simple test
problem in FLASH and comparing both methods. We place a radiation
source with luminosity L in the origin, and set the global radiation
cross-section of the gas to 0. This test was run with a minimum
and maximum refinement level of 2, but the results did not differ
significantly at refinement level 3.

Under the conditions above, the exact radiation flux Fe, in a cell
at distance r from the origin is then simply Fx = 47%. In Fig. A3,
we show the distribution of AF = (F — Fe)/Fex (top panel) and the
radiation fields in individual cells as a function of distance from the
origin (bottom panel) for both methods.

Our correction reduces the radiation field relative bias from ~0.5
to ~-0.1, and decreases the scatter. There is some radial structure
in the deviation from the analytic case, but this appears consistent
between the two implementations.

On the whole, our approximate correction presents an improve-
ment on the original implementation, with a smaller bias and varia-
tion, and does not appear to introduce additional artefacts. However,
it remains an imperfect approximation, and an exact solution for
the cross-section of a cube would reduce the biased radiation field
estimate even further.

8Assuming a spherical coordinate system with 7 = cos¢sinf% +
sin ¢ sin 09 + cos 02, setting ¢ = /4 and = arctan +/2 yields a unit vector
F=@E+9+2/V3
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Figure A3. Top panel: The distribution of normalized differences between
the analytic FUV radiation field and the grid values of a FLASH run with
the original implementation (blue) and our approximate correction (orange).
Solid lines denote the median, dashed lines the 16th and 84th percentiles.
Bottom panel: The FUV radiation field as a function of radius. The analytic
value is shown in black, the values in the FLASH grid cells in blue (original
implementation) and orange (approximate correction).
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