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External photoevaporation of protoplanetary discs: does location matter?
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ABSTRACT

Many theoretical studies have shown that external photoevaporation from massive stars can severely

truncate, or destroy altogether, the gaseous protoplanetary discs around young stars. In tandem,
several observational studies report a correlation between the mass of a protoplanetary disc and its

distance to massive ionising stars in star-forming regions, and cite external photoevaporation by the

massive stars as the origin of this correlation. We present N -body simulations of the dynamical

evolution of star-forming regions and determine the mass-loss in protoplanetary discs from external

photoevaporation due to far ultraviolet (FUV) and extreme ultraviolet (EUV) radiation from massive
stars. We find that projection effects can be significant, in that low-mass disc-hosting stars that

appear close to the ionising sources may be fore- or background stars in the star-forming region.

We find very little evidence in our simulations for a trend in increasing disc mass with increasing

distance from the massive star(s), even when projection effects are ignored. Furthermore, the dynamical
evolution of these young star-forming regions moves stars whose discs have been photoevaporated to

far-flung locations, away from the ionising stars, and we suggest that any correlation between disc

mass and distance the ionising star is either coincidental, or due to some process other than external

photoevaporation.

Keywords: protoplanetary discs – photodissociation region (PDR)

1. INTRODUCTION

Most stars are observed to form in groups where the
stellar density significantly exceeds that in the local

Solar neighborhood (Lada & Lada 2003; Bressert et al.

2010). In these young star-forming regions, stars are

frequently observed to have excess flux in the infrared
portion of their SEDs (Haisch et al. 2001; Richert et al.

2018), which is interpreted as due to the presence of

a protoplanetary disc. Furthermore, such protoplan-

etary discs have been directly imaged (O’dell & Wen

1994; ALMA Partnership et al. 2015) and can now
have their masses (dust, and sometimes gas) measured

(e.g. Mann et al. 2014; Ansdell et al. 2017; Eisner et al.

2018).

These protoplanetary discs rapidly evolve
(Haisch et al. 2001; Richert et al. 2018), with the frac-

tion of young stars in a given star-forming region host-
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ing a disc dropping from around 80 per cent at 1Myr
to around 10–20per cent after 5Myr (with the caveat

that ages of young stars are notoriously difficult to de-

termine; Bell et al. 2013; Soderblom et al. 2014). This

either implies that planets are being formed rapidly,
and/or a combination of processes are destroying the

discs.

Young star-forming regions often host massive

stars (> 15M⊙), whose rapid internal evolution pro-

duces intense far ultra violet (FUV) and extreme
ultra violet (EUV) radiation fields. Several au-

thors (Störzer & Hollenbach 1999; Hollenbach et al.

2000; Scally & Clarke 2001; Adams et al. 2004;

Fatuzzo & Adams 2008; Haworth et al. 2018b;
Nicholson et al. 2019; Concha-Ramı́rez et al. 2019;

Winter et al. 2019; Parker et al. 2021) have shown that

these radiation fields can destroy or reduce the masses of

protoplanetary discs by photoevaporating the gas (and

to a much lesser extent, dust; Haworth et al. 2018b).
Massive stars are inherently rare, but for example in

a region containing 1000 low-mass stars one or two

stars >20M⊙ are expected from randomly sampling

the stellar Initial Mass Function (IMF). Several authors
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(Parker & Goodwin 2007; Maschberger & Clarke 2008)

have argued that the only limit on the mass of a star

that can form is the molecular cloud mass, so occasion-

ally a low-mass star-forming region containing only tens
to hundreds of stars could produce high-mass stars (and

observational examples of this appear to exist).

When one or two massive stars are present, they are

expected to significantly alter the properties of pro-

toplanetary discs around stars due to photoevapora-
tion within a sphere of influence that usually extends

out to ∼0.5 pc (e.g. Scally & Clarke 2001). Many ob-

servational studies have measured the masses of pro-

toplanetary discs as a function of projected distance
from the photoionising massive star(s). Many of these

studies report a positive correlation between the mass

of a protoplanetary disc and the projected distance

from the massive star, with the interpretation being

that the closer discs are more susceptible to destruc-
tion from the radiation fields (Guarcello et al. 2007;

Fang et al. 2012; Guarcello et al. 2014; Mann et al.

2014, 2015; Ansdell et al. 2017; Eisner et al. 2018;

van Terwisga et al. 2019).
However, observations are two dimensional projec-

tions of the inherent three dimensional distribution, and

so disc-hosting stars that are in the fore- and back-

ground of the star-forming region may appear to be

close to the massive star(s) in two dimensions. Further-
more, dense, young star-forming regions are often dy-

namically old. Both theory (e.g. McMillan et al. 2007;

Girichidis et al. 2011; Bate 2012; Kuznetsova et al.

2015) and observations (e.g Gomez et al. 1993; Larson
1995; Cartwright & Whitworth 2004; Gutermuth et al.

2009; Buckner et al. 2019) indicate that star-formation

results in substructured stellar distributions in star-

forming regions. In these regions, the important dynam-

ical timescale is not related to the size scale of the en-
tire region, but rather that of the clumps of (proto)stars

in the filaments and substructure (Allison et al. 2010),

which are typically of order 0.1 pc (André et al. 2014)

and so can be many (local) crossing times old.
In star-forming regions with these initial conditions,

the influence of external processes (both from direct in-

teractions, e.g. Parker & Quanz 2012; Zheng et al. 2015;

Vincke & Pfalzner 2016) and photoevaporation (e.g.

Scally & Clarke 2001; Adams et al. 2004; Parker et al.
2021) have a heightened effect on the disruption of plan-

etary systems. A combination of violent and two-body

relaxation constantly processes the population of stars

in any fixed field of view, so stars that have their discs
destroyed or altered may not stay close to the ionis-

ing sources, and conversely, disc-bearing stars may move

from the outskirts to the centre.

In this paper, we focus on both of these issues. We

first discuss the strength of the correlations reported in

the observational data (Section 2) before discussing the

effects of two dimensional projection on a synthetic star
cluster with a population of stars that have been affected

by photoevaporation (Section 3). We then describe N -

body simulations and a post-processing disc photoevap-

oration analysis (Section 4), before examining the com-

bined effects of projection issues and stellar dynamics in
Section 5. We provide a discussion in Section 6 and we

conclude in Section 7.

2. OBSERVATIONAL DATA

We will compare the protoplanetary disc properties

of stars in simulated star-forming regions with several

observed samples of discs in the Orion Nebula Cluster

(Mann et al. (2014) and Eisner et al. (2018)), the Orion
Molecular cloud (van Terwisga et al. 2019), NGC2024

(Mann et al. 2015; van Terwisga et al. 2020) and the

σ Orionis star-forming region (Ansdell et al. 2017).

A correlation between the mass of the protoplanetary
disc and the projected distance to the most luminous

ionising source was reported in the ONC by Mann et al.

(2014), and to a lesser extent by Eisner et al. (2018).

A similar correlation was reported for σ Orionis by

Ansdell et al. (2017) and van Terwisga et al. (2019)
found that the discs closer to the centre of the Trapez-

ium cluster were less massive than discs further from

the centre of the Trapezium by a factor of five. Fi-

nally, Mann et al. (2015) report that there is no cor-
relation of disc mass with distance from the ionising

star in NGC2024, which they attribute being due to the

weaker radiation field in NGC2024 compared to that in

the ONC. In these observations, the projected distances

range from hundredths of a pc to several pc. Estimates
for the ages of these regions vary (e.g. Bell et al. 2013),

but generally the ONC is thought to be between 1–2Myr

(Da Rio et al. 2010; Jeffries et al. 2011; Reggiani et al.

2011), NGC2024 is slightly younger (0.5–1Myr, Meyer
1996; Levine et al. 2006), and σ Orionis is thought to be

slightly older (3–5Myr, Oliveira et al. 2004).

In Fig. 1 we show the the disc masses as a function

of projected distance from the brightest ionising star in

each star-forming region. In the datasets of the ONC
(Mann et al. 2014; Eisner et al. 2018) and the Orion

Molecular Cloud (van Terwisga et al. 2019), this corre-

sponds to the distance from the position of θ1 Ori C; in

the σ Orionis star-forming region (Ansdell et al. 2017)
this corresponds to the distance from the position of

the star σ Ori, and in NGC2024 (Mann et al. 2015;

van Terwisga et al. 2020) this corresponds to the dis-

tance from the position of IRS 2b. The disc masses are
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Figure 1. Disc masses as a function of distance from
the brightest ionising star in the 1 – 2Myr old ONC
(Mann et al. 2014, the orange circles; Eisner et al. 2018,
the green stars; and van Terwisga et al. 2019, the grey di-
amonds), the brightest ionising source in the 0.5 – 1Myr
old NGC2024 (Mann et al. 2015, the raspberry squares;
and van Terwisga et al. 2020, the yellow pentagons) and the
brightest ionising star in the 3 – 5Myr old σ Orionis region
(Ansdell et al. 2017, the blue triangles, where the darker
points indicate unambiguous detection of gas within the
discs). The black plus symbols are synthetic data, where
the disc masses are 10 per cent of the host star mass, and
the distance to the massive star is randomly drawn from a
uniform distribution between 0 and 1 pc.

calculated by taking the reported dust masses from sub-

mm continuum observations and assuming a gas-to-dust

ratio of 100.
The data from Mann et al. (2014) for the ONC are

shown by the orange circles in Fig. 1, and the data

for the ONC from Eisner et al. (2018) are shown by

the green stars. Data for the Orion Molecular cloud
(van Terwisga et al. 2019) are shown by the grey dia-

monds. Data for NGC2024 from Mann et al. (2015) are

shown by the raspberry squares, and data for NGC2024

from van Terwisga et al. (2020) are shown by the yellow

pentagons. Finally, the data for σ Orionis (Ansdell et al.
2017) are shown by the blue triangles, with the darker

points indicating an unambiguous detection of gas in the

disc.

In order to determine the strength of any correlation
in the datasets, we use the Spearman rank coefficient

test, which determines whether a correlation exists be-

tween two variables. The Spearman test returns a value

ρ between −1 and +1 and an associated p-value to assess

the significance of the correlation (i.e. the probability of

obtaining a correlation with the rank coefficient ρ from

random chance, under the null hypothesis that there
is no correlation). Positive values for ρ towards unity

represent a strong positive correlation, negative values

of ρ represent a negative correlation, whereas ρ values

around zero indicate no correlation.

We summarise the Spearman coefficient, ρ, for
all of the datasets in Fig. 1 in Table 1. Signifi-

cant (p-values less than 0.01) positive correlations are

present in the Mann et al. (2014) ONC sample and the

van Terwisga et al. (2020) data for the extended Orion
Molecular Cloud, but not in the Eisner et al. (2018) data

for the ONC. The three datasets from Orion probe dif-

ferent physical distance ranges from the ionising stars at

the centre of the ONC, and for completeness we calcu-

late the Spearman coefficient for all three datasets. If we
combine both the ONC and the OMC data (under the

assumption that the photoionising star(s) at the centre

of the ONC are responsible for the disc evolution across

these different distance scales), the Spearman ρ coeffi-
cient is 0.54, with an associated p-value of 7× 10−20. In

NGC 2024 the Spearman rank coefficients are negative,

although not significantly so. In σ Ori there appears to

be a significant positive correlation.

Interestingly, the shapes of the positively correlated
distributions are consistent with the idea that the disc

masses are proportional to the host star masses. For

example, if we draw stellar masses from a standard

Maschberger (2013) IMF of the form

p(m) ∝

(

m

µ

)−α
(

1 +

(

m

µ

)1−α
)−β

, (1)

and set the disc masses to be 10 per cent of the host
star mass, then we produce distributions such as the

one shown by the black plus symbols in Fig. 1. (Note

that in Equation 1, µ = 0.2M⊙ is the average stellar

mass, α = 2.3 is the Salpeter (1955) power-law expo-
nent for higher mass stars, and β = 1.4 describes the

slope of the IMF for low-mass objects, and we sam-

ple masses between 0.1 – 50M⊙.) We draw the same

number of stars as in the Mann et al. (2014) sample,

i.e. 22. If all distances from the ionising star are equally
probable, the distribution of black points in Fig. 1 is

simply the stellar mass function placed on its side and

reduced by a factor of ten. In this particular realisation

the Spearman rank coefficient is ρ = 0.46, with a p-value
of 3.2 × 10−2, which although larger than the p-values

calculated for the observed samples, could imply a mod-

est correlation. In 100 repeats of this experiment, we

find positive correlations 7 per cent of the time, and neg-
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Table 1. Spearman rank ρ tests for correlations between the disc mass and the distance to ionising stars of star-forming regions.
We indicate age of each region, the Spearman rank coefficient ρ, as well as the p-value for rejecting the null hypothesis that
there is no correlation. The final column in the table indicates the symbol shape and colour in Figs. 1, 3, 5–7, 9 and 11–12.

Region Ref. Age Spearman ρ p-value Symbol in Figs. 1, 3, 5–7, 9, 11–12

ONC Mann et al. (2014) 1 – 2Myr 0.55 8× 10−3 Orange circle

ONC Eisner et al. (2018) 1 – 2Myr 0.16 0.13 Green star

Orion MC van Terwisga et al. (2019) 1 – 2Myr 0.25 4× 10−3 Grey diamond

ONC & Orion MC As rows 1–3 above 1 – 2Myr 0.54 7× 10−20 As rows 1–3 above

NGC2024 Mann et al. (2015) 0.5 – 1Myr -0.12 0.58 Raspberry square

NGC2024 van Terwisga et al. (2020) 0.5 – 1Myr -0.20 0.12 Yellow pentagon

σ Ori Ansdell et al. (2017) 3 – 5Myr 0.34 4× 10−3 Blue/purple triangle

ative correlations 5 per cent of the time. We therefore
have demonstrated that before considering any photo-

evaporation effects, any correlation (if it exists – it is

only present in three samples out of seven observed disc

populations) could simply be due to low-mass stars (and
hence lower-mass discs) being more common and hence

more likely to be observed at closer distances to the ion-

ising star(s) than more massive stars (with more massive

discs). However, we note that increasing the number of

star-disc systems leads to fewer significant correlations
(simply because increasing the number of objects causes

a reduction in the number of random correlations caused

by low-N sampling), suggesting that the reported trends

in the observational data may also be hampered by small
number statistics.

3. PROJECTION EFFECTS

Observations of protoplanetary disc locations in star-

forming regions are usually only available in two dimen-

sions, and so the position of a host star and its proto-

planetary disc is projected from three dimensions into
two on the sky. This is an important consideration when

discussing the occurrence rate of protoplanetary discs

and their individual masses as a function of distance

from photoionising massive stars.
In this section we determine how important projection

effects may be on a synthetic star cluster where we have

not modelled any previous dynamical evolution and we

have assumed that the cluster is dense enough so that

significant photoevaporation has already occurred. We
have assumed a simplified geometry, where the cluster

has a uniform number density profile from the centre to

the outskirts (Fig. 2(a)). In this panel, stars that have

had their discs affected by photoevaporation are shown
by the red crosses. It is immediately obvious from this

plot that the two-dimensional projection of fore- and

background stars that are not within the photoevapo-

rative zone (< 0.3 pc from the massive star(s)) means

that some of these objects would mistakenly be classed
as being close to the photoionising massive star(s).

We present two scenarios for the severity of the photo-

evaporation. In both cases, we draw stellar masses ran-

domly from the Maschberger (2013) IMF (Equation 1)
and we sample this distribution in the mass range 0.1 –

50M⊙ and randomly place these stars within a uniform

density sphere. We assume that the photoionising mas-

sive star is at the centre of the cluster. This so-called

‘mass segregation’ is observed in many star-forming re-
gions that host massive stars, and can be either primor-

dial (Bonnell & Davies 1998) or occur from subsequent

dynamical evolution (Allison et al. 2010). Disc masses

are set to be 10 per cent of the stellar mass.
In the first scenario, photoevaporation has destroyed

all of the discs within a 0.3 pc radius of the most massive

star. (Note that we assume dynamics are unimportant

for the moment.) We show the disc mass as a function of

three dimensional distance from the photoionising mas-
sive star in Fig. 2(b), where the stars with discs that

have been destroyed by photoevaporation are shown by

the red points. The two dimensional projection places

fore- and background stars close to the massive star(s),
so in this projection we would see a mixture of stars

with and without discs in the photoevaporative zone

(Fig. 2(c)).

In the second scenario, we change the original disc

masses by a factor that is linearly proportional to the
distance from the ionising star. Stars beyond 0.3 pc re-

tain their original disc masses. In Fig. 2(d), which is a

three dimensional projection, we show the original disc

masses within 0.3 pc by the open circles, and draw a
line to the new disc masses which are shown by the red

plus symbols. The two dimensional projection is shown

in Fig. 2(e), and it is clearly impossible to distinguish

discs that have been affected by photoevaporation from

those that have not in this plot.
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(a) (b) (c)

(d) (e)

Figure 2. Illustration of potential projection effects in analysing photoevaporation and destruction of protoplanetary discs. In
panel (a) we show the two dimensional positions of stars placed randomly in a uniform density sphere. The ‘photoevaporative
zone’ extends from the centre of the cluster out to a radius of 0.3 pc. In all panels the red plus signs indicate the positions of
stars whose discs are affected by photoevaporation. In panels (b) and (c) we show the effects of projection where we assume
the discs are completely destroyed if they reside within 0.3 pc of the massive star. In panel (b) we show the disc masses against
the three dimensional distance from the the massive star, and in panel (c) we show the projected two dimensional distance.
In panels (d) and (e) we show the effects of projection where we assume the discs lose mass by a factor which is inversely
proportional to their distance from the most massive star. In panel (d) we show the disc masses against the three dimensional
distance from the massive star, and in panel (e) we show the projected two dimensional distance.

We have repeated this thought experiment for star-

forming regions with different geometries (including very

substructured fractal distributions, and much more cen-

trally concentrated clusters than the one we present
here) and unsurprisingly find the same result. We there-

fore expect projection effects to confuse our analysis of

photoevaporation, both in observed star-forming regions

and in simulated star-forming regions where we allow the

regions to evolve dynamically but are projecting the po-
sitions of the stars into a two-dimensional field of view.

4. N -BODY EVOLUTION OF STAR-FORMING

REGIONS

In this section we describe the set-up and imple-

mentation of our N -body simulations of the dynam-
ical evolution of star-forming regions, as well as the

post-processing disc mass-loss due to photoevaporation.

Our simulations are very similar to those presented in

Parker, Nicholson, & Alcock (2021) and for full details

we refer the interested reader to that paper, as well as

Parker et al. (2014b), which describes the initial con-

ditions for the positions and velocities of the stars in

detail.

4.1. Simulation set-up

We set up star-forming regions with N = 1500 stars,

with masses drawn from the probability distribution

(Equation 1) in Maschberger (2013). We sample this

IMF in the mass range 0.1 – 50M⊙.

Observations of the early stages of star-formation in-
dicate that stars form in filaments, and where these

filaments intersect, hubs, or subclusters, of stars form

(Myers 2011; André et al. 2010; Kuhn et al. 2014). This

results in an initially substructured spatial distribu-
tion (Cartwright & Whitworth 2004; Kuhn et al. 2014).

Furthermore, the velocities of young stars (and pre-

stellar cores) are small on local scales, but increase with

increasing distance (Larson 1981).
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In order to mimic these spatially and kinematically

substructured distributions, we initialise the stellar

positions and velocities in our simulations using the

fractal generator described in Goodwin & Whitworth
(2004). The full details of this method are given

in Goodwin & Whitworth (2004); Allison et al. (2010);

Parker et al. (2014b) and we refer the interested reader

to those papers. In brief, the amount of spatial substruc-

ture is set by the fractal dimension, D. In this work we
adopt D = 2.0, which results in a moderate amount of

substructure and is consistent with dynamical models

of the early evolution of the ONC (Allison & Goodwin

2011). A lower fractal dimension (corresponding to more
substructure) for a constant radius would increase the

local density and lead to more extreme photoevapora-

tion (Nicholson et al. 2019). However, because we will

compare our results to observations of proplyds in the

ONC, we choose a moderate amount of substructure
from constraints on the amount of dynamical evolution

that can have occurred in the ONC (Allison et al. 2010;

Allison 2012; Parker et al. 2014b).

The amount of kinematic structure is also set by the
fractal dimension. Lower fractal dimensions produce

more kinematic substructure, whereas higher fractal di-

mensions produce less. Our choice of D = 2.0 means

the regions have a moderate amount of kinematic sub-

structure. The velocities are then scaled to a global
virial ratio, αvir, and in this work we adopt αvir = 0.3.

This means the star-forming regions are initially sub-

virial and will collapse into their gravitational poten-

tial. This subvirial collapse causes a single, roughly
spherical star cluster to rapidly form, and then expand

due to two-body relaxation. An imprint of the collapse

may be seen in the velocity dispersion, which would

appear supervirial (warm, or hot), despite the clus-

ter being in virial equilibrium (Parker & Wright 2016).
This pseudo-supervirial expansion may be observed

in real star-forming regions and clusters (Bravi et al.

2018; Kounkel et al. 2018; Kuhn et al. 2019), although

if the velocity dispersion is instead a signature of ac-
tual supervirial expansion this suggests that gas removal

has significantly altered the gravitational potential of

the region in question (Tutukov 1978; Goodwin 1997;

Goodwin & Bastian 2006; Baumgardt & Kroupa 2007;

Shukirgaliyev et al. 2018).
We place the stars randomly at the positions and ve-

locities in the fractal distribution, and produce 20 reali-

sations of the same initial conditions, where we vary the

random number seed used to select stellar masses, posi-
tions and velocities. The star-forming regions have radii

of either 1 pc or 5 pc, which is simply the radii of the

fractal distributions. For simplicity, we do not include

primordial binary or multiple systems in the simulations,

and due to the short timeframe on which discs evolve

(Haisch et al. 2001; Richert et al. 2018) and photoevap-

oration affects those discs (both timescales are less than
5Myr), we do not include stellar evolution.

The total mass of each region varies due to the

stochastic sampling of the IMF, but is in the range

440 – 630M⊙ for twenty realisations of the same ini-

tial conditions. The fractal dimension is D = 2.0 in
each simulation and with this value the simulations with

radii r = 1pc have initial median stellar densities of

104 M⊙ pc−3. Our simulations with radii r = 5pc have

initial median stellar densities of 102M⊙ pc−3.
Note that these median densities are higher than the

volume-averaged stellar density due to the substructure

inherent in the fractal distributions. For star-forming re-

gions of comparable radii and masses, the median stel-

lar density is higher for regions with substructure. In
Parker et al. (2021) we showed the evolution of the me-

dian density in simulations with similar initial condi-

tions to those we present here. Typically, in such dense

regions the median density drops by a factor of ∼100
in the first few Myr, due to the violent relaxation these

regions undergo.

Interestingly, when the initial amount of substructure

is different, but the median density is comparable, the

less substructured regions cause more disc destruction
via photoevaporation (Parker et al. 2021, their fig. 3).

The reason for this is that to achieve comparable median

stellar density, the radii of non-substructured regions

have to be much smaller than for substructured regions.
This means that the massive stars in the smoother re-

gions are initially closer on average to disc-hosting stars,

and the star-forming regions can collapse into a deeper

potential well (thus facilitating higher long-term densi-

ties and consequently higher levels of disc destruction).
We follow the dynamical evolution in the simulations

using the kira integrator within the Starlab package

(Portegies Zwart et al. 1999, 2001). This implements a

4th-order Hermite scheme with block timestepping to
evolve the regions, and we run the simulations until they

reach an age of 10Myr. We do not include a background

gas potential in the simulations. Whilst the abrupt re-

moval of gas has been shown to alter the dynamical

evolution of star-forming regions (e.g. Tutukov 1978;
Lada et al. 1984; Goodwin 1997; Baumgardt & Kroupa

2007), recent state-of-the-art hybrid simulations sug-

gest that the effects of removing gas left over from star

formation are much more subtle (Sills et al. 2018, cf.
Smith et al. 2011).

4.2. Disc properties
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The discs are not directly modelled in our simulations.

For each star with mass m < 3.0M⊙, we assign a disc

with mass that is 10per cent of the host star’s mass

and in a different set of simulations we assign a disc
that is 1 per cent of the host star mass. This spans the

range of disc masses expected from different magnetic

fields and angular momentum distributions in molecu-

lar clouds. However, in our models these ‘discs’ are an

abstract construct; we do not include the extra mass in
the N -body integration and the disc does not interact

with the host star. Furthermore, when mass is removed

from each disc due to photoevaporation (see below), we

do not model the disc’s internal response (change in sur-
face density, radius, etc.).

We set the initial disc radii to be 100 au in all simula-

tions, and the radius of an individual disc is allowed to

decrease if the disc loses mass due to external photoe-

vaporation (see below), but does not change due to any
internal disc physics (e.g. viscous evolution or internal

photoevaporation from the host star).

4.3. Photoevaporation

Massive stars emit significant power in the form

of far ultraviolet (FUV) luminosity, where the indi-

vidual photon energies are hν < 13.6 eV and ex-

treme ultraviolet (EUV) luminosity, where the individ-
ual photon energies are hν > 13.6 eV. Several authors

(e.g. Störzer & Hollenbach 1999; Hollenbach et al. 2000;

Haworth et al. 2018a) have shown that FUV radiation

is more destructive to protoplanetary discs than EUV

radiation.
To implement disc mass loss from photoevaporation

due to FUV radiation, we use the FRIED grid from

Haworth et al. (2018a), which takes the disc radius, disc

mass and FUV luminosity flux received by the star

FFUV =
LFUV

4πd2
, (2)

expressed in terms of the background FUV flux in the

interstellar medium, G0 = 1.6 × 10−3 erg cm−2 s−1

(Habing 1968), and computes the mass-loss from the

disc due to the FUV radiation. In Equation 2, d is the

distance from the FUV emitting star, and LFUV is the

FUV luminosity of that star. We take LFUV as a func-

tion of stellar mass from fig. 1 in Armitage (2000), who
used the stellar atmosphere models of Buser & Kurucz

(1992).

To a lesser extent, the disc also loses mass due to EUV

radiation, and we subtract mass from the disc, ṀEUV,
according to the prescription in Johnstone et al. (1998):

ṀEUV ≃ 8× 10−12r
3/2
d

√

Φi

d2
M⊙ yr−1. (3)

Here, Φi is the ionizing EUV photon luminosity from

each massive star in units of 1049 s−1 and is depen-

dent on the stellar mass according to the observations of

Vacca et al. (1996) and Sternberg et al. (2003), the disc
radius rd is expressed in units of au and the distance to

the massive star d is in pc.

We subtract mass from the discs according to the

FUV-induced mass-loss rate in the FRIED grid and the

EUV-induced mass-loss rate from Equation 3. Models
of mass loss in discs usually assume the mass is removed

from the edge of the disc (where the surface density is

lowest) and we would expect the radius of the disc to

decrease in this scenario. We employ a very simple way
of reducing the radius by assuming the surface density

of the disc at 1 au, Σ1 au, from the host star remains con-

stant during mass-loss (see also Haworth et al. 2018a).

If

Σ1 au =
Md

2πrd1 au
, (4)

where Md is the disc mass, and rd is the radius of the

disc, then if the surface density at 1 au remains constant,

a reduction in mass due to photoevaporation will result

in the disc radius decreasing by a factor equal to the
disc mass decrease, so that

rd(tk) =
Md(tk)

Md(tk−1)
rd(tk−1), (5)

where rd(tk) and Md(tk) are the disc radius and disc

mass after photoevaporation in a given time interval,

and rd(tk−1) and Md(tk−1) are disc radius and disc mass
before photoevaporation. In the case where the disc

radius decreases due to mass loss, the smaller radius acts

to slow down the rate of photoevaporation. However, if

the G0 field is high enough, a disc can still be completely

destroyed (i.e. lose all of its mass).
We do not include any other internal evolution of the

discs, e.g. viscous evolution or inner truncation from in-

ternal photoevaporation from the host star, nor do we

allow mass-loss due to accretion from the disc onto the
host star. In practice, both viscous evolution and accre-

tion onto the star will act to deplete the disc (viscous

spreading increases the disc radius and decreases the disc

surface density, making it more susceptible to external

photoevaporation). In Parker et al. (2021) we showed
that viscous spreading and accretion onto the star both

contribute to many more discs being destroyed, and on

much more rapid timescales (within 1Myr when both

accretion and viscous spreading are enabled, compared
to ∼5Myr without).

For further details of the evolution of discs in these

N -body simulations, we refer the interested reader to

Parker et al. (2021), which also includes a discussion of
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the adopted timestep (10−3Myr) in the disc evolution

calculations.

5. RESULTS

In this section we first focus on simulations with high
initial stellar densities (such as those suggested for the

Orion Nebula Cluster). We then look at lower density

simulations (commensurate with the observed present-

day density in the σ Orionis cluster), before comparing

our results with distributions of disc-bearing and disc-
less stars in the Orion star-forming region.

5.1. Photoevaporation in high-density simulations

5.1.1. Dynamical evolution of the star-forming regions

The dynamical evolution of the star-forming regions is

very similar to that described in Parker et al. (2014b),
Parker et al. (2021) and Nicholson et al. (2019). The

most massive stars are initially placed randomly in the

substructure. Due to the high degree of spatial and

kinematic substructure, as well as a subvirial energy ra-

tio, the regions violently relax to form smooth, centrally
concentrated star clusters after ∼1Myr. During this

process, the massive stars migrate to the cluster cen-

tre via dynamical mass segregation (Allison et al. 2010;

Parker et al. 2014b). In the following analysis we calcu-
late the distances from the most massive star, but this

is also usually close to the location of the cluster centre

(defined as the mean position of all stars).

We will first describe the results for one realisation of

the initial conditions, before discussing different reali-
sations of the same simulations which, whilst formally

statistically identical, contain different numbers of mas-

sive stars (with slightly different masses due to randomly

sampling the stellar IMF), as well as (random) differ-
ences in the initial positions and velocities of the stars.

Slight differences in the numbers of massive stars will

lead to slightly different FUV fields, which in turn can

translate into more, or fewer, discs being destroyed (see

Parker et al. 2021).

5.1.2. 10 per cent disc masses, 2D projection

We start by looking at the effects of photoevaporation

where the initial disc mass is set to be 10 per cent of the

host star’s mass. The initial distribution (at t = 0Myr)

is shown in Fig. 3(a), where we plot the disc mass as a
function of the two-dimensional distance of the host star

from the most massive star. (This distance is calculated

using the x and y coordinates only.)

As the region evolves, the discs experience mass loss
due to photoevaporation, so that after 4Myr of evolu-

tion the majority of the discs are destroyed (leading to

fewer black datapoints from the simulations as time in-

creases). From an initial population of 1462 discs in

this simulation, after 0.5Myr there are only 301 discs,

after 1Myr there are 181 discs and after 4Myr there are

53 discs. Whilst this mass loss and consequent destruc-

tion of discs may seem drastic, it is typical of many of
the FRIED models presented by Haworth et al. (2018a).

As an example, radiation fields of 104G0 are typical in

our very dense regions, and in the FRIED models such

highG0 values garner mass-loss rates of∼ 10−6M⊙ yr−1,

meaning that in 0.1Myr a disc could lose 0.1M⊙ of
material. Whilst not all mass-loss rates are so dras-

tic, this serves to illustrate why the disc masses are so

strongly depleted in dense star-forming regions (see also

Parker et al. 2021).
We see very little correlation between the mass of the

discs and the distance of the host star from the ionis-

ing source at any snapshot in time. Interestingly, and

as detailed in Section 2, observations suggest that, in

some star-forming regions, there is a correlation between
disc mass and projected distance from the massive stars.

The orange circles are data from the Mann et al. (2014)

ALMA study of discs in the ONC, and these authors

claim a strong correlation with disc masses increasing
the further they are from the massive stars (where the

disc masses are inferred from the dust content of the

discs using sub-mm continuum observations, assuming

a gas-to-dust ratio of 100). Ansdell et al. (2017) report

similar results from the σ Orionis star-forming region
(shown by the blue triangles in Fig. 3(a)–3(d). Other au-

thors (Guarcello et al. 2007, 2010) report similar results

in more distant star-forming regions, but Mann et al.

(2015) find no correlation between mass of the discs and
the distance of the host star from the ionising source in

NGC 2024 (raspberry squares).

We also plot histograms of the distance (again in

2D only) from the massive star of low-mass stars that

host a disc (open histogram) and those that have had
their discs destroyed (red histogram) in Figs. 3(e)–3(h).

These panels indicate that on average, a star closer to

the ionising massive star is less likely to host a disc, but

because stars move in and out of the cluster centre, disc-
less stars can also be located at large distances from the

ionising star(s).

In this particular simulation, the five most massive

stars are 23, 18, 17, 15 & 15M⊙. The number of mas-

sive stars, and their exact masses, will result in a spe-
cific radiation field for a given stellar density, and this

field may increase or decrease in a different realisation

of the simulation if the mass function is stochastically

sampled. Additionally, the stars have different initial
positions and velocities as set by a random number gen-

erator. The combination of these factors could mean

that some simulations might display a correlation be-
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(a) 0Myr (b) 0.5Myr (c) 1Myr (d) 4Myr

(e) 0Myr (f) 0.5Myr (g) 1Myr (h) 4Myr

Figure 3. Photoevaporation of protoplanetary discs in high density star-forming regions (104 stars pc−3) where the initial disc
mass is 10 per cent of the host star’s mass, and the distance to the ionising star is calculated in two dimensions. The radius
of the star-forming region is 1 pc. Top row: The plus symbols show the disc mass plotted against the distance to the massive
ionising star for each low-mass star with a disc, using only two dimensions to calculate the projected distance. The masses and
the respective distances from θ1 Ori C of observed protoplanetary discs in the ONC by Mann et al. (2014, orange circles), and
Eisner et al. (2018, green stars); and the Orion Molecular Cloud (van Terwisga et al. 2019, the grey diamonds) are shown. We
also show the masses and projected distances from IRS 2b of discs in NGC2024 by Mann et al. (2015, the raspberry squares)
and van Terwisga et al. (2020, the yellow pentagons). Finally, we show the masses and projected distances from the ionising
star σ Ori in this eponymous star-forming region (Ansdell et al. 2017) by the blue triangles. Protoplanetary discs in σ Ori that
have CO detections (i.e. gas content) are shown by the purple triangles. Bottom row: The number of remaining discs (open
histogram) and the number of stars whose discs have been destroyed by photoevaporation (red histogram) as a function of the
two dimensional projected distance from the ionising star.

tween the disc masses and distance to the main ionising

sources, whereas others would not.
In Fig. 4 we show the rolling average of disc mass as

a function of distance from the most massive stars for

each simulation (for clarity, we only show the first ten re-

alisations of the twenty simulations, but we will report
on all the simulations in the following text), in incre-

mental bins containing ten stars. Where the Spearman

rank test reports a significant (p-value < 0.1) positive

correlation1, we show the rolling average by a coloured

1 This p-value threshold is somewhat arbitrarily chosen, but we
note that in two of the simulations that display a significant cor-
relation, their p-values are less than 10−2 and in one case less
than 10−4. These values are similar to those found in the obser-
vational data (see Section 2), but we cannot find any significant
differences in either the mass functions, overall dynamical evo-
lution or the (related) photoevaporation history between these
simulations and others in our set of twenty.

line. Where there is a significant negative correlation

(p-value < 0.1), we show the rolling average by a black
line. Where there is no significant correlation, we show

the rolling average by a light grey line.

First, we note that the random sampling of the IMF

results in a correlation of disc mass with distance to
the ionising star in one simulation (the magenta line in

Fig. 4(a)) out of twenty (and also one simulation displays

a negative correlation) before any photoevaporation has

occurred. Then, at 0.5Myr, 5/20 simulations display a

positive correlation (and one is negative), at 1Myr 2/20
display a positive correlation and 2/20 display a nega-

tive correlation. Finally, at 4Myr 1/20 shows a positive

correlation and 3/20 display a negative correlation.

We make five further points related to Fig. 4. First,
the majority of simulations (always more than 70 per

cent) do not show a correlation. Secondly, those that do

show a correlation tend to be transient – the same sim-
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(a) 0Myr (b) 0.5Myr (c) 1Myr (d) 4Myr

Figure 4. Average disc mass as a function of distance from the most massive ionising star in the high-density simulations.
Each line shows a rolling average of the disc masses of bins of ten stars within the ordered list of distances to the ionising star.
For clarity, we only show the first ten simulations (not all twenty) but we report on the statistics for all twenty in the text.
Thin grey lines indicate simulations where there is no correlation according to the Spearman rank test. The thick coloured lines
indicate a positive correlation according to the Spearman test (with a p-value <0.1), i.e. the disc masses increase with increasing
distance from the ionising star. The thin black lines indicate a negative correlation according to the Spearman test (with a
p-value <0.1), i.e. the disc masses decrease with increasing distance from the ionising star. We show snapshots at 0, 0.5, 1 and
4Myr, and colours are the same at different snapshots, i.e. any long-term correlation would be indicated by similarly coloured
lines.

ulation displays no correlation, or a negative correlation
at earlier or later times. Third, if we can obtain a signif-

icant negative correlation of decreasing disc mass with

distance from the ionising source – which cannot be due

to anything other than stochastic dynamics – it is not
clear why one would attach any physical meaning to a

significant positive correlation. Fourth, we note that the

results do not depend on the exact numbers of massive

stars, or their individual masses. For example in Fig. 4,

the simulation that displays a significant positive corre-
lation (the red line) contains stars with masses 19, 19,

19, 12 and 11M⊙. One of the simulations that displays

a negative correlation contains stars with masses 22, 21,

15, 12 and 11M⊙ (i.e. very similar), whereas another
simulation that displays a negative correlation has stars

with masses 34, 18, 11, 8 and 7M⊙ (which would likely

produce more EUV radiation, but less FUV radiation).

Finally, we note that even though some simulations dis-

play a positive correlation, the rolling average fluctuates
so much it is difficult to discern a strong correlation com-

pared to other simulations where the Spearman test does

not return a significant correlation.

In Appendix A we show further scatter plots of the
disc mass and distance to the most massive star, and

indicate the masses of the five most massive stars in

each. We conclude that the results do not depend on the

exact numbers of massive stars drawn randomly from

the IMF.

5.1.3. 10 per cent disc masses, 3D projection

In Fig. 5 we show the same simulation as in Fig. 3, but

this time we use the full three dimensional information

to calculate the positions of low-mass stars (including
those with discs) with respect to the ionising massive

star. Blinking between these two figures highlights the

problem with projecting distances in two dimensions.

After 4Myr of dynamical evolution and mass-loss from
discs due to photoevaporation, all of the discs within

0.5 pc of the cluster centre have lost the gas content of

their discs (shown by the absence of black points near

the ionising star in Fig. 5(d)). In the two-dimensional

projection, this boundary is blurred (Fig. 3), with discs
appearing to be much closer to the ionising stars in 2D

projection (though none are as close to the ionising star

as some of the observed discs in the ONC).

The histograms of destroyed discs (red) and surviv-
ing discs (black, open) show a similar trend to the two

dimensional data (Figs. 5(e)–5(h)), where stars closest

to the ionising sources are less likely to have discs, but

disc-less stars can also be found at large distances from

the massive stars.

For the remainder of our analysis, we will only con-

sider two dimensional projections of the data, as this

is the information observational studies are currently
party to. However, we must bear in mind the caveat

that some fore- and background stars will be present in

our projections.

5.1.4. 1 per cent disc masses, 2D projection

When we follow the evolution of protoplanetary discs

with initial masses of only 1 per cent of that of the host

star, we see that discs are rapidly destroyed in our dense

star-forming regions (cf. Nicholson et al. 2019). In Fig. 6
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(a) 0Myr (b) 0.5Myr (c) 1Myr (d) 4Myr

(e) 0Myr (f) 0.5Myr (g) 1Myr (h) 4Myr

Figure 5. Photoevaporation of protoplanetary discs in high density star-forming regions (104 stars pc−3) where the initial disc
mass is 10 per cent of the host star’s mass, and the distance to the ionising star is calculated in three dimensions. The radius
of the star-forming region is 1 pc. Top row: The plus symbols show the disc mass plotted against the distance to the massive
ionising star for each low-mass star with a disc, using all three dimensions to calculate the distance. Stars whose discs have been
completely evaporated are removed from the plot (hence the decreasing population of black points with increasing age). The
masses (inferred from the dust content) and the respective distances from θ1 Ori C of observed protoplanetary discs in the ONC
by Mann et al. (2014, orange circles), and Eisner et al. (2018, green stars); and the Orion Molecular Cloud (van Terwisga et al.
2019, the grey diamonds) are shown. We also show the masses and projected distances from IRS 2b of discs in NGC2024 by
Mann et al. (2015, the raspberry squares) and van Terwisga et al. (2020, the yellow pentagons). Finally, we show the masses and
projected distances from the ionising star σ Ori in this eponymous star-forming region (Ansdell et al. 2017) by the blue triangles.
Protoplanetary discs in σ Ori that have CO detections (i.e. gas content) are shown by the purple triangles. Bottom row: The
number of remaining discs (open histogram) and the number of stars whose discs have been destroyed by photoevaporation (red
histogram) as a function of the three dimensional projected distance from the ionising star.

we show the positions of disc-hosting stars with respect

to the ionising massive stars, and very few discs sur-

vive beyond ages of 0.5 - 1Myr (fewer than ten from

an initial population of ∼ 1460 discs, depending on the
initial conditions). This suggests that if protoplanetary

discs are to form gas giant planets in young star-forming

regions where photoevaporation is active, they require

much higher initial masses (of order 10 per cent of the
host star’s mass).

5.2. Photoevaporation in low-density simulations

5.2.1. Dynamical evolution of the star-forming regions

Our low-density simulations take longer to relax and
form a star cluster, and this process has not reached

completion after the first 4Myr of dynamical evolution.

As a result the most massive star is not necessarily in the

centre of the star-forming region when we determine the

distance of each low-mass disc-bearing star to the ion-

ising source. These lower density regions still contain

several (typically 1 – 5) O-type stars, as well as up to

∼10 B-type stars, but have a much lower stellar density
(∼100 stars pc−3). This results in a background radia-

tion field of between 100 – 1000G0, which is a factor of

at least ten lower than in the high density simulations.

The masses of the five most massive stars in the sim-
ulation we use to illustrate the destruction of discs in

low-density environments are 19, 19, 19, 12 and 11M⊙.

In Appendix A we show that the results – as for the

high density regions – are not dependent on the exact

realisation of the Initial Mass Function.

5.2.2. 10 per cent disc masses, 2D projection

When the discs are set to be 10 per cent of the host

star’s mass in our low density simulations, photoevapo-
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(a) 0Myr (b) 0.5Myr (c) 1Myr (d) 4Myr

Figure 6. Photoevaporation of protoplanetary discs in high density star-forming regions (104 stars pc−3) where the initial disc
mass is 1 per cent of the host star’s mass. The radius of the star-forming region is 1 pc. The plus symbols show the disc mass
plotted against the distance to the massive ionising star for each low-mass star with a disc, using only two dimensions to calculate
the projected distance. Stars whose discs have been completely evaporated are removed from the plot (hence the decreasing
population of black points with increasing age). The masses (inferred from the dust content) and the respective distances from
θ1 Ori C of observed protoplanetary discs in the ONC by Mann et al. (2014, orange circles), and Eisner et al. (2018, green
stars); and the Orion Molecular Cloud (van Terwisga et al. 2019, the grey diamonds) are shown. We also show the masses
and projected distances from IRS 2b of discs in NGC2024 by Mann et al. (2015, the raspberry squares) and van Terwisga et al.
(2020, the yellow pentagons). Finally, we show the masses and projected distances from the ionising star σ Ori in this eponymous
star-forming region (Ansdell et al. 2017) by the blue triangles. Protoplanetary discs in σ Ori that have CO detections (i.e. gas
content) are shown by the purple triangles.

ration is still very effective at destroying discs (Fig. 7),

likely due to the still very high FUV radiation field
(500G0 in this particular simulation). From an initial

population of 1465 discs, after 0.5Myr 1198 discs re-

main, reducing to 526 discs after 4Myr. As in the higher

density simulations, we see very few instances of a pos-

itive correlation between disc mass and distance from
the ionising stars in these simulations.

In Fig. 7 we also show the histograms of the dis-

tances to the most massive stars at 0, 0.5, 1 and 4Myr.

These low-density regions take longer to dynamically re-
lax than the higher density regions, and as such the his-

tograms of remaining (open) and destroyed (red) discs

differ to those in the high density regions until and age

of ∼4Myr, when the region has dynamically mixed. In

these regions the destroyed discs tend to follow the same
spatial distribution as the surviving discs until the re-

gion has collapsed to form a centrally concentrated clus-

ter. At this point (after ∼4Myr), the stars with de-

stroyed discs tend to be closer to the ionising stars than
the stars with surviving discs.

We plot the average disc mass as a function of dis-

tance from the ionising star in Fig. 8. As in Fig. 4, we

show the rolling average of disc mass as a function of

distance from the most massive stars for each simula-
tion and again, we only show the first ten realisations

of the twenty simulations in plots for the sake of clarity.

Because these simulations are lower density, the corre-

sponding radiation fields will be smaller (by a similar
factor to the decrease in density, i.e. a factor of ∼100

(Parker et al. 2021)). This means that more discs sur-

vive for longer, and so we increase the size of our incre-
mental bins to contain fifty stars. As before, where the

Spearman rank test reports a significant (p-value < 0.1)

positive correlation, we show the rolling average by a

coloured line. Where there is a significant negative cor-

relation (p-value < 0.1), we show the rolling average by
a black line. Where there is no significant correlation,

we show the rolling average by a light grey line.

Our simulations are set-up such that we can keep the

mass distributions of stars constant, but vary the ini-
tial radii of the star-forming regions after the masses

have been drawn from the IMF. For this reason, we see

the same positive correlation at 0Myr (before any pho-

toevaporation has taken place) as in the high density

simulations (the magenta line). Interestingly, this posi-
tive correlation remains throughout the simulation (see

Figs. 8(b)–8(d)); however, some correlations that de-

velop later in the simulation that could be attributed to

distance from the ionising star are short-lived (e.g. the
orange line present at 0.5 and 1Myr), again suggesting

that this behaviour is rather stochastic.

In the lower density simulations, at 0.5Myr, 4/20 sim-

ulations display a positive correlation (3/20 display a

negative correlation), at 1Myr 5/20 display a positive
correlation and 2/20 display a negative correlation. Fi-

nally, at 4Myr 7/20 show a positive correlation and none

display a negative correlation. If we discount the simu-

lation with the birth correlation (i.e. not attributable to
photoevaporation) then again more than 70 per cent of
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(a) 0Myr (b) 0.5Myr (c) 1Myr (d) 4Myr

(e) 0Myr (f) 0.5Myr (g) 1Myr (h) 4Myr

Figure 7. Photoevaporation of protoplanetary discs in low density star-forming regions (102 stars pc−3) where the initial disc
mass is 10 per cent of the host star’s mass. The radius of the star-forming region is 5 pc. Top row: The plus symbols show the
disc mass plotted against the distance to the massive ionising star for each low-mass star with a disc, using only two dimensions
to calculate the projected distance. Stars whose discs have been completely evaporated are removed from the plot (hence the
decreasing population of black points with increasing age). The masses (inferred from the dust content) and the respective
distances from θ1 Ori C of observed protoplanetary discs in the ONC (Mann et al. 2014, orange circles), (Eisner et al. 2018,
green stars); and the Orion Molecular Cloud (van Terwisga et al. 2019, the grey diamonds) are shown. We also show the masses
and projected distances from IRS 2b of discs in NGC2024 by Mann et al. (2015, the raspberry squares) and van Terwisga et al.
(2020, the yellow pentagons). Finally, we show the masses and projected distances from the ionising star σ Ori in this eponymous
star-forming region (Ansdell et al. 2017) by the blue triangles. Protoplanetary discs in σ Ori that have CO detections (i.e. gas
content) are shown by the purple triangles. Bottom row: The number of remaining discs (open histogram) and the number
of stars whose discs have been destroyed by photoevaporation (red histogram) as a function of the two dimensional projected
distance from the ionising star.

the simulations do not display a correlation of increas-

ing disc mass with increasing distance from the ionising

star.

5.2.3. 1 per cent disc masses, 2D projection

If we reduce the initial disc masses to be only 1 per

cent of the host star (Fig. 9), then after 4Myr a higher

fraction of the discs have lost mass or been destroyed

due to photoevaporation, with only 11 discs from the
initial population surviving to 4Myr. In our simula-

tions, the remaining disc distributions are inconsistent

with the masses of discs, and the positions of their host

stars with respect to the ionising sources, measured in
Mann et al. (2014) for the ONC, and Mann et al. (2015)

for NGC2024, but are consistent with the masses and

positions in σ Orionis (Ansdell et al. 2017).

Interestingly, in both our low-density simulations the

disc-hosting stars are never as close to the ionising stars

as closest observed examples in both the ONC and
NGC2024 at the start of the simulation (compare the

black points in Figs. 7(a) and 9(a) with the leftmost

coloured points). This suggests that both of these star-

forming regions must have been more dense in the past,

and opens the promising avenue of the properties of disc-
hosting stars being used as a diagnostic to predict the

initial conditions of their host star-forming regions.

5.3. Comparison with discs in star-forming regions

Many authors have reported a correlation be-
tween the disc mass and the projected position

of the host star in relation to ionising massive

star(s) in young star-forming regions (Guarcello et al.

2007, 2010; Fang et al. 2012; Guarcello et al. 2014;
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(a) 0Myr (b) 0.5Myr (c) 1Myr (d) 4Myr

Figure 8. Average disc mass as a function of distance from the most massive ionising star in the low-density simulations. Each
line shows a rolling average of the disc masses of bins of fifty stars within the ordered list of distances to the ionising star. For
clarity, we only show the first ten simulations (not all twenty) but we report on the statistics for all twenty in the text. Thin
grey lines indicate simulations where there is no correlation according to the Spearman rank test. The thick coloured lines
indicate a positive correlation according to the Spearman test (with a p-value <0.1), i.e. the disc masses increase with increasing
distance from the ionising star. The thin black lines indicate a negative correlation according to the Spearman test (with a
p-value <0.1), i.e. the disc masses decrease with increasing distance from the ionising star. We show snapshots at 0, 0.5, 1 and
4Myr, and colours are the same at different snapshots, i.e. any long-term correlation is indicated by similarly coloured lines.

(a) 0Myr (b) 0.5Myr (c) 1Myr (d) 4Myr

Figure 9. Photoevaporation of protoplanetary discs in low density star-forming regions (102 stars pc−3) where the initial disc
mass is 1 per cent of the host star’s mass. The radius of the star-forming region is 5 pc. The plus symbols show the disc mass
plotted against the distance to the massive ionising star for each low-mass star with a disc, using only two dimensions to calculate
the projected distance. Stars whose discs have been completely evaporated are removed from the plot (hence the decreasing
population of black points with increasing age). The masses (inferred from the dust content) and the respective distances from
θ1 Ori C of observed protoplanetary discs in the ONC by Mann et al. (2014, orange circles), and Eisner et al. (2018, green
stars); and the Orion Molecular Cloud (van Terwisga et al. 2019, the grey diamonds) are shown. We also show the masses
and projected distances from IRS 2b of discs in NGC2024 by Mann et al. (2015, the raspberry squares) and van Terwisga et al.
(2020, the yellow pentagons). Finally, we show the masses and projected distances from the ionising star σ Ori in this eponymous
star-forming region (Ansdell et al. 2017) by the blue triangles. Protoplanetary discs in σ Ori that have CO detections (i.e. gas
content) are shown by the purple triangles.

Mann et al. 2014; Ansdell et al. 2017; Eisner et al. 2018;

van Terwisga et al. 2019), whilst some authors have

found no correlation (Mann et al. 2015). Our simula-
tions span three orders of magnitude in initial stellar

densities, and include discs that are both 10 per cent,

and 1 per cent of the host star’s mass.

In no simulations do we reproduce the strength of the
observed trend of disc mass and distance to the ionis-

ing star in the Mann et al. (2014) data for the ONC. In

some of our simulations there is a correlation between

the disc mass and the distance to the most massive star,

but this appears to be coincidental and not dependant

on the dynamical evolution of the star-forming region, or
the strength of the FUV radiation field. A striking result

that we will follow up in a future paper is that once the

FUV field exceeds ∼100G0, then the numbers of ion-

ising stars present in the simulation does not strongly
correlate with the number of discs that are destroyed.

Therefore, the biggest factor in how many discs are de-

stroyed is the initial stellar density of the star-forming
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region. Other changes to the initial conditions (different

amounts of spatial and kinematic substructure, global

virial ratio) have only a minimal effect on disc destruc-

tion rates (see also Nicholson et al. 2019).
One feature of our simulations is that in dense star-

forming regions like the ONC, we would expect photo-

evaporation to be extremely efficient at depleting the

gas content of protoplanetary discs. Most observational

studies that measure gas and dust masses in discs se-
lect targets based on known infrared excesses (i.e. the

presence of a disc). However, in our simulations we

quickly create a population of disc-less stars, and fur-

thermore, the discless stars move due to dynamical evo-
lution and so are not always the closest objects to the

ionising sources.

Recently, Yao et al. (2018) conducted a study of

young stars in nearby regions and determined whether

individual objects were disc-less, or disc bearing. We
show histograms of their data for Orion in Fig. 10, where

stars are binned depending on their projected distance

from θ1 Ori C. As in our simulated data, stars that still

host discs are shown by the black (open) histogram, and
stars without discs are included in the red (solid) his-

togram. The data in Yao et al. (2018) are incomplete

for the innermost regions of the ONC, but if anything

there appear to be more disc-less stars further from the

ionising stars than stars with discs. This is inconsistent
with the results of our simulations, where – on average

– stars that retain their discs are at similar distances

from the ionising stars than those that lose their discs

(compare the open and filled histograms, respectively,
in panels (e)–(h) of Figs. 3 and 5).

Intriguingly, however, the observations of Yao et al.

(2018) are consistent with our dynamical picture in

which stars can lose their discs due to external photoe-

vaporation, and then move significant distances within
the star-forming region. The big caveat here is that our

simulations do not include other disc depletion mech-

anisms (internal photoevaporation, truncation through

encounters, or rapid planet formation) that may have
occured within the observed discs. Whilst internal pho-

toevaporation would be unlikely to provide a correla-

tion between disc mass and distance to ionising stars,

truncation of protoplanetary discs due to stellar encoun-

ters is efficient in very dense (> 104 stars pc−3) regions
(Vincke et al. 2015; Portegies Zwart 2016; Winter et al.

2018). This could explain the low disc masses in the

central regions of the ONC (although we reiterate that

stars would move in and out of the central regions). On
the other hand, the density of σ Ori is probably too

low for disc truncation to explain the correlation in that

region.

Figure 10. Disc demographics in Orion. A histogram of
stars without a protoplanetary disc as a function of distance
from θ1 Ori C is shown by the filled red histogram, and a
histogram of stars with a protoplanetary disc (i.e. an infrared
excess) is shown by the open black histogram. Data taken
from Yao et al. (2018). This can be directly compared with
our simulation results in panels (e)–(h) in Figs. 3 and 5.

Finally, we note that our simulations assume only one

epoch of star formation in a region, whereas recent work
by Winter et al. (2019) assumes multiple star formation

episodes, which – if prevalent in nearby star-forming re-

gions – means that any observed discs could have been

subject to differing amounts of photoevaporation.

Alternatively, if star formation is gradual then discs
could have different ages and be in different stages of

evolution Longmore et al. (2014) propose a ‘conveyor

belt’ scenario for star formation, where clusters like the

ONC could be gradually fed low-mass stars via fila-
ments; this would be observed as both an age spread in

the whole region with the younger stars being more cen-

tral, and potentially with higher numbers of protoplan-

etary discs in the central regions (see also Hillenbrand

1997; Beccari et al. 2017; Winter et al. 2019).

6. DISCUSSION

Several authors have found a trend that the masses
of protoplanetary discs in star-forming regions increase

the further the disc is (projected in 2D) from the

massive star (Guarcello et al. 2007; Fang et al. 2012;

Guarcello et al. 2014; Mann et al. 2014; Ansdell et al.
2017; Eisner et al. 2018; van Terwisga et al. 2019),

which is explained as disc mass-loss due to photoevapo-

ration from massive stars being more efficient the closer

the the discs are to these ionising sources. Furthermore,
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this dependence on distance appears to be extremely

strong. For example, in the ONC Mann et al. (2014)

report that disc masses increase from 10−4M⊙ in close

proximity (< 0.1 pc) to θ1 Ori C, up to values around
0.1M⊙ at distances of up to 1 pc. Similar trends are

reported in σ Ori by Ansdell et al. (2017).

Recently, the advent of ALMA has enabled both the

dust and gas components of protoplanetary discs to be

probed, and the respective masses of the gas and dust
content to be estimated. Mann et al. (2014) do not de-

tect any CO in any of the discs in their sample, suggest-

ing that the mass of the gas is very low, or non-existent.

Ansdell et al. (2017) find that only six discs in σ Ori
contain significant amounts of gas, and all of them are

more than 1 pc away from the most massive star in pro-

jection (these discs are shown by the purple triangles in

our plots in Figs. 3, 5, 6, 7 and 9).

If the trend in increasing disc mass with distance from
the massive star is not explained by photoevaporation of

the gas content, can dust be photoevaporated in signif-

icant amounts? In the FRIED grid models we use from

Haworth et al. (2018b), the fraction of the dust mass in
a disc that is photoevaporated is low. Even in an ex-

tremely strong (103 − 104G0) FUV field, the dust mass

only decreases by a factor of a few within 10Myr, assum-

ing that the amount of mass in small dust grains, which

could be entrained in the evaporative wind, is low. (In
contrast, the gas component of the disc is reduced by

several orders of magnitude, and is usually completely

evaporated in such strong FUV fields.) The observed

result that disc masses increase with increasing distance
from the massive stars in several star-forming regions

(Guarcello et al. 2007; Mann et al. 2014; Ansdell et al.

2017) would therefore only be consistent with exter-

nal photoevaporation if these discs had a significant gas

component by mass.
If photoevaporation did significantly reduce the dust

content of protoplanetary discs, it is not clear that we

would expect a trend in disc mass increasing the further

the disc is from an ionising massive star. Dynamical evo-
lution of star-forming regions depends on the initial stel-

lar density of a star-forming region (Parker et al. 2014b;

Parker 2014), but even low-density (≥10M⊙ pc−3)

star-forming regions evolve on timescales similar to

the photoevaporation timescales in the models of
Störzer & Hollenbach (1999), Facchini et al. (2016) and

Haworth et al. (2018b,a) – see Nicholson et al. (2019).

Therefore, we would not expect a low-mass disc-

hosting star to remain close to the ionising massive star
for a sustained length of time, and the disc-hosting star

would spend a considerable amount of time in different

locations. This is evidenced in our simulations, where

the histogram of stars with discs, compared to those

whose discs have been destroyed, appears to be ran-

dom, centred on the average interstellar distance be-

tween stars. In other words, the distributions are ran-
dom because both sets of stars – disc-hosting and disc-

less – have moved around in the star-forming region.

The recent survey by Yao et al. (2018) suggests there is

very little difference in the distributions of disc-hosting

and disc-less stars in Orion, although their data are in-
complete in the immediate vicinity of θ1 Ori C.

It is therefore unclear what is producing the observed

trend of increasing disc mass with increasing distance

from the massive stars in some star-forming regions.
Mass segregation, where the most massive stars are pref-

erentially found at the centre, is observed in many star-

forming regions, including the ONC. This could result

in a radially dependent spatial distribution of stellar

masses, which could in turn result in a radial depen-
dence of the disc masses. However, this would predict

the opposite effect to what is observed, namely that the

more massive stars (and hence discs) would be found

closer to the centre of the star-forming region.
Finally, we reiterate that the timescales for photoe-

vaporating the gas content of discs are extremely short

(see also Nicholson et al. 2019; Concha-Ramı́rez et al.

2019), depleting or destroying altogether the material

from which gas giant planets form. This argues for ei-
ther extremely rapid (<<1Myr) planet formation, or

that giant planets exclusively form in star-forming re-

gions like Taurus (e.g. Güdel et al. 2007; Luhman et al.

2009), which contain no massive (O- and B-type) stars
(unlike the ONC). The latter scenario is in tension with

mounting evidence that the Sun experienced enrichment

from short-lived radioisotopes in its natal star-forming

region (e.g. Gounelle & Meynet 2012; Boss 2017;

Parker et al. 2014a; Young 2016; Lichtenberg et al.
2016; Portegies Zwart 2019; Lichtenberg et al. 2019),

which requires the presence of one or more massive stars

(Adams 2010; Lugaro et al. 2018). Alternatively, giant

planet formation may need to exclusively occur within
several au of the host star as Nicholson et al. (2019)

demonstrate that discs with small radii (≤ 10 au) can

survive in very strong radiation fields for several Myr.

7. CONCLUSIONS

We present N -body simulations of the dynamical evo-

lution of star-forming regions in which protoplanetary

discs lose mass due to external FUV and EUV radiation
from the most massive stars. We have compared the po-

sitions of disc hosting stars and the disc masses to recent

observations of discs in nearby star-forming regions. In

particular, we have calculated the disc mass-loss due
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to photoevaporation as a function of projected distance

from the ionising massive star(s). Our conclusions are

the following.

(i) In agreement with other authors (e.g.

Scally & Clarke 2001; Adams et al. 2004; Winter et al.

2018; Concha-Ramı́rez et al. 2019; Nicholson et al.

2019), we find that external FUV and EUV radiation

has a highly detrimental effect on protoplanetary discs;
in many simulations very few discs with initial radii of

100 au remain after only a few Myr.

(ii) In the observational data, the discs in the ONC

sample published by Mann et al. (2014), the discs in
the more extended Orion Molecular Cloud published by

van Terwisga et al. (2020) and the discs in σ Orionis

published by Ansdell et al. (2017) display a significant

correlation of increasing disc mass with increasing dis-

tance from the ionising massive star. We note that if
the initial disc dust masses are proportional to the host

stars’ masses, then such a trend may simply be due to

the imprint on the disc masses of randomly sampling the

stellar IMF.
(iii) Projection effects add significant noise to the spa-

tial distribution of disc hosting stars. Stars with discs

that appear to be close to the ionising sources may be

fore- or background members of the star-forming region.

(iv) After accounting for projection effects, we find no
evidence that the observed trend of increasing disc mass

with increasing distance from ionising stars is due to

external photoevaporation, unless the adopted photoe-

vaporation models are very wrong. The reason for this

is twofold. First, the gas content is uniformly destroyed

on rapid timescales in the simulations. Secondly, the

observed discs contain little or no gas, whereas even a
strong FUV field will not result in significant mass-loss

from the dust component of the disc.

(v) Even if the photoevaporation models are reason-

ably accurate, in a dense star-forming region there is no

reason to expect a dependence of the disc properties on
the distance to the ionising stars. Our simulations sug-

gest that stars lose their discs, and then move around

the star-forming region so that they may reside in far

flung locations from the ionising stars.

A first step to resolving some of the issues we have

identified would be to improve on existing observations

of discs in star-forming regions, and to obtain obser-

vations of disc populations in other star-forming region
to improve the statistical sample and any comparisons

between regions.
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APPENDIX

A. DIFFERENT REALISATIONS OF THE INITIAL MASS FUNCTION

In this section of the Appendix we show the non-dependence of stochastic sampling on the initial mass function

(IMF) on our results. In each realisation of a star-forming region, we draw masses randomly from the IMF in the mass

range 0.1 – 50M⊙. Due to the modest numbers of stars in our simulations (N = 1500), this means that the high-mass
end of the IMF is not fully sampled, which in turn results in different numbers of massive stars (> 17.5M⊙) in each

simulation.

The different numbers of massive stars result in different strength radiation fields, and as we also change the initial

positions and velocities of stars in the different realisations of the simulations, the effect of changing the radiation field

is difficult to predict analytically. For this reason, we present the results of four additional simulations of star-forming
regions with high initial stellar densities (104 stars pc−3) and these are shown in Fig. 11. For brevity, we only show the

results at 1Myr, and we indicate the masses of the five most massive stars in the panel captions. These plots should

be directly compared with Figs. 3(c) and 3(g), which show the results for a simulation where the most massive stars

are 23, 18, 17, 15 and 15M⊙.
The different numbers (and masses) of these ionising stars does change the number of surviving discs after 1Myr,

but our conclusions are unchanged. There is still no correlation between the mass of the disc and the distance to the

most massive ionising star, and the process of dynamical mass segregation means that all of the ionising stars are

in central locations. Furthermore, the stars that lose their discs move around the star-forming region following disc
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(a) 34, 18, 11, 8 & 7M⊙ (b) 19, 11, 11, 11 & 10M⊙ (c) 49, 39, 36, 28 & 27M⊙ (d) 42, 27, 16, 14 & 13M⊙

(e) 34, 18, 11, 8 & 7M⊙ (f) 19, 11, 11, 11 & 10M⊙ (g) 49, 39, 36, 28 & 27M⊙ (h) 42, 27, 16, 14 & 13M⊙

Figure 11. The effect of stochastic sampling of the initial mass function on the results for high density star-forming regions
(104 stars pc−3) where the initial disc mass is 10 per cent of the host star’s mass, and the distance to the ionising star is calculated
in two dimensions. The radius of the star-forming region is 1 pc, and tha age of thew star-forming region in each panel is 1Myr.
Top row: The plus symbols show the disc mass plotted against the distance to the massive ionising star for each low-mass
star with a disc, using only two dimensions to calculate the projected distance. The masses and the respective distances from
θ1 Ori C of observed protoplanetary discs in the ONC by Mann et al. (2014, orange circles), and Eisner et al. (2018, green
stars); and the Orion Molecular Cloud (van Terwisga et al. 2019, the grey diamonds) are shown. We also show the masses
and projected distances from IRS 2b of discs in NGC2024 by Mann et al. (2015, the raspberry squares) and van Terwisga et al.
(2020, the yellow pentagons). Finally, we show the masses and projected distances from the ionising star σ Ori in this eponymous
star-forming region (Ansdell et al. 2017) by the blue triangles. Protoplanetary discs in σ Ori that have CO detections (i.e. gas
content) are shown by the purple triangles. Bottom row: The number of remaining discs (open histogram) and the number
of stars whose discs have been destroyed by photoevaporation (red histogram) as a function of the two dimensional projected
distance from the ionising star.

destruction, and so the locations of stars with and without discs present a wide distribution in distance from the most

massive star.
In Fig. 12 we present the results of four additional simulations for our low-density simulations. Here, we compare

different simulations after 4Myr of dynamical evolution and disc photoevaporation, and so these plots should be

directly compared with Figs. 7(d) and 7(h), whose five most massive stars were 19, 19, 19, 12 and 11M⊙. As with

the higher density simulations, the numbers of surviving discs differs depending on the mass function (and stochastic

differences in the evolution of star-forming regions), but there is no dependence of the mass of a disc on the distance
of its host star to the most massive star(s).
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Kounkel, M., Covey, K., Suárez, G., et al. 2018, AJ, 156,

84, doi: 10.3847/1538-3881/aad1f1

Kuhn, M. A., Hillenbrand, L. A., Sills, A., Feigelson, E. D.,

& Getman, K. V. 2019, ApJ, 870, 32,

doi: 10.3847/1538-4357/aaef8c

Kuhn, M. A., Feigelson, E. D., Getman, K. V., et al. 2014,

ApJ, 787, 107, doi: 10.1088/0004-637X/787/2/107

Kuznetsova, A., Hartmann, L., & Ballesteros-Paredes, J.

2015, ApJ, 815, 27, doi: 10.1088/0004-637X/815/1/27

Lada, C. J., & Lada, E. A. 2003, ARA&A, 41, 57

Lada, C. J., Margulis, M., & Dearborn, D. 1984, ApJ, 285,

141

Larson, R. B. 1981, MNRAS, 194, 809

—. 1995, MNRAS, 272, 213

Levine, J. L., Steinhauer, A., Elston, R. J., & Lada, E. A.

2006, ApJ, 646, 1215, doi: 10.1086/504964

Lichtenberg, T., Golabek, G. J., Burn, R., et al. 2019,

Nature Astronomy, 3, 307,

doi: 10.1038/s41550-018-0688-5

Lichtenberg, T., Parker, R. J., & Meyer, M. R. 2016,

MNRAS, 462, 3979

Longmore, S. N., Kruijssen, J. M. D., Bastian, N., et al.

2014, in Protostars and Planets VI, ed. H. Beuther, R. S.

Klessen, C. P. Dullemond, & T. Henning, 291,

doi: 10.2458/azu uapress 9780816531240-ch013

Lugaro, M., Ott, U., & Kereszturi, Á. 2018, Progress in
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