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A B S T R A C T 

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 photoe v aporation 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 photoe v aporation-dri ving 

radiation. We find that the majority of discs in our simulations are considerably shielded from photoe v aporation-dri ving 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 photoe v aporation leaves 
discs larger and more easily dynamically truncated, although external photoe v aporation 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 photoe v aporation) 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. 
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 I N T RO D U C T I O N  

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

A potential driver of this diversity is the environment in which 
 planetary system is born. Star formation typically takes place in 
 clustered environment (Lada & Lada 2003 ), and planets form in
rotoplanetary discs around young stars. Star clusters dissolve into 
he Galactic field on typical time-scales of 100 Myr (Krumholz, 

cKee & Bland-Hawthorn 2019 ), whereas planet formation is 
hought to take place in the first ∼1 Myr (e.g. Kruijer et al. 2014 ;
heehan & Eisner 2018 ; Tychoniec et al. 2020 ), and is at most
onstrained by the disc lifetime which is typically a few to ten
egayears (Mamajek 2009 ; Michel, van der Marel & Matthews 

021 ; Pfalzner, Dehghani & Michel 2022 ). Although these numbers 
re uncertain, this implies that planet formation typically takes place 
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hile the host star is in a region of enhanced stellar density compared
o the Galactic field. 

One of the clearest examples of the environment influencing 
rotoplanetary discs is proplyds. Disco v ered by O’dell, Wen &
u ( 1993 ) and O’dell & Wen ( 1994 ) in the Orion Nebula Cluster

ONC), proplyds are interpreted as protoplanetary discs which 
ose mass in a thermal wind due to irradiation by a nearby star. 1 

his loss of mass from the disc due to external irradiation is
ermed external photoe v aporation (EPE). The modelling of this 
rocess started soon after its disco v ery (Johnstone, Hollenbach &
ally 1998 ; St ̈orzer & Hollenbach 1999 ; Adams et al. 2004 ), but
odelling the wind was challenging due to the complex thermo- 

ynamics (and the chemistry coupled to that) in protoplanetary 
iscs. Clarke ( 2007 ), Mitchell & Stewart ( 2010 ), and Anderson,
dams & Calvet ( 2013 ) coupled calculations of the mass-loss rate

o time-dependent models of a viscous disc. Recently, Haworth 
t al. ( 2018b ) developed the FUV Radiation-Induced Evaporation 
f Discs (FRIED) grid. They computed the mass-loss rate due to
PE for a grid of host star masses, radiation fields, disc radii, and
isc masses. This allowed EPE to be studied for large populations of
iscs. 
 Originally simply a contraction of PROtoPLanetarY disc, this term has since 
ome to specifically refer to rapidly e v aporating protoplanetary discs. 
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A recurring theme in EPE is that it is very efficient in depleting
rotoplanetary discs. Mass-loss rates can be as high as ∼10 −6 M �
r −1 (Henney & Arthur 1998 ; Henney & O’Dell 1999 ; Henney et al.
002 ) in discs that appear to be at least 1 Myr old (Beccari et al. 2017 ).
his would imply initial disc masses much greater than observed

Tychoniec et al. 2018 ), and discs that are potentially gravitationally
nstable (Haworth et al. 2020 ). Simulations (e.g. Concha-Ram ́ırez
t al. 2021 ) find similarly short disc lifetimes. Attempts to reconcile
he observed high mass-loss rates at comparatively late age typically
nvolve migration of discs into regions of high radiation fields and
ate formation of either discs or the massive star driving EPE (e.g.

inter et al. 2019 ). 
EPE can impact planet formation by shaping the protoplanetary

isc. It can halt gas accretion and the migration of giant planets when
t truncates the disc to where the planet forms (Winter et al. 2022 ),
nd it can also reduce the pebble flux in the disc inwards of the outer
dge (Sellek, Booth & Clarke 2020 ). 

Another environmental influence is the disruption of a disc during a
lose encounter with another star. Such encounters typically result in
he truncation of the disc beyond a certain radius (Breslau et al. 2014 ),
ut can also impact the inner disc by inducing spiral arms (Pfalzner
003 ) and accretion bursts (Pf alzner, Tack enberg & Steinhausen
008 ). In the following text, we will refer to this process as dynamic
runcation. A number of suspected ongoing and recently occurred
ynamic truncation events have been observed (Cabrit et al. 2006 ;
 urto vic et al. 2018 ; Zapata et al. 2020 ; Dong et al. 2022 ; Huang

t al. 2022 ). 
Multiple studies have modelled these processes in star clusters,

sing the cluster’s structure and dynamics to inform models of
PE and/or dynamic truncation. These works used either one or
oth of the processes, and various models for the star cluster.
ome studies started from spherically symmetric stellar distributions,
ith e.g. Rosotti et al. ( 2014 ), Vincke, Breslau & Pfalzner ( 2015 ),
inck e & Pf alzner ( 2016 ), Vinck e & Pf alzner ( 2018 ), and Concha-
am ́ırez, Vaher & Portegies Zwart ( 2019a ) investigating dynamic

runcations, Winter et al. ( 2019 ) investigating EPE, and Concha-
am ́ırez et al. ( 2019b ), Concha-Ram ́ırez et al. ( 2021 ) investigating
oth. Other works reproduce the substructure of young stellar clusters
ith a fractal distribution, such as Portegies Zwart ( 2016 ) in their
ynamic truncation simulations and Nicholson et al. ( 2019 ), Parker,
icholson & Alcock ( 2021a ), Parker et al. ( 2021b ) in their EPE

imulations. Recently, Concha-Ram ́ırez, Wilhelm & Zwart ( 2022 )
nd Qiao et al. ( 2022 ) used models that included the formation of
 star cluster from a collapsing molecular cloud. Concha-Ram ́ırez
t al. ( 2022 ) included both EPE and dynamic truncation, but not
tellar feedback on cluster gas, or radiative transfer. This required star
ormation to be halted manually, and prohibited them from taking
nto account extinction due to cluster gas. Still, the extended period
f star formation resulted in discs being present that were young
nd massive compared to the average within the cluster. Qiao et al.
 2022 ) included feedback from massive stars, but did not resolve
ndividual stars. Instead, they grouped them in sink particles 0.45 pc
n radius, and assumed a mean distance of half a cell size, 0.09 pc,
etween stars in a sink. This subgrid approach prohibited them from
ncluding dynamic truncation and gas and stellar dynamics near the
tars that drive EPE. They found that gas within the cluster shields
rotoplanetary discs for ∼0.5 Myr after the start of star formation. 
In this work we aim at modelling the formation and dynamics

f individual stars, the evolution of their protoplanetary discs, and
eedback effects of the stars on the gas. To this end, we couple
he protoplanetary disc population model developed by Concha-
am ́ırez et al. ( 2022 ) and Wilhelm & Portegies Zwart ( 2022 ) to
NRAS 520, 5331–5353 (2023) 
he TORCH model for the formation of star clusters in collapsing
olecular clouds (Wall et al. 2019 , 2020 ). 
We run a series of simulations with and without radiation shielding

ue to the cluster gas. These runs allows us to characterize the impor-
ance of radiation shielding on the early evolution of protoplanetary
iscs. We investigate the relative importance of EPE and dynamic
runcation, the lifetimes of protoplanetary discs, and the external
hotoe v aporation of dust and its consequences for planet formation.

 M E T H O D S  

.1 Star formation model 

e use the TORCH model (Wall et al. 2019 , 2020 ), which combines
ultiple codes using the AMUSE framework (Portegies Zwart et al.

009 ; Pelupessy et al. 2013 ), to model the environment in which
ur population of protoplanetary discs forms and evolves. We briefly
ummarize the model here, and discuss changes made to enable this
ork. 
TORCH models the collapse of a giant molecular cloud under

elf-gravity, the formation of stars, and feedback on the cloud from
tellar winds, extreme ultraviolet (EUV, E γ = 13.6 + eV) and far
ltraviolet (FUV, E γ = 5.6–13.6 eV) radiation, and supernovae. It
odels magnetohydrodynamics (MHD) using the FLASH adaptive
esh (AMR) model (Fryxell et al. 2000 ), which is internally coupled

o the radiative transfer code FERVENT (Baczynski, Glover & Klessen
015 ). Stellar dynamics are modelled with the PH4 fourth-order
ermite N -body code (McMillan et al. 2012 ), and stellar evolution
ith the SEBA parametrized stellar evolution code (Portegies Zwart &
erbunt 1996 ; Toonen, Nelemans & Portegies Zwart 2012 ). The stars
nd gas are dynamically coupled using a variation of the BRIDGE
ethod (Fujii et al. 2007 ; Portegies Zwart et al. 2020 ) adapted to

rid-based hydrodynamics. 
TORCH uses the sink particle method to form stars. When the

as density in a maximally refined grid cell satisfies a number of
onditions (those of Federrath et al. 2010 , e.g. a density exceeding
he Jeans density, and being in a converging flow), a sink particle is
laced in that cell. This sink particle will then accrete all mass in
xcess of the Jeans density within its radius (which is 2.5 minimum
ell sizes). This Jeans density is 1.53 × 10 −20 g cm 

−3 for our medium-
esolution runs, assuming a sound speed of 1.9 × 10 4 cm s −1 , and
cales with the squared inverse of the minimum cell size. 

Sink particles in TORCH represent regions of dense gas where
ultiple stars can form. Upon the formation of a sink, a queue of

tellar masses is generated from the Kroupa initial mass function
IMF; Kroupa 2001 ). At every time step, we check if the sink is
ore massive than the first stellar mass in the queue. If it is, a star

f that mass is spawned, and the mass is removed from the queue
nd the sink’s mass reservoir. This is repeated until the sink is less
assive than the next queued mass. The stars are spawned at the

ink’s position and with the sink’s velocity, both with a random offset.
he position offset vector has an isotropically distributed orientation,
nd its magnitude is uniformly distributed between 0 and the sink
adius. The velocity offset is drawn from a normal distribution in
ach direction, with a mean of 0 and a standard deviation of the
ound speed of the surrounding gas. 

In this work, stars with masses < 1.9 M � form with a protoplane-
ary disc of a mass ∼10 per cent of its host star (see Section 3.1.2 ).
n order to conserve mass in this step, the star formation algorithm
as been adapted such that a star with a disc is only formed once the
ink has accreted enough mass to form both the star and the disc.
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he disc mass is subtracted from the sink mass along with the star’s
ass. 
For the purposes of gravitational dynamics, we add the disc mass,

nd any mass accreted from a disc on to its star in the disc model,
o the stellar mass. Disc material lost through EPE and dynamic 
runcation is remo v ed entirely from the simulation space. We neglect
idal effects of the extended nature of the disc on the gravitational
ynamics. 
In our simulations only stars more massive than 7 M � e x ert

eedback, through EUV and FUV radiation, stellar winds, and 
otentially superno vae. The y are then also the only driv ers of EPE.
e will refer to these stars as massive stars. 

.2 Protoplanetary disc model 

e model the population of protoplanetary discs using the model 
f Concha-Ram ́ırez et al. ( 2022 ) and Wilhelm & Portegies Zwart
 2022 ). This model is based on VADER (Krumholz & Forbes 2015 ),
hich numerically integrates the α-disc model (Shakura & Sunyaev 
973 ; Lynden-Bell & Pringle 1974 ). We briefly summarize the 
rocesses modelled and refer the reader to the aforementioned work 
or more detail. 

Our model includes four mechanisms through which discs can 
ose mass. The first is EPE. For this process, we derive mass-loss
ates from interpolation on the FRIED grid (Haworth et al. 2018b ),
nd remo v e mass from the outer disc edge inwards. The second is
ynamic truncation, which we discuss further in Section 2.3.2 . The 
hird is accretion on to the host star. The accretion rate is based on
bservations of discs in a young star-forming region (Alcal ́a et al.
014 ), with a decrease in time as described by Wilhelm & Portegies
wart ( 2022 ). The fourth is internal photoe v aporation (IPE), where

adiation from the host star drives a mass flow from the inner disc. We
ase mass-loss rates and profiles on Picogna et al. ( 2019 ), with host
tar mass scalings by Owen, Clarke & Ercolano ( 2012 ), and stellar
-ray luminosities by Flaccomio, Micela & Sciortino ( 2012 ). The X-

ay luminosity also decreases with time, as described in Wilhelm & 

ortegies Zwart ( 2022 ). 
We also model the EPE of dust as in Haworth et al. ( 2018a ).

ust grains up to a certain size can be entrained in the EPE
ind. Within about 1 Myr (Birnstiel, Klahr & Ercolano 2012 ), 

mall grains coagulate into larger particles and the dust reservoir 
ecomes more resistant to entrainment. The model represents the 
isc’s dust reservoir as a scalar value, initially 1 per cent of the gas
ass. It loses mass proportionally to the gas EPE loss, but with

n exponentially decaying factor that represents the dust growing 
esistant to EPE. This model does not resolve the dynamics of dust
ithin the disc such as inward pebble drift. It also does not model

he coagulation of dust into planetesimals or planets. This mass 
hus represents an upper limit on the amount of solids available for
lanet formation. Also because of this we refer to this quantity as
he disc’s ‘solid mass’, though we still refer to its depletion as ‘dust
PE’. 
We use a turbulent viscosity parameter of αT = 10 −3 throughout 

his work. The grid of the disc model consists of 330 cells spaced
ogarithmically between 0.01 and 3000 au. 

.3 Model coupling 

.3.1 Radiation field 

e aim to investigate the effects of extinction from cluster gas on
he efficiency of EPE. FLASH performs radiative transfer of FUV and 
UV radiation, including extinction. To obtain the FUV flux to which
 disc is exposed we can sample the radiation field in the grid cell the
isc is located in. We refer to this method as the radiative method
i.e. derived from radiative transfer). Alternatively, we can obtain 
he radiation field without extinction from the positions and FUV 

uminosities of the stars using the r −2 scaling of the radiation flux.
e refer to this method as the geometric method (i.e. derived from

eometric consideration). We could set the ef fecti ve cross-section of
UV radiation in FLASH to 0 to obtain the limit without extinction,
ut this would also eliminate the feedback effect of FUV radiation
n the gas. 
We use the FUV luminosity function of TORCH , which has zero

uminosity for non-massive stars to reduce computational cost. 
ompared to Concha-Ram ́ırez et al. ( 2022 ), whose disc model we
uild on, we do not include FUV radiation of stars between 1.9 and
 M �. More massive stars will eventually dominate the radiation
eld, but before their formation we likely underestimate the FUV 

adiation field. 
We made an impro v ement to the FUV flux estimation in TORCH . In

he original implementation, the energy flow into a cell by a number
f rays was converted into a flux by division with the area of a
ubic cell face. This leads to an underestimate of the area exposed
o radiation for off-axis rays, and a subsequent o v erestimate of the
ux. We implemented an impro v ed approximation of this area that
educed the relative bias in the flux estimate from + 0.5 to −0.1. This
s detailed in the Appendix. 

.3.2 Dynamic truncation 

ynamic truncations are implemented using an event-based ap- 
roach. The stellar dynamics code is interrupted when two stars 
ome closer than 0.02 pc. Their closest approach r enc is estimated
y computing the periastron distance of their two-body Kepler orbit. 
he radius to which each disc involved in the encounter is truncated,
 t , is computed as in Concha-Ram ́ırez et al. ( 2022 ) (based on Breslau
t al. 2014 ): 

 t = 

r enc 

3 

(
m 1 

m 2 

)0 . 32 

, (1) 

here m 1 is the mass of the disc’s host star and m 2 is the mass of the
ther star. We then remo v e all disc material beyond that radius. We
lso set the collision radius of both stars to 0.49 r enc for the rest of the
oupling time-step to prevent the same encounter from being picked 
p multiple times. We also remo v e 1 per cent of the truncated mass
rom the solid reservoir. 

 SI MULATI ONS  

.1 Initial conditions 

.1.1 Star-forming region 

he initial conditions of the simulation consist of a spherical cloud
f gas embedded in a uniform medium. The cloud has a total
ass of 10 4 M � and a radius of 7 pc, with a Gaussian density

rofile, and a uniform temperature of 30 K. It has a turbulent
elocity field following a Kolmogorov spectrum, and a virial ratio 
v = 

2 E kin 
E pot 

= 0 . 25. The ambient medium has a hydrogen number

ensity of 1.25 cm 

−3 and a temperature of 8000 K. There is a uniform
agnetic field along the z-axis with a magnitude of 3 μG. 
MNRAS 520, 5331–5353 (2023) 
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.1.2 Protoplanetary discs 

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

 ( r, t = 0 ) = 

M d,0 

2 πR d,0 

(
1 − e −1 

) exp 
(−r/ R d,0 

)
r 

, (2) 

nside of R d, 0 , and 10 −12 g cm 

−2 outside (required by VADER , but
egligible compared to the disc). M d, 0 and R d, 0 are the initial disc
ass and radius, respectively. The initial pressure profile is derived

ssuming the ideal gas law, with a mean molecular weight of 2.33
ydrogen nuclei, and the temperature profile: 

 ( r ) = 100 K 

(
M ∗
M �

)1 / 4 ( r 

au 

)−1 / 2 
, (3) 

here M ∗ is the mass of the host star. 
The initial disc mass M d,0 and radius R d,0 are re-scaled from Wil-

elm & Portegies Zwart ( 2022 ). Their initial conditions represent the
ost massive protoplanetary discs that are stable against gravitational

nstability and are still similar in structure to observed discs. We scale
hese initial conditions to obtain a disc mass of 0.1 M � at a stellar

ass of 1 M �, as in e.g. Concha-Ram ́ırez et al. ( 2022 ) and Qiao
t al. ( 2022 ), while still following the observational relation they
ere based on. The initial disc masses and radii as a function of

tellar mass are then 

 d,0 = 0 . 1 M �

(
M ∗
M �

)0 . 73 

, (4) 

 d,0 = 117 au 

(
M ∗
M �

)0 . 45 

. (5) 

Note that our initial disc radii are larger than those in Concha-
am ́ırez et al. ( 2021 ), who use a similar power law index but a

eference radius of 30 au. 
The ratio of disc mass to stellar mass decreases with stellar mass.

n Concha-Ram ́ırez et al. ( 2021 ), it was found that disc lifetime
ncreased with host star mass, while observations appear to indicate
he opposite trend (Carpenter et al. 2006 ; Dahm & Hillenbrand
007 ; Ribas, Bouy & Mer ́ın 2015 ). Wilhelm & Portegies Zwart
 2022 ) showed that a decreasing disc mass ratio combined with more
fficient IPE and accretion at higher stellar mass could reproduce
his trend in low radiation en vironments. However , the regions
nvestigated by Carpenter et al. ( 2006 ) and Dahm & Hillenbrand
 2007 ) both contain O and/or B type stars. In Section 4.5 , we
nvestigate whether this trend is reproduced in our simulations of
egions with massive stars and high radiation fields. 

.2 Ov er view of runs 

n order to control run-to-run variations we use the same hydrody-
amical initial realization but vary the realization of the IMF that
he sink particles use. As a result, star formation will start at an
dentical time and position in each run. The formation of different

ass stars will lead to small differences in the evolution of the
as. The formation of high-mass stars at different times (and of
ifferent masses) will lead to larger differences due to feedback.
hese differences can be large enough to lead to differences in the
tar formation process (Lewis et al. 2022 ). 

For a number of realizations of the IMF, we run one radiative
imulation and one geometric simulation. These will diverge from
ne another after the first high-mass star forms. The difference in
UV radiation field leads to different EPE rates. Because the disc
ass is included in the gravitational mass, this leads to differences
NRAS 520, 5331–5353 (2023) 
n stellar dynamics, which grows exponentially due to the chaotic
ature of gravitational dynamics. Due to the gravitational coupling
etween the stars and the gas these perturbations then propagate
o the gas dynamics. If this impacts the formation of massive stars
even if just delaying or speeding up their formation) the two systems
ill di verge e ven more rapidly. It is unclear a priori whether these
erturbations are large enough to influence star formation in such a
ay, but our results show that they are (see Fig. 2 ). 
All our runs use a minimum FLASH refinement level l max of

. We run five pairs of simulations with identical IMF realization
t maximum refinement level 5 (medium resolution; runs m1r-m5r
ith the radiative method of computing discs’ FUV radiation field,

nd m1g–m5g with the geometric method, together called the main
uns; runs with the same IMF realization but different radiation field
ethod are called paired runs). This refinement level corresponds to
 minimum cell size of 0.068 pc. In addition we run two simulations
t maximum refinement levels 4 and 6 to investigate resolution effects
runs l3r and h3r, respectively), using the same IMF realization as
n two of the paired runs (m3r/m3g), and one run that starts from
ifferent hydrodynamical initial conditions (m6r; this run serves to
ompare cloud-to-cloud variations with those following from IMF
ampling). These latter three runs use the radiative method, and we
all these the extra runs. 

An o v ervie w of all runs is gi ven in Table 1 . 

 RESULTS  

ll figures in this section use the colours in Table 1 to indicate
pecific runs. For runs m1r/g to m5r/g, which share colours, we
ndicate which data are from the radiative and geometric runs. 

.1 Star formation o v er view 

n Fig. 1 , we show a number of maps of our simulation. In the
ain runs, star formation has started in four dense regions, with the
ajority forming in the biggest o v erdensity on the right side of the
 axis projected maps. Three more subclusters form in an arc to the
eft (with one subcluster forming between 2.15 and 2.25 Myr). Some
uns show signs of feedback bubbles being blown by massive stars,
.g. runs m5r/g in the main o v erdensity and in the bottom subcluster.
n run m6r, there is also a subcluster containing the majority of stars
nd multiple smaller subclusters. 

In Fig. 2 , we show an o v erview of the star formation history of
ur simulations. As discussed in Section 3.2 , the difference in EPE
ate between the radiative and geometric runs has led to diverging
tar formation histories. For each pair of runs, the first massive star
o form is the same star (with the same mass, at the same time),
nd some later massive stars also form at the same time (e.g. the
wo born in runs m4r and m4g up to 0.1 Myr after the first star
ormed). Ho we ver, in other runs entirely different massive stars form
e.g. the two � 10 M � stars at 2 Myr in run m3r, which did not
orm in m3g). There are also large differences in the star formation
istory between runs l3r , m3r , and h3r , which use the same IMF seed
nd cloud initial conditions but different resolution. In general, star
ormation starts earlier at lower resolution. The massive stars that
orm are also entirely different. This makes it so that these runs are
ot a straight-forward test of numerical convergence. 
In Fig. 3 , we show the time evolution of the virial ratio of the stellar

opulation of all runs. Each cluster typically starts subvirial when
he potential of both stars and gas is counted, but globally unbound
f only the stellar potential is considered. Both virial ratios evolve
o ward a v alue 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 l max ; the method for computing the FUV radiation field protoplanetary discs are exposed to; t ∗, the time 
at which the first star forms; t ∗,> 7 M � , the time at which the first star more massive than 7 M � formed; M ∗,> 7 M � , the mass of the first star more massive 
than 7 M � to form; t end , 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 l max FUV field method t ∗ (Myr) t ∗,> 7 M � (Myr) M ∗,> 7 M � (M �) t end (Myr) Stars Discs Disp. discs Trunc.’s 

m1r 5 Radiative 1.520 1.788 8.14 2.480 1800 1717 7 796 

m2r 5 Radiative 1.520 1.995 7.90 2.130 499 482 0 563 

m3r 5 Radiative 1.520 1.850 11.3 2.300 940 893 0 153 

m4r 5 Radiative 1.520 1.830 16.8 2.390 1973 1888 4 120 

m5r 5 Radiative 1.520 1.796 20.6 2.110 340 326 0 106 

m1g 5 Geometric 1.520 1.788 8.14 2.480 2590 2480 19 75 

m2g 5 Geometric 1.520 1.997 7.90 2.160 531 511 0 392 

m3g 5 Geometric 1.520 1.850 11.3 2.300 897 854 2 164 

m4g 5 Geometric 1.520 1.830 16.8 2.380 1764 1706 14 71 

m5g 5 Geometric 1.520 1.796 20.6 2.150 537 516 0 70 

m6r 5 Radiative 1.380 1.708 19.2 2.290 1693 1636 13 557 

l3r 4 Radiative 1.452 1.705 16.8 2.530 2705 2591 7 172 

h3r 6 Radiative 1.631 1.893 11.8 2.080 1166 1127 2 584 
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f the residual gas were to be remo v ed instantaneously. This trend
s mostly due to the stellar potential becoming more prominent; the 
tellar kinetic energy and the gas potential remain of comparable 
agnitude. 
In Fig. 4 , we show the distribution of all stars’ local stellar density.

ach panel shows the distribution at a different moment in time. An
ndividual star’s local stellar density is calculated using the unbiased 
ensity estimator of Casertano & Hut ( 1985 ), using the distance to
he sixth nearest neighbour. The distrib ution ev olves to slightly larger
alues through time; the median density increases from ∼10 3 pc −3 

o ∼10 4 pc −3 , and the maximum density increases from ∼10 5 to
10 6 pc −3 . Assuming a mean stellar mass of 0.35 M �, the typical

ynamical time-scale is � 1 Myr. There is no clear trend in the stellar
ensity distribution between radiative and geometric runs. 

.2 Disc evolution overview 

n Fig. 5 , we show the evolution of the total mass-loss from discs
hrough different mass-loss processes, integrated over all discs for 
ach run. The top panel shows this for the main radiative runs, the
iddle panel for the main geometric runs, and the bottom panel for

he extra runs. Initially, most mass is lost through internal processes
i.e. IPE and accretion). At this moment, no massiv e stars hav e
ormed and each disc only experiences a negligible non-zero EPE 

ass-loss rate. The first dynamic truncation events are visible as 
nstantaneous increases in mass-loss through truncation. 

In each run, at the same moment the first massive star forms,
he mass-loss through EPE sharply increases. The mass-loss then 
ettles into a more shallow increase. This is due to the shrinking of
iscs; when the EPE rate is low, discs are able to expand viscously,
nd the outer edges of these large discs are weakly bound. When a
assive star forms and the radiation field increases, this far-out mass

s quickly stripped away. As the disc radius decreases, the mass-loss
ate also decreases. 

At late times, EPE is the dominant mass-loss process in all runs. In
he radiative runs, mass-loss through truncation is either comparable 
o or larger than the combined internal processes (except in run l3r).
n the geometric runs mass-loss through truncation can also be lower
han through internal processes. 

.3 Effects of extinction due to cluster gas 

n Fig. 6 , we show the distribution of FUV radiation fields to which
he population of discs is exposed. Each panel shows the distribution
t a different moment in time. The range of radiation fields extends
eyond 10 4 G 0 , which is the largest value on the FRIED grid. If a
isc is exposed to a radiation field larger than 10 4 G 0 , interpolation
s not possible, and we instead conserv ati vely use the EPE rate of
he closest (in logarithmic space) grid point. This makes 10 4 G 0 the
f fecti ve maximum radiation field. 

The tail of the distribution at strong radiation ( � 10 4 G 0 ) fields
s similar for radiative and geometric runs. At 1.9 Myr, when all
uns have the same population of massive stars, this holds for
ndividual paired runs. At 2.1 Myr, when the paired runs have
ifferent populations of massive stars, the distributions integrated 
 v er all runs are still similar. At 2.3 Myr, the distributions have
iverged more, but so have the star formation history. High radiation
elds are found near massive stars, where the extinction can be

ow due to short path lengths or clearing of nearby cluster gas. The
bsence of radiation fields > 10 4 G 0 on the FRIED grid thus has
omparable impact on radiative and geometric runs. 

At lower radiation fields, the distributions dif fer. In radiati ve runs,
ore discs experience radiation fields in the range of 1 −10 4 G 0 than

n geometric runs. We conclude that extinction due to cluster gas
ostly shields discs in moderate to high radiation fields, while there

emains a minority of discs exposed to very high radiation fields.
till, as late as ∼0.5 Myr after the formation of the first massive star,
bout half the discs in radiative runs are exposed to radiation fields
elow the mean interstellar level. 
In Fig. 7 , we show for all runs the distribution of the median and
aximum radiation fields to which discs have been exposed. This 

emonstrates the variability of the radiation field. On the diagonal, a
isc has been exposed to a constant radiation field. 
MNRAS 520, 5331–5353 (2023) 
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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 m6r, 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 m6r, l for l3r, and h for h3r) show the mass and formation time of 
massive stars. 
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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). 
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In general, discs in radiative runs have larger variations in radiation 
eld when compared to geometric runs. While the maximum flux is
imilar in radiative and geometric runs, the median fluxes are much 
ower in the radiative runs. In radiative runs, the majority of discs
ave ratios of maximum to median flux > 100. In geometric runs, the
ajority has a ratio < 100. The trend can be understood by cluster

as creating very large spatial gradients in the radiation field. In
he radiative runs, a disc can mo v e across a ridge of gas, quickly
oing from low to high radiation field or the other way around. In
he geometric runs, the radiation field varies at most with the inverse
quare law. 
In Fig. 8 , we show the fraction of discs in our radiative runs
including l3r , h3r , and m6r) that are ef fecti vely unshielded. We
efine this by first computing the ratio of the (extincted) radi-
tion field to the geometric radiation field, and selecting those 
ith a ratio > e −1 (i.e. an optical depth of at most unity if

here were only a single radiation source). This fraction repre- 
ents the degree of global gas clearing. The unshielded fraction 
s not a monotonically increasing quantity on the time-scale of 
ur runs, and does not becomes greater than 60 per cent as
ate as ∼0.5 Myr after the formation of the first massive star.
he results for run m6r do not differ notably from the other

uns. 
MNRAS 520, 5331–5353 (2023) 
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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. 
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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. 
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In Fig. 9 , we show the distribution of disc mass-loss through EPE,

ormalized to the initial disc mass. Each panel shows the distribution
t a different moment in time. 

Between runs with the same IMF seed and different radiation
eld methods, discs in the geometric runs have lost more mass

hrough EPE than in the radiative runs. The exception to this is
uns m5r and m5g, both at 1.9 and 2.1 Myr. At 1.9 Myr, the radiative
nd geometric distributions are similar at mass-losses > 0.4, but the
adiative distribution is slightly above the geometric one. This implies
hat the same stars are subject to EPE, but the total number of stars
iffers. The first massive star in these runs forms in a small subcluster,
nd the large subcluster is initially fully shielded. At 2.1 Myr, the
adiative distribution is above the geometric one for most mass-
NRAS 520, 5331–5353 (2023) 
osses. This is due to the formation of a ∼50 M � star at 2 Myr in the
adiative run that is absent in the geometric run. Compared to other
adiative runs, m5r is not an outlier at 2.1 Myr. 

At 2.3 Myr, ∼0.5 Myr after the formation of the first massive
tar, almost all discs in the geometric runs have lost more than half
heir mass through EPE, compared to about half in the radiative runs.
he tails at high mass-losses also differ considerably. 10–30 per cent
f discs in geometric runs lose > 90 per cent of their mass through
PE, compared to about 3 per cent of discs in radiative runs. Contrast

his with the similarity of the tail at high radiation fields. This can
e explained through the radiation field variability demonstrated in
ig. 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. 
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Figure 7. The median and maximum FUV 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 G 0 and linear below that. 
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o all of the time, both in radiative and geometric runs. The lower
edian radiation field in radiative runs appears to lead to a lower
ass-loss integrated over time. 

.4 Dynamic truncations 

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

Until the formation of the first massive star (due to the different
reatments of EPE) the radiative and geometric runs evolve identi- 
ally (up to numerical round-off errors). At 1.9 Myr, the runs start to
iverge, and the stellar orbits are still almost identical, resulting in 
dentical truncation events. This leads to similar truncation mass-loss 
istributions. 
As the models evolve further and the paired runs di verge, dif ferent

runcations happen, and the mass-loss distributions diverge. In 
eneral, discs in radiative runs lose more mass through truncation 
han discs in geometric runs, especially when comparing paired runs. 
his is a direct consequence of EPE. Both truncation and EPE act
n the outer disc. A disc that has lost material through EPE will be
maller, and can lose less mass through truncation. In an extreme
ase a certain encounter may not truncate a small, photoe v aporated
MNRAS 520, 5331–5353 (2023) 
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Figure 8. The fraction of discs in our radiative runs that are unshielded in 
the FUV, meaning that the radiation the y receiv ed has been extincted by a net 
optical depth of unity or less. 
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Figure 9. The fraction of discs that have lost mass (normalized to their initial 
disc mass) due to EPE 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. 
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isc, while it may have truncated a larger disc. The opposite case can
lso happen, where a dynamically truncated disc has a lower EPE
ate due to the remaining material being deeper in the host star’s
otential well. This further reduces EPE in radiative runs, in addition
o lower radiation fields, but not to a point where dynamic truncation
lobally dominates o v er EPE in terms of mass-loss. 
As also seen in Fig. 5 , EPE mass-loss dominates truncation mass-

oss, both in the radiative and geometric runs. However, a small
raction of discs lose a large amount of mass though truncation. At
.3 Myr, about 0.8 Myr after the first star forms, about 3 per cent of
iscs in radiative runs and 1 per cent of discs in geometric runs lose
ore than half their initial mass through dynamic truncations. The

raction of discs that lose a non-negligible amount of mass through
runcations is about 10 per cent in radiative runs and 6 per cent in
eometric runs. A very small fraction of discs, < 1 per cent, 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

hrough truncations to that lost through EPE. Each panel shows the
istribution at a different moment in time. 
While most discs lose more mass through EPE than through

runcations, a considerable fraction of discs ( ∼1–10 per cent) are
ominated by truncation mass-loss. This fraction is greater for the
adiative runs. This shows that EPE may be the dominant mass-
oss process globally, but truncation can be the dominant mass-loss
rocess for a minority of discs. 
In Fig. 12 , we show the distribution of disc radii after truncation in

ll simulations. This distribution is related to the distribution of close
ncounters between stars, but adjusted by stellar masses (equation 1 )
nd the disc radius distribution. A given close encounter only results
n a truncation if a disc is larger than the truncation radius, so the
runcation radius distribution of a population of smaller discs will be
kewed to smaller radii. 

We also show the approximate region of the Kuiper cliff at 40–
0 au (Allen et al. 2001 ; Portegies Zwart et al. 2018 ). The Kuiper
liff is within the distribution of truncation radii, but well abo v e the
edian, which is at 10–30 au. Allen et al. ( 2001 ) already suggested

hat a truncation or excitation event might have been the origin of the
uiper cliff, and our simulations imply that such truncation events

an reasonably happen in high-density star-forming regions. 
We also show the radii (measured in CO emission) of a number

f discs observed to have been in dynamic encounters: AS 205 N
NRAS 520, 5331–5353 (2023) 
nd S (80 and 45 au, Salyk et al. 2014 ); RW Aurigae A and B (58
nd 38 au, Rodriguez et al. 2018 ); UX Tau A and C (250 and < 56
u, Zapata et al. 2020 ); and DO Tau (250 au, Huang et al. 2022 ).
e disregard the discs of HV Tau and Z CMA AB because they are

ircumbinary discs, which we do not model. For Z CMA C, no CO
adius was given. 

All observed post-truncation radii fall above the median post-
runcation radii in most of our simulations. Except for DO Tau and
X Tau A, all fall within the 90th percentile of the majority of

imulations. 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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Figure 10. The fraction of discs that have lost mass (normalized to their 
initial disc mass) due to dynamic truncation greater than some value, at three 
moments in time, for the main radiative and geometric runs. Black lines are 
aggre gated o v er all simulations that hav e data at that moment. 
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Figure 11. The fraction of discs for which the ratio of mass-loss due to 
truncation to mass-loss through EPE is greater than some value, at three 
moments in time, for the main radiative and geometric runs. Black lines are 
aggre gated o v er all simulations that have data at that moment. The black 
vertical line indicates a ratio of one. 
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ote that the observed discs are all in low-mass star-forming regions 
acking OB stars. 

.5 Disc lifetime 

ur simulations co v er such a short period of time that there are few
ully dispersed discs (at most ∼1 per cent, Table 1 , second to last
olumn; a disc is considered dispersed when its gas mass is less than
 × 10 −5 M �), so we are unable to estimate the disc lifetime via
he decrease of the fraction of stars with discs. In addition, the still
ngoing formation of stars with discs complicates such an analysis. 
herefore, we investigate the time it has taken discs to lose a certain
raction of mass. 

In Fig. 13 , we show the distributions of the half-mass times of
he discs in all simulation runs. If a disc has lost less than half its

ass by the end of the simulation, we take its half-mass time to be
nfinity. Horizontal dashes indicate (from bottom to top) the 0th, 16th, 
0th, 84th, and 100th percentiles. The upward triangles indicate the 
aximum age of discs in each simulation, which is the upper limit

f half-mass times during the simulation time. We consider the half-
ass time of discs that retain more than half their mass to be infinite,

lthough after further evolution they could be any value. 
MNRAS 520, 5331–5353 (2023) 
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Figure 12. The fraction of truncation events that truncate a disc to a radius 
greater than some value. Black lines are aggregated over simulations m1r/g- 
m5r/g. The grey-shaded region indicates the approximate location of the 
Kuiper cliff (Allen, Bernstein & Malhotra 2001 ; Portegies Zwart et al. 2018 ). 
Coloured lines indicate the CO emission radii of AS 205 N and S (Salyk 
et al. 2014 ), RW Aurigae A and B (Rodriguez et al. 2018 ), UX Tau A and C 

(Zapata et al. 2020 ), and DO Tau (Huang et al. 2022 ). 
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For most sets of paired runs, the half-mass times of the geometric
uns are shorter than those of the radiative runs. The exception is
uns m5r and m5g, which can be attributed to the formation of the
50 M � in m5r. Aggregated over all main radiative and geometric

uns, the median half-mass time of the geometric runs is smaller than
he radiative runs’ 16th percentile. Even though dynamic truncation
s more efficient in the radiative runs than the geometric runs, the
et effect of shielding in those runs is slower mass-loss per disc.
he half-mass time distribution of run m6r (which had a different

ealization of the cloud’s initial velocity field) is similar to most of
he main radiative runs except m2r, implying that the realization of
he IMF is more important than the realization of the (velocity field
f the) cloud. 
The half-mass times are difficult to compare to observed disc

ifetimes. IPE and accretion rates decrease with time in our model,
nd EPE rates decrease with disc mass and radius, although the
adiation field can increase as more stars form. In general, the disc
ifetime is not simply twice the half-mass time. Still, it is striking how
hort these time-scales are; in all but 3 out of 13 runs, the median
alf-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

maller than disc lifetimes estimated from disc fractions, ∼2.5–8 Myr
e.g. Haisch, Lada & Lada 2001 ; Richert et al. 2018 ; Michel et al.
021 ). Ho we ver, it should be noted that those values are derived from
isc populations in young stellar associations with a wide variety of
asses, including those that lack massive stars. In some of our runs,

adiation shielding increased disc half-mass times by an order of
agnitude, so an increase of similar magnitude in regions lacking
assive stars appears plausible. On the other hand, Pfalzner et al.

 2022 ) recently found that disc lifetimes in dense clusters can be as
ow as 0.77 Myr, which is of similar magnitude to half-mass times
n our radiative runs. 

In Fig. 14 , we show the half-mass times of the lower and upper
0th percentiles of host star mass (the median is ∼0.25 M �),
ggre gated o v er all main radiative and geometric runs. For both
adiative and geometric runs, the median half-mass time of the low-
ass population is smaller than that of the high-mass population. This
NRAS 520, 5331–5353 (2023) 
s in apparent conflict with the results of e.g. Carpenter et al. ( 2006 ),
ahm & Hillenbrand ( 2007 ), and Ribas et al. ( 2015 ), who find lower
isc fractions for higher mass stars in star-forming regions including
hose with massive stars. However, these results are obtained for
lder systems, and we do not resolve the high end of the lifetime
istribution. At later times, mass se gre gation may migrate higher
ass stars closer to the region’s massive stars than lower mass stars.
lso, the ratio between median half-mass time of the high- and low-
ass populations is smaller for radiative runs ( ∼2) than for geometric

uns ( ∼4). Additionally, in the geometric runs the low-mass median
alf-mass time is smaller than the high-mass 16th percentile, while
n the radiative runs this low-mass median is larger than the high-

ass 16th low-mass percentile. These results are consistent with
he picture of Wilhelm & Portegies Zwart ( 2022 ), who found that
PE has a larger impact on the lifetime of discs around low-mass
tars than on that of discs around high-mass stars. This difference is
aused by a combination of EPE being more ef fecti ve in the loosely-
ound discs around lower mass stars, and of accretion and IPE being
ore ef fecti v e in discs around higher mass stars. Ov erall, radiation

hielding appears to slightly relax the tension with the observations,
ven if it does not resolve it. 

.6 Planet-forming potential 

he dust model of Haworth et al. ( 2018a ) describes how dust is
emo v ed from a disc by EPE, but is agnostic to the ultimate fate of
he remaining dust. It ef fecti v ely pro vides an upper limit on the solid

ass available for planet formation. 
In our analysis we restrict ourselves to discs that do not lose any
ore solid mass (meaning that the upper limit on the amount of
aterial available for planet formation has been established), which

appens when dust grains grow to sizes too large to be entrained in
he photoe v aporati v e wind. In Ha worth et al. ( 2018a ), this growth is
mplemented as an exponential decrease in the solid mass-loss rate
ith time. The time-scale of this decrease is twice the time-scale of
ust growth, which is 

d = 

1 

δ

√ 

R 

3 

GM ∗
, (6) 

here δ is the dust to gas ratio (assumed to be 0.01), R is the outer
isc radius, and M ∗ is the mass of the host star. For every disc, we
ompute this time-scale given the final disc radius. If a disc has lost
t most 1 per cent of its solid mass o v er the last ten dust growth time-
cales, and is older than ten such time-scales, we consider dust EPE
o be finished. In our analysis we focus on two populations of host
tars: low-mass stars, which are the most common in the present-day
niverse, and Sun-like stars. We define these populations as stars in
he range of 0.08–0.3 M � and 0.7–1.3 M �, respectively. 

In Fig. 15 , we show the distribution of final solid masses in discs
here dust EPE has finished, for all runs. Between most paired

uns, discs in the radiative runs have more solid mass than those in
eometric runs. The exception to this is low-mass stars in runs m2r/g,
lthough the difference is small. The median solid mass decreases
rom the initial value a small amount in some runs (run m5r), to a
actor of ∼2 (e.g. runs m1g, m3g, m4g). 

In Fig. 16 , we analyse the planet-forming potential of our disc
opulations by comparing their solid masses to certain mass limits.
iven an amount of solid mass in planets, and a planet formation

fficiency, we compute the fraction of discs that can form such
lanets. Note that we only consider the solid, or rock y/ic y, component
f 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 0th, 16th, 50th, 84th, and 100th percentiles (width marks different percentiles; the 0th 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). 

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 M �). Horizontal dashes 
mark the 0th, 16th, 50th, 84th, and 100th percentiles (width marks different 
percentiles; the 0th 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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0 M ⊕. These numbers are approximately logarithmically distributed 
nd roughly correspond to a single terrestrial planet, a planetary 
ystem with multiple terrestrial planets or a super-earth, the core 
ass required to initiate runaway gas accretion (Pollack et al. 1996 ),

nd a rich, Solar system-like planetary system of terrestrial planets 
nd gas giants. We also assume two values for the planet formation
fficiency, 10 per cent and 25 per cent. These values were also used
y Haworth et al. ( 2018a ) when they introduced the dust EPE model
o obtain constraints on the birth environment of the TRAPPIST-1 
lanetary system. They are also similar to the efficiencies required 
o form the observed giant planet core distribution from the dust
omponent of Class 0 and Class I discs (Tychoniec et al. 2020 ). 

In many cases, the fraction of discs that can potentially form certain 
lanetary (solid) masses is reduced from that when considering no 
oss of solid material. This is less important for lower planetary
asses, higher efficiencies, and more massive host stars. For low- 
ass stars, EPE can prevent the formation of one or more gas giant

ores, and some super-earths or multiple terrestrial planets, especially 
n the absence of shielding. For Sun-like stars, EPE can prevent the
ormation of Solar system-like planetary systems, and some gas giant 
ores. Less massive planetary systems are barely affected. 

Comparing the fraction of discs with enough solid mass for certain
ass limits in paired runs, there are few cases where the difference

s greater than one Poissonian standard deviation. The only cases 
here the difference is greater than one standard deviation (and in

act greater than ∼3 standard deviations) are runs m1r/g, m3r/g, and
4r/g, for low-mass stars, at a planetary solid mass of 3 M ⊕ and a

ormation efficiency of 0.1, and at a mass of 10 M ⊕ and an efficiency
f 0.25. For Sun-like stars, there is no significant decrease. Part of
his is the larger standard deviation in the sample of Sun-like stars,
ut compared to the low-mass sample there does not appear to be as
arge an absolute difference in fraction between paired runs. Runs 

2r and m2g, and m5r and m5g, do not follow these trends, but these
uns 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,
nd in runs m2r/g the first massive star formed 0.2 Myr later than
n the other runs). As a result more discs are able to grow a large
PE-resistant solid reservoir before EPE begins. 
These results imply that radiation shielding can aid the retention 

f solid mass in discs around low-mass stars. These discs can then
otentially form a larger number of planets, or planets that are more
assi ve. This ef fect is smaller, and not significant, for Sun-like stars.
his is most likely due to lower EPE rates because their discs are
ore strongly bound. 

 DI SCUSSI ON  

e have run simulations of protoplanetary discs in a star-forming 
egion. These simulations followed the collapse of a molecular 
loud; the formation of stars with discs; stellar dynamics, feedback, 
nd evolution; and disc evolution under environmental influences. 
e found that extinction decreases mass-loss through external 

hotoe v aporation, increasing disc lifetimes and the reservoir of solids
vailable for planet formation. 
MNRAS 520, 5331–5353 (2023) 
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M

Figure 15. Violin plots of the solid mass distribution (of discs where dust EPE has finished) of all simulation runs, plus those aggre gated o v er all main radiative 
and geometric runs. Host stars are in the ranges of 0.08–0.3 M � (top panel) and 0.7–1.3 M � (bottom panel). Horizontal dashes mark the 0th, 16th, 50th, 84th, 
and 100th percentiles (width marks different percentiles; the 0th 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). 
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.1 Impact of the star formation algorithm on dynamic 
runcations 

he close encounters that result in dynamic truncations happen at
ength scales smaller than the size of star-forming sinks. Additionally,
he stars’ initial velocities have a random component. As a result
e under-resolve the early stellar dynamics at scales rele v ant for
ynamic truncations. Properly resolving these dynamics requires
igher resolution, in which every sink represents an individual
rotostellar core rather than a small region where stars form, such
s in the simulations conducted by Bate ( 2012 ) and Grudi ́c et al.
 2021 ). 2 Ho we ver, this requires a major re work of our method and is
utside the scope of this work. 
The initial velocity structure will typically be erased on a scale

f the free-fall time of the sink. In our main runs, we use a sink
ormation density of 1.528 × 10 −20 g cm 

−3 , which yields a time-
cale of at most 0.5 Myr. A stellar population of mass M c within the
ink radius r s = 0.17 pc will have a free-fall time of 1.2( M c /M �) −0.5 

yr. Even with a stellar population of ∼1000 M � (comparable to
he total mass of stars formed) within a sink, which only reduces the
NRAS 520, 5331–5353 (2023) 

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

e  

H  

t  

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

Additionally, the stellar density at formation will be determined
y the resolution when the interval between two formations is
horter than the time it takes to leave a sink particle. Because
he density influences the distribution of encounter distances, we
xpect the effect of dynamic truncations to depend on resolution. The
robability that a newly formed star is initialized on an orbit leading
o a nearly instantaneously truncation event also increases at higher
esolution. In general, we find that most truncation events happen
ithin the volumes of sinks, but involve stars that have already left

heir birth sink. In Fig. 17 , we show the distribution of truncation
ass-loss shortly (up to 10 kyr) after each star’s formation and at the

nd of each simulation. 
A fraction of ∼0.3–1 per cent of all discs in medium-resolution

uns experience a truncation event shortly after formation (this
ncreases to ∼3 per cent in the high resolution run). These truncation
vents can lead to the loss of ∼95 per cent of the initial disc mass.
o we v er, man y more truncation events happen at a later time, to

he point that 3–30 per cent of discs have undergone a truncation.
hus, 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 M ⊕), 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 M � (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 m1r, about 85 per cent of discs around low-mass stars has enough material to form 3 M ⊕ of solid planets (at a formation efficiency of 
10 per cent), while in run m1g 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 M ⊕ of solid planets assuming 10 per cent planet formation efficiency); their line style is consistent with the corresponding 
planetary system mass. 
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f all discs, but the bulk of mass-loss through truncations happens 
ater. 

Resolution affects the importance of dynamic truncations. Both 
he immediate and final mass-loss is greater in run h3r than in l3r,
xcept for a small tail at high immediate mass-loss. The final mass-
oss in l3r and h3r are also respectively smaller and greater than in
1-5r. Note that run h3r has not advanced as far in time as l3r and
3r, so the existing discs could undergo even more truncation events. 
ew stars will also form, but because of the (for now) exponential

tar formation rate, the density of newly formed stars within sinks
ill only increase, likely increasing the number of immediate and 

otal truncations. 
We conclude that the star formation algorithm used in TORCH 

ffects the results of dynamic truncations. To properly resolve this 
e’d need to increase resolution such that every sink particle is
ts own star. However, our general findings that EPE is globally
ominant o v er dynamic truncations (consistent with Winter et al.
018 ), but that dynamic truncation can dominate in individual discs,
old across a range of resolutions. 

.2 Pre-main sequence evolution 

e assume that stars are born on the zero-age main sequence
ZAMS). We thus neglect the embedded phase of disc evolution, 
nd we neglect the pre-main sequence evolution of the feedback 
trength of massive stars. This includes FUV luminosity, so this also
ffects EPE. 
MNRAS 520, 5331–5353 (2023) 
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M

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. 
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Figure 18. The evolution of the FUV luminosity of massive pre-main 
sequence stars. The dotted horizontal lines denote the ZAMS FUV luminosity. 
Points indicate the ZAMS Kelvin–Helmholtz time-scale. Results are obtained 
using MESA releases 2208 (dashed lines) and 15140 (solid lines). 
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.2.1 Embedded discs 

uring the first 0.5 Myr of the formation of low-mass stars (Dunham
t al. 2014 ), the star and its disc are embedded in an envelope. This
nvelope is another source of extinction of the FUV radiation field
nd will further shield the disc from EPE. This can resolve the issue
f our short disc lifetimes as compared to observ ations. Ho we ver,
his envelope will also itself be subject to EPE, which may shorten
he embedded phase (and even impact the formation of the star and
isc). 
NRAS 520, 5331–5353 (2023) 
.2.2 Pre-main sequence massive stars 

he suddenness with which EPE mass-loss accelerates when the
rst massive star forms is an artefact of the identically zero FUV

uminosity of lower mass stars and the instantaneous formation of
assive stars with non-zero FUV luminosity. 
In Fig. 18 , we show the evolution of the FUV luminosity of

 selection of massive pre-main sequence stars. To obtain these
alues, we set up pre-main sequence stellar models in the MESA
tellar evolution code (releases 2208 and 15140; Paxton et al. 2011 ,
019 ), integrated their black-body spectra over the FUV spectral
ange, and multiplied those with the stellar surface area (the same
rocedure used in our model). These stellar models are initialized
ith a metallicity of 0.02. For comparison, we also plot the FUV

uminosity of ZAMS from our model for the same masses. We also
ndicate the ZAMS Kelvin–Helmholtz time-scale of each star. 

The FUV luminosity of pre-main sequence stars is initially lower
han the ZAMS value for < 1 kyr for a 100 M � star to 0.2 Myr for
 7 M � star (all very close to the ZAMS Kelvin–Helmholtz time-
cale). There is also a period of 10–100 kyr where the luminosity is
p to a factor of ∼2 larger than the luminosity at the ZAMS. These
ime-scales are a considerable fraction of our run times. The results of
he two versions of MESA for the pre-main sequence are similar for
ower mass, but differ considerably at early times for higher masses.
he main-sequence evolution is nearly identical across stellar
ass. 
In our simulations, most massive stars are on the lower end of the
ass range. The radiation field surrounding these stars should then

e built up more gradually, resulting in a more gradual increase
f EPE mass-loss. We argue that the pre-main sequence phase
ith negligible luminosity is represented by the sink particle while

t is accreting sufficient mass. However, there is typically a 10–
00 kyr period where the luminosity is within a factor 10 of the
AMS luminosity, which is a considerable fraction of our simulation

ime. 
The number of massive stars in our simulations is ∼10, which
 ould mak e it feasible to evolve those stars using MESA. Our

imulations only co v er a relativ ely short time-scale, during which
he stars remain on the main sequence. Alternatively, pre-computed
re-main sequence tracks could be used, such as the MIST tracks
Choi et al. 2016 ). 
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3 The observed radiation can be supplied by a smaller amount of higher 
temperature, more luminous dust. 
4 Of 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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.3 Variance of star-forming regions 

ur simulations represent star-forming regions that are relatively 
assive, like the ONC, as compared to the regions in the Solar

eighbourhood where we are able to properly study protoplanetary 
iscs. Other regions such as Lupus or Taurus contain fewer stars
nd lack OB stars. EPE in these regions may be driven by less
assive stars (which we neglected), or even by massive stars from a

earby, more massive star-forming region. This is thought to happen 
n Lupus, where the disc IM Lup is irradiated by massive stars from
he Galactic field and nearby young associations, and the radiation 
eld is ∼4 G 0 (Cleeves et al. 2016 ). This also implies that for low-
ass star-forming regions, we need EPE rates for radiation fields 
 10 G 0 , which are currently not available in the FRIED grid. 
We are currently unable to properly simulate protoplanetary discs 

n low-mass star-forming regions because protostellar outflows are 
ot implemented in our model, and Matzner & McKee ( 2000 ) pointed
ut that cloud disruption is dominated by protostellar outflows when 
he initial cloud mass is < 10 3.5 M �. 

.4 Comparison with earlier simulations 

.4.1 Correlations of disc mass with distance to massive stars 

arker et al. ( 2021b ) investigated the correlation between disc mass
nd projected distance to a massive star that can be induced by EPE.
uch a correlation is found in multiple star-forming regions, such 
s the ONC (Mann et al. 2014 ; Eisner et al. 2018 ) and σ Orionis
Ansdell et al. 2017 ). v an Terwisga, Hacar & v an Dishoeck ( 2019 )
ound that within the Orion Molecular Cloud, discs in the Trapezium 

luster (which hosts an O-type star) are less massive than those 
utside it. Parker et al. ( 2021b ) suggest that such a correlation can
e polluted by projection effects (a star close in projection being 
 back- or foreground cluster star) and cluster dynamics (close, 
uch-e v aporated discs moving further a way). The y find significant

orrelations between disc mass and projected distance to the most 
assive star in only a minority of their simulations, and conclude 

hat the observed correlation is likely not caused by EPE. 
Ho we ver, their simulated clusters contain multiple massive stars, 

nd the most massive star is frequently only slightly more massive 
han the second most massive star. In such clusters the radiation 
eld may not everywhere be dominated by the most massive star.
 population of e v aporated discs close to the second most massive

tar may remo v e the correlation of disc mass with distance to the
ost massive star. The signature of EPE may then be found in

he correlation between disc mass and the distance to the star that
ominates its local radiation field. 
Our models take into account processes that can further complicate 

his problem, of which we briefly discuss the impact on the corre-
ation. Ongoing star formation leads to a spread in stellar ages. The
ounger population will typically have more massive discs, and may 
nhabit a different region of space than the older population. We may
xpect that the younger population is closer to the cluster centre. This
s also where the massive stars migrate to due to mass se gre gation.
his would create a ne gativ e correlation between mass and projected
istance, rather than a positive correlation as observed. Extinction, on 
he other hand, can be expected to contribute to a positive correlation
y shielding further-away discs. 
The disc mass tracer also complicates whether a correlation can 

e established. The disc masses used to establish the observed 
orrelation were based on observations of the dust component. 
lthough a dust-to-gas ratio of 0.01 is typically used to estimate 
he total disc mass, this ratio can be altered by, e.g. pebbles drifting
nto the star, solids being locked in planetesimals and/or planets, and
PE. For the correlation, this ratio is only important if it is affected
y EPE. Dust EPE only reduces the dust mass in young discs, while
he grains are small enough to be entrained in the wind. The net effect
s a population of discs not affected by EPE, making the correlation
ess strong and significant. Finally, Haworth ( 2021 ) pointed out that
he radiation responsible for EPE can also heat a disc’s dust, which
eads to an o v erestimate of the dust mass. 3 This effect w ould mak e a
ositive correlation appear less strong. 
Finally, we note that ongoing star formation results in differences 

n cluster structure and evolution. Of the two cluster models explored
y Parker et al. ( 2021b ), the high-density model has a stellar density
oughly comparable to our simulation. They find no considerable dif- 
erences in the correlations between high- and low-density clusters. 

We perform an analysis of the mass–distance correlation for our 
ata. F ollowing P arker et al. ( 2021b ) we use the Spearman rank
oefficient test to determine the strength and significance of the 
orrelation between disc mass (both gas and solid) and projected 
istance to the most massive star. We also perform the same analysis
ith the distance to the nearest massive star. We follow the evolution
f the correlation coefficient and the p -value 4 through time. For every
oment in time, we perform the analysis 300 times under different

andom rotations, in order to reduce biases due to projection effects.
In Fig. 19 , we show the evolution of the Spearman’s rank

orrelation coefficient of the correlation between disc gas or solid 
ass and 2D projected distance to the closest massive star or most
assive star, for our main runs. For reference, we show the formation

imes and masses of the massive stars in these runs. We also show,
or a number of star-forming regions, the observed coefficients for 
he (p-value < 0.01) correlation between solid mass and 2D projected
istance to the most massive star. 
For brevity, we refer to the correlation between gas mass and

istance to the closest massive star as c-gCMS, the correlation 
etween solid mass and distance to the most massive star as c-sMMS,
ith c-sCMS and c-gMMS defined analogously. 
In general, we find significant positive c-gCMS. Except for run 
2r and run m5r (until the formation of the second massive star,
hich is the first in the large subcluster) all runs quickly establish
 significant correlation. This is occasionally broken (run m1r at 
.2 Myr, run m5g at 2.1 Myr), but these moments correspond to the
ormation of a massive star. If a massive star forms in a cluster of
tars that has seen little irradiation thus far, it counts as the closest
assive star but has not yet been able to photoe v aporate nearby

iscs. Ho we ver, the c-gCMS is then quickly re-established. Between
adiative and geometric runs there are variations in the correlation 
oefficient, but there is no clear trend in which of these types of runs
as stronger correlations. 

The c-gMMS frequently follows that of the correlation with the 
istance to the closest massive star. If only one massive star is present
-gCMS and c-gMMS are identical by definition, but even after the
ormation of a second massive star they are frequently similar. At
ome moments c-gCMS and c-gMMS diverge considerably, e.g. in 
uns m1r/g at 2.1 Myr and runs m3r/g at 2.0 Myr, where there is
ven a significant negative correlation for a time (plus periods of
on-significance). These moments correspond to the formation of 
MNRAS 520, 5331–5353 (2023) 
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M

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 σ Ori. The value for NGC 2024 W was obtained by Haworth et al. ( 2021 ). 

a  

c  

a  

T  

s  

f  

t  

c
 

c  

T  

o  

m
 

N  

t  

a  

s  

a  

c  

n  

t  

s
 

m  

o  

d  

t  

c  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/4/5331/7031768 by Jacob H
eeren user on 14 February 2024
 star more massive than any formed prior. At these moments, the
oefficient of the correlation with distance to the closest massive star
lso becomes smaller, though the correlation remains significant.
his implies that EPE is indeed not dominated by the most massive
tar everywhere in the cluster, and the non-significant correlations
ound by Parker et al. ( 2021b ) – and the accompanying conclusion
hat external photoe v aporation is not responsible for the observed
orrelations – may be due to not accounting for other massive stars. 

The c-sCMS and c-sMMS are typically weaker than c-gCMS and
-gMMS. The correlation is also more frequently not significant.
his is due to the decrease in EPE of dust due to dust growth. An
ld disc with a large remaining solid reservoir that comes close to a
assive star loses less dust than gas. 
The observed correlation coefficients of the OMC, σ Ori, and

GC 2024 W are in good agreement with the typical coefficients for
NRAS 520, 5331–5353 (2023) 
he correlations with gas mass. Those of the ONC and ONC + OMC
re on the high side, with only run m4g briefly reaching a similarly
trong correlation. The coefficients for the correlation with solid mass
re lower than the observed coefficients; only m4r briefly achieves a
orrelation comparable to the OMC’s, but not any other region. While
either tracer is truly representative of the tracer used in observation,
he observed dust mass should be closer to the solid mass than to a
caled gas mass. 

Interestingly, the observed correlations may even be underesti-
ates, because they do not account for the o v erestimated mass

f irradiated dust (Haworth et al. 2021 ), further increasing the
iscrepancy with our model. If our model of dust EPE is correct,
here may indeed be an additional process that leads to the observed
orrelations. Sellek et al. ( 2020 ) introduced a more detailed model
f dust EPE that included drift. They find that generally, dust that is
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arge enough to not be entrained is large enough to drift inwards. In
ractice, this has a similar effect to our assumption that the gas-to-
ust ratio at the outer disc edge is al w ays 1 per cent: large dust is not
ntrained in either case. 

Parker et al. ( 2021b ) suggest dynamic truncations as an alternative,
ut this is a process we also take into account. Accounting for dust
rift w ould mak e truncations e ven more inef fecti ve, because the more
ompact dust distribution would be more resistant to truncation than 
he gas distribution. 

.4.2 Protoplanetary discs in a different star-forming region 

iao et al. ( 2022 ) use a pre-computed model of a star-forming region
o inform the radiation field to which their disc population is exposed.
heir radiative transfer includes extinction by cluster gas. They do 
ot resolve the dynamics of individual stars (neglecting dynamic 
runcations), but group them together in sink particles. Inside these 
ink particles the distance between a radiation source and a disc is
ssumed to be half a cell size, or 0.09 pc. The initial cloud they
onsider is more massive than ours, 10 5 M � as opposed to 10 4 M �. 

The time for discs to be exposed to an unshielded radiation field
s ∼0.5 Myr in their simulations. Contrast this with our simulations,
here 0.5 Myr after the formation of the first massive star (and as

ate as 0.8 Myr, in runs that reach that far) the radiation field is still
xtincted for the majority of discs. 

We note that the initial virial ratio of our cloud differs considerably
rom that of Qiao et al. ( 2022 )’s. They use a supervirial, marginally
ound cloud ( αv = 2), while our cloud is strongly bound ( αv =
.25). Dale, Ercolano & Bonnell ( 2012 ), Dale, Ercolano & Bonnell
 2013 ) discussed how ionizing feedback can clear feedback bubbles 
ore easily in initially unbound clouds, compared to clouds with 

ower virial ratios. Our simulations do not show multiple parsec 
cale feedback bubbles, likely due to a combination of lower virial 
atio and a shorter period of feedback [ ∼1 Myr, compared to ∼3 Myr
n the work of Dale et al. ( 2012 , 2013 )]. 

Surv e ys of molecular clouds typically find median virial ratios
reater than unity for clouds with masses ∼10 4 M � (Che v ance et al.
022 ), though with a typical spread of one order of magnitude (Evans
t al. 2021 ). This argues for shorter shielding times than we find.
till, this implies that the evolution of protoplanetary disc (and as a
onsequence the formation of planets) can depend not only on the 
ass of a cloud, but also its dynamical state. 
An upper limit on the gas clearing time has been derived by Kim

t al. ( 2022 ). By 3 Myr, the emission of molecular gas and young
tars in nearby galaxies have become spatially decoherent on length 
cales ∼100 pc. This leaves a range of gas clearing times of 0.5–
 Myr. Whether EPE can impact planet formation in a majority of
iscs remains uncertain, depending on how quickly planets form. 

.5 Comparison with obser v ations of NGC 2024 

an Terwisga et al. ( 2020 ) and Haworth et al. ( 2021 ) present
bservations of proplyds in NGC 2024 (the Flame Nebula). This 
egion contains two spatially separated sub-populations of stars. 
an Terwisga et al. ( 2020 ) find that the more embedded, ∼0.2–
.5 Myr old population has a disc fraction of 45 per cent, and the less
mbedded, ∼1 Myr old population has a disc fraction of 15 per cent.
oth subpopulations also contain a massive star (an O8V star in the
ounger region, and a B0.5V star in the older region). Haworth et al.
 2021 ) find proplyds in both subpopulations, whose EPE appears to
e dominated by the massive star in their subpopulations, without 
pparent influence of the massive star in the other. This is similar to
he results of O’Dell, Kollatschny & Ferland ( 2017 ), who found that
 number of proplyds in the ONC are being photoe v aporated by θ2 

ri A, the cluster’s second most massive star, rather than θ1 Ori C,
s commonly assumed. Both of these findings agree with our earlier
nding that less massive stars may dominate their local EPE. 
Haworth et al. ( 2021 ) also perform rank correlation tests on the

isc mass (as derived from emission of dust) and projected distance to
he massive stars. When splitting the discs into subsets depending on
he closest massive star, they find a significant correlation for the stars
loser to the older massive star (Spearman 0.39, p -value 2 × 10 −4 ;
e include this value in Fig. 19 ), but not for the stars closer to the
ounger massive star. Considering the full population, there are no 
ignificant correlations with the distance to either massive star. This 
s in agreement with our suggestion that the effects of EPE on the
istribution of disc masses throughout the cluster can be obscured if
nly the distance to the most massive star is considered. 
The one significant correlation coefficient is much higher than any 

alue we find for the correlation with solid mass, although it would
e a reasonable value for correlation with gas mass. Our results show
hat a significant correlation with gas mass can be re-established 
n �0.1 Myr, much shorter than the age of the young region. In
he correlation with solid mass there are cases were a significant
orrelation is re-established in ∼0.2 Myr (m3r, m1g, m4g), but the
ormation of multiple massive stars in these intervals complicates 
his reasoning. 

The relati vely lo w disc fraction in NGC 2024 is an interesting
ontrast to our results. Our simulations co v er a time interval longer
han the age of the younger region, but > 99 per cent of stars with an
nitial disc retain it. Including stars more massive than 1.9 M � lowers
his disc fraction, but only 4 per cent on the Kroupa IMF are more

assive than that. This can’t lower the fraction to the 45 per cent
bserved in the younger subpopulation of NGC 2024. This could 
oint towards our initial discs being too massive, at least on average.
uffmeier, Zhao & Caselli ( 2020 ) point out that increased cosmic-

ay ionization rates in protostars near high-mass stars can lead to
he formation of smaller discs. Ho we ver, this does not affect discs
ormed before the first massive star. 

 SUMMARY  A N D  C O N C L U S I O N  

e have performed simulations that coupled a model of a star-
orming region (including hydrodynamics and stellar dynamics, 
volution, and feedback, with the interactions resolved in the As- 
rophysical MUltipurpose Software Environment) with a model of 
 population of protoplanetary discs. With this coupled model we 
tudied the effects that the environment of the star-forming region 
as on the protoplanetary discs through external photoe v aporation 
nd dynamic truncation. We focused on the effects of radiation 
xtinction due to remaining gas of the star-forming cloud which 
hielded protoplanetary discs from external photoe v aporation. We 
an initially identical simulations with and without extinction: 

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

(ii) Cluster gas left o v er from star formation shields the majority of
iscs for at least 0.5 Myr after the formation of the first stars that drive
oth external photoe v aporation and feedback. This shielding results 
n less external photoe v aporation throughout the disc population. 
MNRAS 520, 5331–5353 (2023) 
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ven discs that experience strong radiation fields do so for shorter
mounts of time. 

(iii) The lower limit of 0.5 Myr for the duration of shielding
ontrasts shorter durations found in earlier work. We attribute this
iscrepancy to the low virial ratio of our initial cloud, which is at
he lower extreme of observed molecular clouds. This implies that
he importance of external photoe v aporation for the evolution of
rotoplanetary discs (and the formation of planets) depends on the
ynamical state the discs form in. 
(iv) Runs with extinction had more mass-loss through dynamic

runcations than runs without extinction. This reveals a competition
etween EPE and dynamic truncation, which both operate at the
uter disc edge. We also find that EPE dominates mass-loss in the
 v erall disc population, but that in up to 10 per cent of discs dynamic
runcations dominate mass-loss o v er EPE. Most dynamic truncations
n our simulations are to radii smaller than those observed in star-
orming regions, but our distribution is skewed towards smaller radii
ue to EPE shrinking discs throughout the population. 
(v) Although there is a trade-off between EPE and dynamic

runcation, the net effect of lowering EPE through shielding is less
ass-loss, and longer disc lifetimes by up to an order of magnitude.
his slightly alleviates the problem of very short disc lifetimes in
arlier simulations of EPE in clusters. We also find that in star-
orming regions with massive stars, discs around higher mass stars
ave longer lifetimes than those around lower mass stars. This is in
ine with earlier simulations of EPE in young stellar populations, but
isagrees with observations. Notably, this is with the inclusion of
actors that could alleviate this discrepancy (decreasing disc mass-
tellar mass ratio with increasing stellar mass, and IPE mass-loss that
s super-linear in stellar mass). 

(vi) The extraction of dust from discs through EPE can reduce
he planet forming potential of discs. For our initial disc masses,
adiation shielding can increase the fraction of low-mass stars that
ave the solid mass to form systems of terrestrial planets and gas
iant cores. For Solar-like stars, this effect is not significant. 
(vii) We reco v er consistently significant correlations between disc

as mass and projected distance to the closest massive star. The
trengths of these correlations are broadly consistent with those of
bserved correlations between disc solid mass and projected distance.
orrelations with the disc solid mass from our models are less strong

han observed, and not consistently significant. We may overestimate
he resistance of dust to external photoe v aporation, or there may be
 process at work here that we have not accounted for. We also
nd that considering only the most massive star in such analyses
an lead to non-significant correlations, and stress that external
hotoe v aporation can be dominated by different stars in different
arts of a cluster. The signature of EPE on the distribution of disc
asses throughout a cluster must then be sought by considering the

tars that dominate each disc’s EPE. 

We have shown that radiation shielding by gas in massive star-
orming regions strongly affects the evolution of protoplanetary discs
ithin the cluster. It increases disc lifetime by reducing external
hotoe v aporation, gi ving more time for planets to form. It also leaves
iscs around low-mass stars with more solid mass, allowing for the
ormation of more massive planetary systems. 

OFTWARE  

imulations were done using the AMUSE framework (Portegies
wart et al. 2009 ; Pelupessy et al. 2013 ), using the TORCH model

Wall et al. 2019 , 2020 ). This model couples PH4 (McMillan et al.
NRAS 520, 5331–5353 (2023) 
012 ), SEBA (Portegies Zwart & Verbunt 1996 ; Toonen et al.
012 ), and FLASH (Fryxell et al. 2000 ) (which is in turn coupled
o FERVENT , Baczynski et al. 2015 ). Additionally, we coupled VADER

Krumholz & Forbes 2015 ) to TORCH , and used MESA (Paxton et al.
011 , 2019 ) for additional analysis. The data analysis for this paper
as done in PYTHON (Van Rossum & Drake 1995 ), with the NUMPY

Harris et al. 2020 ), and SCIPY (Virtanen et al. 2020 ) modules. Plots
ere made using the MATPLOTLIB (Hunter 2007 ) and YT (Turk et al.
011 ) modules. 
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leeves L. I., Öberg K. I., Wilner D. J., Huang J., Loomis R. A., Andrews S.

M., Czekala I., 2016, ApJ , 832, 110 
oncha-Ram ́ırez F., Vaher E., Portegies Zwart S., 2019a, MNRAS , 482, 732
oncha-Ram ́ırez F., Wilhelm M. J. C., Portegies Zwart S., Haworth T. J.,

2019b, MNRAS , 490, 5678 
oncha-Ram ́ırez F., Wilhelm M. J. C., Portegies Zwart S., van Terwisga S.

E., Hacar A., 2021, MNRAS , 501, 1782 
 Concha-Ram ́ırez F., Wilhelm M. J. C., Zwart S. P., 2022, MNRAS, in press
ahm S. E., Hillenbrand L. A., 2007, AJ , 133, 2072 
ale J. E., Ercolano B., Bonnell I. A., 2012, MNRAS , 424, 377 
ale J. E., Ercolano B., Bonnell I. A., 2013, MNRAS , 430, 234 
ong R. et al., 2022, Nature Astron. , 6, 331 
unham M. M. et al., 2014, in Beuther H., Klessen R. S., Dullemond C.

P., Henning T., eds, Protostars and Planets VI. University of Arizona 
Press, Tucson, p. 195, preprint ( arXiv:1401.1809 ) 

isner J. A. et al., 2018, ApJ , 860, 77 
vans Neal J. I., Heyer M., Miville-Desch ̂ enes M.-A., Nguyen-Luong Q., 

Merello M., 2021, ApJ , 920, 126 
ederrath C., Banerjee R., Clark P. C., Klessen R. S., 2010, ApJ , 713, 269 
laccomio E., Micela G., Sciortino S., 2012, A&A , 548, A85 
ryxell B. et al., 2000, ApJS , 131, 273 
ujii M., Iw asaw a M., Funato Y., Makino J., 2007, PASJ , 59, 1095 
rudi ́c M. Y., Guszejnov D., Hopkins P. F., Offner S. S. R., Faucher-Gigu ̀ere

C.-A., 2021, MNRAS , 506, 2199 
aisch Karl E. J., Lada E. A., Lada C. J., 2001, ApJ , 553, L153 
arris C. R. et al., 2020, Nature , 585, 357 
aworth T. J., 2021, MNRAS , 503, 4172 
aworth T. J., Facchini S., Clarke C. J., Mohanty S., 2018a, MNRAS , 475,

5460 
aw orth T. J., Clark e C. J., Rahman W., Winter A. J., Facchini S., 2018b,

MNRAS , 481, 452 
aworth T. J., Cadman J., Meru F., Hall C., Albertini E., Forgan D., Rice K.,

Owen J. E., 2020, MNRAS , 494, 4130 
aworth T. J., Kim J. S., Winter A. J., Hines D. C., Clarke C. J., Sellek A.

D., Ballabio G., Stapelfeldt K. R., 2021, MNRAS , 501, 3502 
enney W. J., Arthur S. J., 1998, AJ , 116, 322 
enney W. J., O’Dell C. R., 1999, AJ , 118, 2350 
enney W. J., O’Dell C. R., Meaburn J., Garrington S. T., Lopez J. A., 2002,

ApJ , 566, 315 
uang J. et al., 2022, ApJ , 930, 171 
unter J. D., 2007, Comput. Sci. Eng. , 9, 90 

ohnstone D., Hollenbach D., Bally J., 1998, ApJ , 499, 758 
im J. et al., 2022, MNRAS , 516, 3006 
roupa P., 2001, MNRAS , 322, 231 
ruijer T. S., Touboul M., Fischer-G ̈odde M., Bermingham K. R., Walker R.

J., Kleine T., 2014, Science , 344, 1150 
ruijssen J. M. D., Longmore S. N., Che v ance M., Laporte C. F. P., Motylinski

M., Keller B. W., Henshaw J. D., 2021, preprint ( arXiv:2109.06182 ) 
rumholz M. R., Forbes J. C., 2015, Astron. Comput. , 11, 1 
rumholz M. R., McKee C. F., Bland-Hawthorn J., 2019, ARA&A , 57, 227 
uffmeier M., Zhao B., Caselli P., 2020, A&A , 639, A86 
 urto vic N. T. et al., 2018, ApJ , 869, L44 
ada C. J., Lada E. A., 2003, ARA&A , 41, 57 
ewis S. C. et al., 2022, preprint ( arXiv:2212.01465 ) 
ynden-Bell D., Pringle J. E., 1974, MNRAS , 168, 603 
amajek E. E., 2009, in Usuda T., Tamura M., Ishii M., eds, AIP Conf. Ser.

Vol. 1158, Exoplanets and Disks: Their Formation and Diversity. Am. 
Inst. Phys., New York, p. 3 
ann R. K. et al., 2014, ApJ , 784, 82 
atzner C. D., McKee C. F., 2000, ApJ , 545, 364 
cMillan S., Portegies Zwart S., van Elteren A., Whitehead A., 2012, in

Capuzzo-Dolcetta R., Limongi M., Tornamb ̀e A., eds, ASP Conf. Ser.
Vol. 453, Advances in Computational Astrophysics: Methods, Tools, and 
Outcome. Astron. Soc. Pac., San Francisco, p. 129 

ichel A., van der Marel N., Matthews B. C., 2021, ApJ , 921, 72 
itchell T. R., Stewart G. R., 2010, ApJ , 722, 1115 
icholson R. B., Parker R. J., Church R. P., Davies M. B., Fearon N. M.,

Walton S. R. J., 2019, MNRAS , 485, 4893 
’dell C. R., Wen Z., 1994, ApJ , 436, 194 
’dell C. R., Wen Z., Hu X., 1993, ApJ , 410, 696 
’Dell C. R., Kollatschny W., Ferland G. J., 2017, ApJ , 837, 151 
wen J. E., Clarke C. J., Ercolano B., 2012, MNRAS , 422, 1880 
arker R. J., Nicholson R. B., Alcock H. L., 2021a, MNRAS , 502, 2665 
arker R. J., Alcock H. L., Nicholson R. B., Pani ́c O., Goodwin S. P., 2021b,

ApJ , 913, 95 
axton B. et al., 2019, ApJS , 243, 10 
axton B., Bildsten L., Dotter A., Herwig F., Lesaffre P., Timmes F., 2011,

ApJS , 192, 3 
elupessy F. I., van Elteren A., de Vries N., McMillan S. L. W., Drost N.,

Portegies Zwart S. F., 2013, A&A , 557, A84 
falzner S., 2003, ApJ , 592, 986 
falzner S., Tackenberg J., Steinhausen M., 2008, A&A , 487, L45 
falzner S., Dehghani S., Michel A., 2022, ApJ , 939, L10 
icogna G., Ercolano B., Owen J. E., Weber M. L., 2019, MNRAS , 487, 691
ollack J. B., Hubickyj O., Bodenheimer P., Lissauer J. J., Podolak M.,

Greenzweig Y., 1996, Icarus , 124, 62 
ortegies Zwart S. et al., 2009, New Astron. , 14, 369 
ortegies Zwart S., Pelupessy I., van Elteren A., Wijnen T. P. G., Lugaro M.,

2018, A&A , 616, A85 
ortegies Zwart S., Pelupessy I., Mart ́ınez-Barbosa C., van Elteren A.,

McMillan S., 2020, Commun. Nonlinear Sci. Numerical Simulations , 
85, 105240 

ortegies Zwart S. F., 2016, MNRAS , 457, 313 
ortegies Zwart S. F., Verbunt F., 1996, A&A, 309, 179 
iao L., Haworth T. J., Sellek A. D., Ali A. A., 2022, MNRAS , 512, 3788 
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PPENDIX:  FLUX  ESTIMATION  IN  TO R C H  

he radiative transfer module of TORCH , FERVENT , computes the
UV radiation field flux in a cell by summing up the energy flow
f all rays intersecting the cell, and dividing that by the face area of
he cell. Ho we ver, the cross-section (or equi v alently, the shado w) of
 cube is not the same at every angle of incidence. Only when the
ncidence vector is normal to a cube face is the cross-section equal
o the face area. As we will demonstrate, the cross-section is larger
han a cube face when viewed at a different angle. As a result,
he original method typically underestimates the cross-section, and
hen o v erestimates the radiation field. We introduce an approximate
orrection based on the cross-section of a cube rotated around one
xis normal to its faces. 

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

 = d 2 . (A1) 

Rotation around another face-centred axis by an angle φ shrinks
he ef fecti ve cross-section of the formerly top face, but exposes
nother face (see Fig. A1 ). The side parallel to the rotation axis will
emain constant, but the projected sides of the two faces will change.
dentifying triangles in Fig. A1 , we find the following expression: 

 ( φ) = d · d ( sin φ + cos φ) . (A2) 

By symmetry, the projected area by rotation about the other axis
 A (0, θ )) has the same form. 

Our approximation directly combines these two limiting cases: 

˜ 
 ( φ, θ ) = d 2 ( sin φ + cos φ) ( sin θ + cos θ ) . (A3) 

igure A1. A unit cube rotated by an angle φ. α is an auxiliary angle, and
s π /2 − φ. The cross-section when viewed at an angle φ is the sum of two
NRAS 520, 5331–5353 (2023) 

omponents, sin φ and cos φ. 
igure A2. Top view of a unit cube, rotated by π /4 and arctan 
√ 

2 around
he axes in the viewing plane. The first rotation extended the cross-section’s
idth to 

√ 

2 , and the second rotation left this invariant. Therefore, the long
xis of the top rhombus is still 

√ 

2 . We divide this rhombus in four equal
ight triangles, which have one leg equal to 

√ 

2 / 2 and the opposing angle
/3 (from a full 2 π divided in six equal parts). The other leg then has

ength 
√ 

2 / 2 
tan π/ 3 = 1 / 

√ 

6 . The triangle’s area is then 
(√ 

2 / 2 
)(

1 / 
√ 

6 
)

/ 2 =
 / 
(

4 
√ 

3 
)

. The full cross-section consists of 12 such triangles, so the total

rea is 12 / 
(

4 
√ 

3 
)

= 3 / 
√ 

3 = 

√ 

3 . 

We can estimate the quality of this approximation by investigating
 special case. Rotating one axis by an angle of π /4, and the
ther by an angle of arctan 

√ 

2 ≈ 0 . 3 π, we view the cube along
n axis passing through two extreme corners. 8 Fig. A2 demon-
trates how we can compute the effective cross-section of this

onfiguration: A 

(
π/ 4 , arctan 

√ 

2 
)

= 

√ 

3 d 2 . In our approximation,

˜ 
 

(
π/ 4 , arctan 

√ 

2 
)

≈ 1 . 97 d 2 . The relative error between the true

alue and the approximation is ˜ A /A − 1 ≈ 0 . 14. 
We test our approximation in practice by setting up a simple test

roblem in FLASH and comparing both methods. We place a radiation
ource with luminosity L in the origin, and set the global radiation
ross-section of the gas to 0. This test was run with a minimum
nd maximum refinement level of 2, but the results did not differ
ignificantly at refinement level 3. 

Under the conditions abo v e, the e xact radiation flux F ex in a cell
t distance r from the origin is then simply F ex = 

L 

4 πr 2 
. In Fig. A3 ,

e show the distribution of � F = ( F − F ex )/ F ex (top panel) and the
adiation fields in individual cells as a function of distance from the
rigin (bottom panel) for both methods. 
Our correction reduces the radiation field relative bias from ∼0.5

o ∼-0.1, and decreases the scatter. There is some radial structure
n the deviation from the analytic case, but this appears consistent
etween the two implementations. 

On the whole, our approximate correction presents an impro v e-
ent on the original implementation, with a smaller bias and varia-

ion, and does not appear to introduce additional artefacts. Ho we ver,
t remains an imperfect approximation, and an exact solution for
he cross-section of a cube would reduce the biased radiation field
stimate even further. 

 Assuming a spherical coordinate system with ˆ r = cos φ sin θ ˆ x +
in φ sin θ ˆ y + cos θ ˆ z , setting φ = π /4 and θ = arctan 

√ 

2 yields a unit vector
ˆ  = ( ̂ x + ˆ y + ̂  z ) / 

√ 

3 . 
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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 
v alue is sho wn in black, the v alues in the FLASH grid cells in blue (original 
implementation) and orange (approximate correction). 
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