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ABSTRACT

The presence of short-lived radioisotopes (SLRs) 2°Al and %°Fe in the Solar system
places constraints on the initial conditions of our planetary system. Most theories
posit that the origin of 2°Al and ®Fe is in the interiors of massive stars, and they are
either delivered directly to the protosolar disc from the winds and supernovae of the
massive stars, or indirectly via a sequential star formation event. However, massive
stars that produce SLRs also emit photoionising far and extreme ultraviolet radiation,
which can destroy the gas component of protoplanetary discs, possibly precluding
the formation of gas giant planets like Jupiter and Saturn. Here, we perfom N-body
simulations of star-forming regions and determine whether discs that are enriched in
SLRs can retain enough gas to form Jovian planets. We find that discs are enriched
and survive the photoionising radiation only when the dust radius of the disc is fixed
and not allowed to move inwards due to the photoevaporation, or outwards due to
viscous spreading. Even in this optimal scenario, not enough discs survive until the
supernovae of the massive stars and so have zero or very little enrichment in %°Fe. We
therefore suggest that the delivery of SLRs to the Solar system may not come from
the winds and supernovae of massive stars.

Key words: methods: numerical — protoplanetary discs — photodissociation region
(PDR) — open clusters and associations: general.

1 INTRODUCTION

Understanding the origin of our Solar system is one of the
crucial unsolved problems in astrophysics, as constraining
the initial conditions of our planetary system will also enable
greater understanding of the many thousands of extrasolar
planets.

It is clear that planetary systems form very early on
in a star’s life (Haisch et al. 2001; Najita & Kenyon 2014;
Richert et al. 2018; Alves et al. 2020; Segura-Cox et al.
2020), when the star is still embedded in its natal molec-
ular cloud in the company of tens to thousands of stellar
siblings (Lada & Lada 2003).

Therefore, the star-forming environment likely gov-
erns the early evolution of planetary systems. Our So-
lar system is no exception. The decay products of short-
lived radioisotopes Al and ®Fe in the chondritic me-
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teorites suggest that the Sun either formed from mate-
rial enriched in these isotopes (Gounelle & Meynet 2012;
Gounelle 2015; Young 2014; Boss 2013, 2017), or the isotopes
were delivered to the Solar system through e.g. the super-
novae and /or winds of nearby massive stars (Ouellette et al.
2010; Lichtenberg et al. 2016; Fatuzzo & Adams 2015, 2022;
Parker et al. 2023).

However, whilst massive stars have been shown to en-
rich the early Solar system (and probably many other plan-
etary systems), they have also been shown to have a very
destructive influence on protoplanetary discs, as their far
and extreme ultraviolet radiation acts to evaporate the gas
content from protoplanetary discs (Scally & Clarke 2001,
Adams et al. 2004; Nicholson et al. 2019). Photoevaporation
of protoplanetary discs is a very efficient process, and occurs
even in star-forming regions with relatively low stellar den-
sities (Parker et al. 2021).

This creates an interesting tension; could the Solar sys-
tem be enriched in short-lived radioactive isotopes, but re-
tain enough of its gaseous protoplanetary disc such that the
gas giant planets (Jupiter and Saturn) would still be able to
form? Lichtenberg et al. (2019) found that the heating from
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26 Al determines the long-term water budget of a planet, with
Solar system-levels of Al resulting in liquid water oceans,
and lower levels leading to ice worlds. Gilmour & Middleton
(2009) even argue that intelligent civilisations require heat-
ing from %Al in order to form and evolve.

In this paper, we follow the enrichment of the Solar
system through stellar winds and supernovae, but also track
the depletion of gas in the protosolar disc due to external
photoevaporation from the same massive stars that provide
the enriching SLRs.

Many studies have shown that SLRs can be delivered
to the protosolar disc via supernovae (e.g. Ouellette et al.
2007, 2010; Parker et al. 2014a; Lichtenberg et al. 2016;
Nicholson & Parker 2017), and recently Parker et al. (2023)
demonstrated that enrichment from the winds of massive
stars can enhance (and often dominate) the delivery of SLRs
to protoplanetary discs.

However, none of the above studies (with the exception
of Lichtenberg et al. 2016, who implemented viscous spread-
ing) followed the evolution of the disc, especially under
the influence of external photoevaporation, which numerous
studies have shown to have a highly detrimental effect on
gaseous discs in star-forming regions (Scally & Clarke 2002;
Adams et al. 2004; Haworth et al. 2018b; Winter et al.
2018; Nicholson et al. 2019; Concha-Ramirez et al. 2021;
Parker et al. 2021). Portegies Zwart (2019) tracked the en-
richment of stars from winds and supernovae, but concen-
trated on interactions with other low-mass stars that would
sculpt the Edgeworth-Kuiper Belt and/or Oort Cloud,
rather than photoevaporation of the protoplanetary discs.

The paper is organised as follows. In Section 2 we de-
scribe the set-up of the N-body simulations and our post-
processing analysis to calculate the evolution and enrich-
ment of the protoplanetary discs. In Section 3 we present
our results, and we provide a discussion in Section 4. We
conclude in Section 5.

2 METHOD

In this Section we describe the set-up of our numerical N-
body simulations, and the post-processing analysis used to
calculate the evolution of protoplanetary discs and the en-
richment from massive star winds and supernovae.

2.1 Star-forming regions

Observations of young star-forming regions
(Cartwright & Whitworth ~— 2004;  Peretto et al. ~ 2006;
Sanchez & Alfaro 2009; Hacar et al. 2013; Foster et al.
2015; Buckner et al. 2019) show that pre-main sequence
stars form in filamentary structures, resulting in a spatially
and kinematically substructured distribution of the stars.
Similarly, hydrodynamic simulations that follow the con-
version of gas to stars also produce spatial and kinematic
substructure (Bate 2012; Dale & Bonnell 2012), although
Parker & Dale (2015) show that the relation between the
gas and stars is non-trivial.

To mimic the spatially and kinematically substruc-
tured distributions in young star-forming regions, we set
up our N-body simulations as self-similar, fractal distribu-
tions (Goodwin et al. 2004). We use the box-fractal method,

which has the advantage that the amount of substructure is
defined by just one number, the fractal dimension, D.

The spatial distribution is set up by first defining a cube
with side of length Ny, = 2, and a ‘parent’ star is placed at
the centre of this cube. The cube is then divided into N3,
sub-cubes and a ‘child’ particle is placed at the centre of
each sub-cube. The probability that a child particle becomes
a parent particle is Né?;”, and child particles that do not
become parents are removed, along with their parent stars.

Each child’s sub-cube is itself then divided into N3, sub-
sub-cubes, and the process is repeated until there is a gener-
ation of particles with significantly more stars than required.

All of the parental generation particles are removed, so
that only the final generation is retained. The distribution is
then pruned so that the star particles lie within the bound-
ary of a sphere, rather than the cube we used to create the
fractal. If there are more stars remaining than the desired
number of stars, N, then stars are removed until we reach
N.,.

The stellar velocities follow the spatial substructure
such that stars that are close together have similar velocities,
whereas more distant stars can have very different velocities,
similar to the observed Larson (1981) relations.

During the construction of the fractal, the parent parti-
cles are assigned a velocity drawn randomly from a Gaussian
distribution of mean zero. The child particles inherit their
parent’s velocities, plus a small random offset that decreases
with the number of generations from the parent particle.

The velocities are then scaled to a global virial ratio,
ayir = T/1Q|, where T and |Q| are the total kinetic and poten-
tial energies of the stars, respectively, and virial equilibrium
is defined as a,; = 0.5.

In all of our simulations we adopt a fractal dimension
D = 2.0, which results in a moderately substructured distri-
bution.

Similarly, all of our simulations are set up to be sub-
virial, i.e. ay; = 0.3, which results in a global collapse of the
star-forming region, erasing the substructure and forming
a smooth, centrally concentrated star cluster (Parker et al.
2014b).

In our simulations, we wish to maximise the number of
massive stars that could enrich protoplanetary discs with
SLRs, but also produce FUV and EUV radiation fields
that could cause the evaporation of gas from protoplane-
tary discs. Star-forming regions follow a mass distribution
of the form (Lada & Lada 2003)

o Mg, ()
where Mgk is the mass of a star-forming region. Eq. 1 im-
plies that low-mass star-forming regions are much more
common than high-mass star-forming regions. However, for
a typical Initial Mass Function we expect there to be
more massive stars when the mass of the star-forming re-
gion is higher (Elmegreen 2006; Weidner & Kroupa 2006;
Parker & Goodwin 2007; Nicholson & Parker 2017).

We choose a total number of stars, N, = 1500, such
that our star-forming regions contain enough massive stars
for photoevaporation and enrichment of the discs, but not
so massive that the star-forming regions would be extremely
rare in the Galaxy.

We draw N, = 1500 stars from a Maschberger (2013)

MNRAS 000, 1-13 (2023)
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IMF, which has a probability density distribution of the form

N (R I G

In Eq. 2, u = 0.2M,; is the average stellar mass, @ = 2.3
is the high mass Salpeter (1955) slope, and 8 = 1.4 is used
to describe the slope of the low-mass end of the IMF. We
sample the IMF in the range 0.1 — 50 M.

Our choice for the upper limit to the IMF is informed
by observations of star-forming regions with a similar num-
ber of stars to those we model here, such as the ONC, where
the most massive star, §' Ori C, is ~40 My, (Lehmann et al.
2010). Some authors posit that the most massive star that
can form in a region is fundamentally related to the mass of
the region (Weidner & Kroupa 2006), whereas others sug-
gest the only upper limit to the mass of a star that can
form is the total mass of the region itself (Elmegreen 2006).
In the latter scenario, the most massive star can in the-
ory be as massive as the region (although this is unlikely in
random sampling), and can also be significantly lower than
the most massive stellar mass from the Weidner & Kroupa
(2006) relation. The most massive stars known in the Uni-
verse are ~300 My (Crowther et al. 2010), but we restrict
our IMF to 50 M, as a compromise between the constrained
most massive star-region mass relation (Weidner & Kroupa
2006) and the expected outcome of randomly sampling the
IMF (Parker & Goodwin 2007).

We keep the number of stars N, constant, we keep the
fractal dimension D = 2.0 constant, and vary the initial radii
of the star-forming region. We adopt radii of 1 pc, 2.5 pc and
5.5 pc, which correspond to initial median stellar densities of
1000 Mg pc™ (“high density™), 100 Mg pc (“moderate den-
sity”) and 10 Mg pc™® (“low density”), respectively.

The star-forming regions are evolved as a pure N-body
simulation for 10 Myr using the kira integrator within the
Starlab package (Portegies Zwart et al. 1999, 2001). We as-
sume the stars all form at the same time, and we do not
include stellar evolution in the simulations (although we use
the models for Limongi & Chieffi (2018) to determine the
SLR yields, see Section 2.3). For simplicity, we do not in-
clude primordial stellar binaries in the simulations, although
these are likely to be ubiquitous in star-forming regions
(Raghavan et al. 2010; Chen et al. 2013; Duchéne & Kraus
2013; Pineda et al. 2015; Ward-Duong et al. 2015).

2.2 Disc evolution

We follow the enrichment and destruction of the protoplan-
etary discs via a post-processing analysis, i.e. the discs are
not included in the N-body simulations. We use the N-
body simulation output (every 0.01 Myr) to track the rela-
tive positions of the massive stars compared to the low-mass
(disc-hosting) stars, and then use the distances to the mas-
sive stars to determine the amount of enrichment in SLRs,
and the amount of mass lost from the discs due to EUV
and FUV radiation from massive stars (this has a time-
step of 107 Myr to accruately capture the disc evolution,
Parker et al. 2021).

Each star in the mass range 0.1 — 3.0 My, is assigned a
disc, and we set the initial disc masses to be 10 per cent of
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the host star’s mass,
Mgisc = 0.1m,. (3)

The initial disc radii are the same in each simulation, but we
run different sets of the same simulation’s initial conditions
but with disc radii of either rgs. = 10 or 100 au.

We first calculate how the discs respond to the FUV
and EUV radiation fields from massive stars. Haworth et al.
(2018a) show that very little dust is lost from discs due to
the FUV and EUV fields, but significant amounts of gas are
destroyed, depending on the strength of the radiation field.

To estimate the FUV field incident on each low-mass
star, we determine the flux of FUV radiation Fryy us-
ing the FUV luminosity Lryy from Armitage (2000), which
in turn is derived from the stellar atmosphere models of
Buser & Kurucz (1992) and Schaller et al. (1992):

L
Frov =3 (4)
We use the distance to each massive star, d, to calculate
the flux and then sum the fluxes, as all simulations con-
tain more than one massive star (defined as >5 Mg for the
purposes of generating an FUV radiation field). We convert
the FUV flux from cgs units into the dimensionless Habing
(1968) unit, Gy = 1.8x 107 ergs™! em™2, which is the ambient
background FUV flux in the interstellar medium.

To calculate the mass lost due to the FUV radiation
field, we use the FRIED grid from Haworth et al. (2018b),
which is a grid of mass-loss rates for different combinations
of stellar mass, Gy, disc mass, disc radius and disc surface
density. For each low mass star, we use the stellar mass, disc
mass, disc radius and Gy field to establish via linear inter-
polation the most appropriate mass-loss rate due to FUV
radiation, Myyy.

We calculate the mass-loss due to the EUV radiation
field using Eq. 5 from Johnstone et al. (1998), which de-
pends on the distance to the massive star d and the disc
radius rgig:

. O,
Mgy = 8 x 107212 w/j Mg yrt. (5)

®; is the ionizing EUV photon luminosity from each mas-
sive star in units of 10*s™' and is dependent on the stellar
mass according to the observations of Vacca et al. (1996)
and Sternberg et al. (2003).

We subtract mass from the discs every 107 Myr assum-
ing the FUV and EUV-induced mass-loss rates from the
FRIED models and Eq. 5. Models of mass-loss from discs usu-
ally assume material is lost from the edge of the disc (where
the surface density is lowest) and so we would expect the
radius to decrease in this scenario.

Previous work (e.g. Haworth et al. 2018b;
Haworth & Clarke 2019; Parker et al. 2021) assumes
that if the surface density in the inner regions of the disc
(e.g. 1au from the star) remains constant, then the radius
is reduced linearly in the presence of photoevaporative
mass-loss, thus:

_ M, disc
2nrgise[1 au]’

(6)

lau

where M. is the total disc mass, and rgs. is the disc radius,
as before, and X,,, is the surface density at 1au. We then
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recalculate the disc radius after mass-loss, rgs(#) using

Mdisc(tk)
Mise (ti-1)
The radius after mass-loss is therefore a function of radius
before mass-loss, rgi(#_1) multiplied by the ratio of the disc
mass after (Mys(f;)) and before (Mgisc(fy—1)) mass-loss. The
subscript ; refers to the (arbitrary) time after mass-loss, and
the subscript ,_; refers to the time before mass-loss.

As well as the inward evolution caused by mass-
loss, the discs also evolve due to viscous evolution, which
causes the radius to increase. We implement viscous ex-
pansion in our discs by implementing the diffusion equation
(Lynden-Bell & Pringle 1974; Pringle 1981) with the param-
eterisation given in Hartmann et al. (1998) and Hartmann
(2009).

In this formulation, the surface density ¥ at a given
radius R is

Taisc(tr) = Tdise(te-1)- (7)

(s}
> =14x%x10°
(R/R)L)?

“RIRta) Mdisc(o) RI -2 2
2 (8
(O.IMO )(lOau) gom™,  (8)

where Mg (0) is the disc mass before viscous evolution and
R, is a radial scaling factor, which we set as R = 10au. #; is
a non-dimensional time, such that at a given physical time ¢

t
1y = 1+ -, (9)
I
and the viscous timescale, t; is given by

R -i0om, \yT
t,y=8><104( ! )(i) * ( "’0““) yr. (10
10au/\102) (05M,) \Tok

In Eq. 10, a is the disc viscosity (Shakura & Sunyaev 1973)
and Tipa is the temperature of the disc at a distance of
100 au from the host star. We assume a disc temperature
profile of the form

T(R) = Ty uR™, (11)

where T, is the temperature at 1au from the host star
and is derived from the stellar luminosity for pre-main
sequence stars by Luhman et al. (2003); Luhman (2004)
and Kirk & Myers (2011). We adopt ¢ = 0.5 and @ =
0.01 (Hartmann et al. 1998). Recent observations (see e.g.
Manara et al. 2022, and references therein) suggest that
a << 1072, which would result in little viscous expansion
of the discs in the timeframe of the simulations. We explore
the consequences of this by running sets of simulations in
which we keep the dust radius fixed.

Given the mass of the star, we calculate the temper-
ature at 100 au and then calculate the viscous timescale f,.
We then use this to calculate the surface density X as a func-
tion of radius R. We set the truncation radius, Ry, as the
radius R where the surface density falls below 10-%gcm™2. Af-
ter viscous expansion, the position of the truncation radius
changes, and we use the truncation radius before (Ryunc(fy-1))
and after (Ryunc(f,)) to calculate the change to the disc radius
after viscous expansion:

Rirunc ()
Riunc(tn-1)’
Note that the subscripts , and ,_; differ from the subscripts
used in Eq. 7 to denote inward evolution of the disc radius

due to photoevaporation because we cannot model these two
physical processes at exactly the same time. We calculate

Tdise(tn) = Taise(ta-1) (12)

the change in disc radius due to photoevaporation before
any change in radius due to viscous evolution.

Formally the mass-loss due to photoevaporation is the
gas component of the disc, but simulations have shown
that the dust radius evolves in step with the gas radius
(Sellek et al. 2020). To test the effect of this assumption,
we will perform analysis where the dust radius is kept con-
stant, and then where the dust radius moves with the gas
radius.

2.3 Disc enrichment

To estimate the amount of enrichment received by a proto-
planetary disc we need to determine the amount of Al and
%Fe deposited from the winds and supernovae of massive
stars, and how this compares to the amount of the respec-
tive stable isotopes, 2’ Al and °Fe.

We assume the usual gas-to-dust ratio of 100:1 for Solar
metallicity stars, so the total dust mass, mg,y, in the disc is

Maust = O.OIMdiSC. (13)

The amount of 2°Al is expressed in terms of the stable version
of the element, >’Al, and we determine the mass of Al in
the disc, mory;, from the fraction of Al in chondrites, fac =
8500 x 107¢ (Lodders 2003)

M7, = 8500 X 10 % mgug. (14)

Similarly, the amount of “Fe is expressed in terms of its
stable version, *°Fe, and we determine the mass of *Fe in
the disc, msep,, from the fraction of Fe in chondrites, frecr =
1828 x 107* (Lodders 2003)

msspe = 1828 X 10 maus. (15)

For each <3 M, star at each snapshot in time, we cal-
culate the geometric cross section of the disc for capturing
material from a supernova,

2

Tl isc
SN = 5 Cos 0, (16)

where d is the distance to the massive star(s) at the instant
of a supernova and 6 is the inclination of the disc. Following
Lichtenberg et al. (2016), for each star we adopt 6 = 60° as
the likely average inclination between the disc and the ejecta
for a random distribution.

The supernovae times for each massive star are cal-
culated by summing the main, and post-main sequence
timescales provided in table 5 from Limongi & Chieffi
(2018). We assume the massive stars are Solar metallicity,
and are rotating at 300 kms™! (de Mink et al. 2013) — see
Parker et al. (2023) for a comparison with models where the
massive stars are not rotating. For our adopted IMF mass
range Limongi & Chiefli (2018) provide data for 13, 15, 20,
25, 40 and 60 My stars, and we perform a linear interpola-
tion for stars whose mass lies in between the values in the
data table. In the rotating models, stars with initial mass
25 Mg, explode as supernovae after 9.9 Myr, whereas in the
non-rotating models the supernovae of 25 M, stars occur at
7.7Myr. In the models of Limongi & Chieffi (2018), stars
more massive than 25 Mg collapse directly to a black hole
and do not explode as supernovae.

Because we adopt the rotating models (in line with ob-
servations of massive stars), the majority of the Al origi-
nates in the winds of the massive stars before they explode as

MNRAS 000, 1-13 (2023)



Photoevaporation versus enrichment in the cradle of the Sun 5

Table 1. A summary of the different initial conditions of our simulated star-forming regions. The columns show the initial radius of the
star-forming region, rr, the initial median local stellar density, p, the disc evolution physics and the stellar evolution model. The final
column indicates whether the simulation is shown in a Figure in Section 3.

rr P Idisc, i

Disc evolution

Stellar evolution Fig.

1pc 1000 Mg pc™ 100 au
1pc 1000 Mgpc™ 100 au

Photoevap. & dust fixed
Photoevap. & dust fixed

LC18, Rotating (300 kms™")
LC18, non-rotating (0 kms™)

2.5pc 100 Mg pc™3 100 au Photoevap. & dust fixed LC18, Rotating (300 kms™!) Figs. 1 & 2
2.5pc 100 Mg pc™3 100 au Photoevap. & dust fixed LC18, non-rotating (Okms™")
1pc 1000 Mg pc™  100au  Photoevap. & dust follows gas LC18, Rotating (300 kms™!)
2.5pc 100 Mg pc™3 100au  Photoevap. & dust follows gas LC18, Rotating (300 kms™!) Fig. 3
1pc 1000 Mg pc—? 10 au Photoevap. & viscous LC18, Rotating (300 kms™!)
1pc 1000 Mg pc™3 10 au Photoevap. & viscous LC18, non-rotating (Okms™")
1pc 1000 Mg pc™ 100 au Photoevap. & viscous LC18, Rotating (300 kms™!)
1pc 1000 Mg pc™ 100 au Photoevap. & viscous LC18, Non-rotating (Okms™!)
2.5pc 100 Mg pc™3 100 au Photoevap. & viscous LC18, Rotating (300 kms™!)
2.5 pc 100 Mg pc™3 10 au Photoevap. & viscous LC18, Rotating (300 kms™!) Fig. 4

2.5pc 100 Mg pc™3 10au
5.5 pc 10 Mg pc3 100 au

Photoevap. & viscous
Photoevap. & viscous

LC18, Non-rotating (0kms™!)
LC18, Rotating (300 kms™!)

supernovae. In their tables 8 and 9, Limongi & Chieffi (2018)
provide the total yields for different isotopes (table 8) and
then the yields solely from the winds of the massive stars
(table 9). We use this information to determine the yield
from supernovae only, and the yield from the wind over the
lifetime of the massive star(s).

We assume that the isotope production in the wind is
linear with time, and we use this to obtain a yield per time,
which we then use to calculate the amount of Al and ®*Fe
produced by each massive star at a given time in the simula-
tion. In reality, the mass-loss from the stars is unlikely to be
linear, and we are probably overestimating the production
of Al at early times. Similarly, we do not account for the
radioactive decay of the Al and therefore our results can
be thought of as an upper limit to the amount of enrichment
that can be obtained from the massive stars’ winds.

The cross section for capture of wind material is cal-
culated as the volume of material swept out by a low-mass
star as it traverses a distance Ar, through a wind bubble of
radius ryup
g = 3 P

4 o

(17)

We implement two different regimes for the density of the
wind bubbles. First, we assume a very compact bubble
around each massive star with a radius ryp = 0.1 pc. Sec-
ondly, we assume the bubble(s) disperse rapidly, and the
bubble has a radius rou = 272, where ry); is the half-mass ra-
dius of the star-forming region (i.e. the radius within which
half the total stellar mass in the region is enclosed).

We use the total mass of Al and “°Fe captured /swept
up by each low mass star and divide this by the mass in
stable isotopes, m2,, and mss,, to determine the Al and
OFe ratios:

M6 5|

Za = s 18
Al mMa27 A} ( )
and
Zpo = 0P (19)
Ms6g,

MNRAS 000, 1-13 (2023)

For each low-mass star, we calculate Z,; three times; for su-
pernovae only, for supernovae and local winds (ry = 0.1 pc),
and then finally for supernovae and dispersed winds (rpu =
2r1)2). The contribution of ®Fe comes from supernovae only.

Limongi & Chieffi (2018) provide different yields of
26A] and ®Fe depending on whether the massive stars are
rotating at 0, 150 or 300 kms~'. For the non-rotating models
(0kms™') massive stars explode as supernovae earlier, but
less material is emitted in their winds. In contrast, the
fast rotating stars have longer lifetimes and explode as
supernovae later, but more material is emitted in their
winds.

A summary of the different simulations (and disc
physics) is given in Table 1.

3 RESULTS

In this Section we will present three sets of simulations, each
with a different treatment of the protoplanetary disc physics.
We will then discuss the effects of varying other initial con-
ditions, such as the stellar density and the stellar evolution
models used to calculate the amount of Al and “°Fe deliv-
ered to the protoplanetary discs.

3.1 Photoevaporation with fixed dust radius, rg; = 100 au

The models in Parker et al. (2023) assumed the disc radius
remained constant throughout the duration of the simula-
tion. In this first set of models from our initial conditions,
we adjust the gas radius of the disc according to Eqn. 7,
and we also record the reduction in the disc’s (gas) mass.
However, the dust radius (and mass) is assumed to remain
constant, and we therefore calculate the Zy =2Al/?’ Al and
Zre :(’OFe/S(’Fe ratios assuming a dust radius rgs. = 100 au.
We first show the expected enrichment distributions for
these simulations in Fig. 1. In panel (a) we show the Zy,
ratios in these simulations, where we assume the enrichment
comes from both supernovae and stellar winds, where the
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Figure 1. The abundances of 26Al (panel a) and ®“Fe (panel b) after 10 Myr in our moderately dense (5 ~ 100 Mg pc™3) simulations where
the disc loses gas mass, and the gas radius moves inwards, but the dust radius is fixed to the initial value (rgs = 100au). Each line
represents the distribution of low-mass (<3 M) disc-hosting stars in each separate simulated star-forming region. Only three simulations
contain supernovae that explode before 10 Myr (the orange, dark blue and cyan lines in both panels). The 26 A1 enrichment shown in
panel (a) is from supernovae and localised stellar winds. In seven simulations, a significant fraction (shown where the coloured lines meet
the y-axis in panel (a)) do not experience any enrichment. The vertical dotted line in panel (a) shows the measured 2°Al abundance
in the Solar system Thrane et al. (2006). The vertical dot-dashed line in panel (b) shows the (lower) estimate for the measured ®Fe
abundance in the Solar system (Tang & Dauphas 2012), whereas the vertical dashed line shows the (higher) estimate for the measured

%0Fe abundance in the Solar system (Mishra et al. 2016).

winds are restricted to local (< 0.1 pc) bubbles around the
massive star(s). Each line is the Z,, distribution in a separate
run of the same simulation initial conditions, and comprises
all of the low-mass (< 3M;) stars in each simulation. Due
to the stochastic sampling of the IMF, the total number
of low-mass (disc-hosting) stars varies between simulations,
but is usually higher than 1450 out of the total number of
1500 stars in each simulation. The vertical dotted line is the
measured value for the Solar system (Zyss = 5.85 X 1075,
Thrane et al. 2006)

Supernovae explode before 10Myr in only three
out of ten simulations. This may seem low, but the
Limongi & Chieffi (2018) models we adopt assume stellar
rotation and that massive stars >25 M, collapse directly to
form a black hole. The stellar rotation delays the supernovae,
and stars less massive than 25 Mg do not explode until very
late on in the simulations.

In panel (b) we show the enrichment distributions for
Zre, where the enrichment comes from supernovae only.
Here, almost no systems attain the levels of enrichment
commensurate with the high estimate for the Solar sys-
tem (107°, Mishra et al. 2016; Cook et al. 2021, the right
vertical dashed line in Fig. 1(b)); and around 25 per cent
of systems experience enrichment commensurate with the
low estimate for the Solar system (1078, Tang & Dauphas
2012; Trappitsch et al. 2018, the left vertical dashed line in
Fig. 1(b)).

We now determine that — for the systems that are en-
riched — how many of their discs survive the photoevapo-
ration from the same massive stars that are enriching the
discs.

The star-forming regions have moderate initial stellar

densities (p ~ 100 Mg pc™?) and radiation fields of 10*-10*Gy
(Parker et al. 2021). The fraction of discs that lose all of
their gas in these simulations is ~60 per cent after 2.5 Myr
and 90 per cent after 10 Myr.

In Fig. 2 we show the disc gas properties (radius and
mass) against the Al and Fe abundances. In all panels we
show the values at 2.5 Myr by the blue points, and at 10 Myr
by the black points. Panels (a)—(c) show the disc gas mass
as a function of the Al abundance. Panel (a) shows the
abundances from supernovae only, and therefore there are
no data at 2.5 Myr because the massive stars have yet to
explode.

Panels (b) and (c) show the gas mass as a function of
abundance from both supernovae and stellar winds, either
assuming the winds are dispersed in the star-forming regions
(panel b) or concentrated in local bubbles (panel c). In both
cases, there are more data points at 2.5 Myr because fewer
discs have been destroyed by the EUV/FUV fields.

Interestingly, the enrichment from supernovae alone
(panel a), and supernovae and dispersed winds (panel b)
does not reach the levels measured in the Solar system
(Za < 107, compared to the Solar system value of Zxgs =
5.85x 1073).

However, for winds entrained in localised (< 0.1pc)
bubbles, several stars per simulation reach Solar system-
like abundances. Note that there are no systems with low
2 A1/?7 Al ratios after 2.5 Myr in the simulations where the
winds are entrained in localised bubbles (the blue points in
Fig. 2(c) and 2(f)); this is because the yields from these
localised bubbles are much higher than when the winds
are dispersed thoughout the star-forming region. The hand-
ful of points at 10 Myr with low 2°Al/*’Al ratios are stars
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Figure 2. Properties of discs as a function of the amount of enrichment in a moderately dense star-forming region (5 ~ 100 Mg pc™3) where
the discs all have initial radii rgisci = 100 au. The disc gas radii are evolved inwards due to photoevaporation (and the discs lose gas-mass),
but the dust radii (and masses) remain constant. Panels (a)-(c) show the gas mass as a function of the amount of 2°Al enrichment
(expressed as the 2°A1/?7Al ratio). Panel (a) shows enrichment from supernovae only, panel (b) shows enrichment from supernovae and
dispersed wind ejecta and panel (c) shows enrichment from supernovae and localised wind ejecta. Panels (d)—(f) show the gas radii as a
function of the amount of 20Al enrichment, where panel (d) shows enrichment from supernovae only, panel (e) shows enrichment from
supernovae and dispersed wind ejecta and panel (f) shows enrichment from supernovae and localised wind ejecta. Panel (g) shows the
disc gas mass as a function of the ““Fe enrichment and panel (h) shows the disc radius as a function of the ®Fe enrichment. Vertical
dotted lines in panels (a)—(f) show the measured 2°Al abundance in the Solar system Thrane et al. (2006). The vertical dotted lines
in panels (g) and (h) show the range of quoted values for the measured ®Fe abundance in the Solar system (Tang & Dauphas 2012;
Mishra et al. 2016). The horizontal lines in panels (a)—(c) and (g) indicate 1 Mjyp, which we take to be the minimum mass required to
form Jupiter and Saturn in our Solar system. In all panels, black points indicate the values at 10 Myr, whereas the blue points indicate
the values much earlier, at 2.5 Myr. Stars that are roughly Solar-mass (0.5 - 1.5 Mg) are highlighted by a red circle.

that are enriched by supernovae only, and previously did tiny subset of these systems are Solar-mass stars (indicated
not encounter the small-volume wind bubbles. Furthermore, by the red circles).
around half of these objects still retain enough gas (>1 My,,) Similarly, for the gas radii (Figs. 2(d)-2(f)), around a

to form gas giant planets (systems lying above the horizontal

third of the systems that are enriched to Solar system levels
line in panels (a)—(c) and on or around the vertical line). A

retain reasonably large (> 1au) disc radii.

MNRAS 000, 1-13 (2023)
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In these simulations, the enrichment in ®Fe comes from
supernovae alone and the gas mass-enrichment plot is shown
in Fig. 2(g) and the gas radii-enrichment plot is shown in
Fig. 2(h). The very few surviving gas-rich discs do not at-
tain enrichment levels even at the lower-end of the measured
values for our Solar system (Tang & Dauphas 2012, the left-
hand vertical line in panels (g) and (h)).

3.2 Photoevaporation where dust radius follows gas radius
inWﬁI‘dS, Fdisc,i = 100 au

We now run the same set of simulations (moderate stellar
density — p ~ 100 Mg pc™?), initial disc radii rgs; = 100au
with external photoevaporation, but this time the dust ra-
dius follows the gas radius (e.g. Sellek et al. 2020). For ex-
ample, when we adjust the radius due to photoevaporative
mass-loss using Eq. 7, we also reduce the radius of the disc
when calculating the cross sections for sweeping up super-
novae and wind ejecta (Egs. 16 and 17).

We show the disc gas properties (radius and mass) as
a function of the amount of Al enrichment in Fig. 3. In
this figure we do not show the results for enrichment from
supernovae alone, as no discs that are in close proximity to
massive stars as they explode retain any gas content. Simi-
larly, we do not show plots for %°Fe enrichment because the
gas content of discs enriched in ®Fe has been destroyed.

The lefthand panels (Fig. 3(a) and 3(c)) show the en-
richment versus disc mass (panel a) and enrichment versus
disc radius (panel c) for dispersed winds and supernovae. As
before, more discs survive at 2.5 Myr (the blue points) than
at 10 Myr (the black points); however, the enrichment levels
at 2.5 Myr are much lower than at 10 Myr. However, even
at 10 Myr, the enrichment levels from winds that have dis-
persed around the star-forming region are always Zy < 1077,
more than two orders of magnitude lower than the measured
value in the Solar system.

The enrichment levels of discs are higher when
we assume the winds are retained in localised bubbles
(Fig. 3(b) and 3(d)), but fewer stars’ discs survive due to
their closer proximity to the photoionising radiation. Even
then, the enrichment levels are not close to the lower-limit
or “canonical value” of the Z, ratio for the Solar system
(~ 107, Jacobsen et al. 2008; Kita et al. 2013).

3.3 Photoevaporation and viscous evolution of disc,
Fdisci = 10au

Many theories of the evolution of protoplanetary discs posit
that a significant amount of expansion due to viscosity oc-
curs (e.g. Shakura & Sunyaev 1973; Lynden-Bell & Pringle
1974; Hartmann et al. 1998; Concha-Ramirez et al. 2019),
although recent observations suggest that the amount of
viscous expansion may be quite modest (e.g. Manara et al.
2022).

In similar simulations to those we present here,
Parker et al. (2021) show that viscous discs that expand are
depleted much faster than static discs, because the move-
ment of the disc radius inwards preserves — to some extent —
the surface density of the disc, whereas a reduction in mass
from photoevaporation, followed by the gas radius moving
back outwards, reduces the surface density of the disc. The

reduction in surface density therefore makes the disc even
more susceptible to photoevaporation at the next timestep.

In one set of simulations, we implemented photoevap-
oration, disc mass-loss and viscous evolution with an ini-
tial disc radius of rgi;j = 100au, but all of the discs were
destroyed before any significant enrichment had occurred.
Therefore, in the set of simulations we describe here, the
disc radii are initialised to rgici = 10 au, which was adoped
by Lichtenberg et al. (2016) in their simulations.

As with the previous simulations where the dust radius
is allowed to move inwards with the gas radius, the discs are
either destroyed, or have such small radii when the super-
novae explode, that we do not get any significant enrichment
of discs from supernovae alone. Again, this means that the
discs in these simulations are not enriched in ®“Fe and the
enrichment in ?°Al comes from the stellar winds.

We show the results for the simulations where we as-
sume the winds are dispersed in the lefthand panels (a and
¢) in Fig. 4. A significant number of discs experience low
levels of enrichment (Zy < 107%) after 2.5 Myr, but only a
handful of systems that are enriched retain any gas after
10 Myr, and even then the enrichment is Zy < 1077, two
orders of magnitude lower than in the Solar system.

If we assume that the winds from the massive stars
stay in localised bubbles (Fig. 4(b) and 4(d)), then the en-
richment levels increase to Zy < 107, but this is still an
order of magnitude lower than the Solar system value. Fur-
thermore, in these models, no discs are enriched and retain
gas content at 10 Myr (note the absence of black points in
Figs. 4(b) and 4(d)).

3.4 Stellar density

In the results presented in the previous subsections, we
adopt initial stellar densities of ~100Mgpc™>. The ini-
tial stellar density of observed star-forming regions is dif-
ficult to determine, but analysis of the current spatial
(Parker et al. 2014b; Blaylock-Squibbs et al. 2022) and kine-
matic (Schoettler et al. 2020) distributions of star-forming
regions can place strong constraints on the initial densities.

Recent work (Parker & Schoettler 2022) has shown that
some star-forming regions may be as dense as ~ 10* My, pc™,
whereas some very low density regions (e.g. Taurus, Cyg
OB2) exhibit spatial and kinematic substructure, which
means they were unlikely to have ever been more dense than
they are observed today (Wright et al. 2014; Wright et al.
2016).

The more dense a star-forming region is, the more en-
richment will occur, but conversely, there will be more de-
structive photoevaporation than in lower density regions.
For several of our models, we also ran high density versions of
the same simulation and found largely similar results; some
systems experienced greater enrichment, but also lost more
gas content from their discs and the two effects largely can-
cel each other out. Similarly, for very low-density regions
(p ~ 10 My pc3, very little photoevaporation occurs, but
there is also less (usually zero) enrichment.

3.5 Stellar evolution of massive stars

For the majority of our initial conditions sets we calcu-
lated the yields from winds and supernovae of massive stars

MNRAS 000, 1-13 (2023)
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100 My pc~?) where
100 au. The disc gas radii are evolved inwards due to photoevaporation (and the discs lose gas-mass),
and the dust radii also follow the gas radii inwards. The dust masses remain constant. Panels (a)—(b) show the gas mass as a function of
the amount of 26Al enrichment (expressed as the 2°A1/?7 Al ratio). Panel (a) shows enrichment from supernovae and dispersed wind ejecta
and panel (b) shows enrichment from supernovae and localised wind ejecta. Panels (¢)—(d) show the gas radii as a function of the amount

Figure 3. Properties of discs as a function of the amount of enrichment in a moderately dense star-forming region (p ~
the discs all have initial radii rgisc; =

of 2 Al enrichment, where panel (c) shows enrichment from supernovae and dispersed wind ejecta and panel (d) shows enrichment from
supernovae and localised wind ejecta. The vertical dotted lines in panels (a)—(d) show the measured 2°Al abundance in the Solar system
Thrane et al. (2006). The horizontal lines in panels (a) and (b) indicate 1 My, which we take to be the minimum mass required to form
Jupiter and Saturn in our Solar system. In all panels, black points indicate the values at 10 Myr, whereas the blue points indicate the
values much earlier, at 2.5 Myr. Stars that are roughly Solar-mass (0.5 - 1.5 M) are highlighted by a red circle.

with stellar rotation (300 kms™'; the ‘recommended’ mod-
els from Limongi & Chieffi 2018) but we also ran simula-
tions where the massive stars have zero rotation (also from
Limongi & Chieffi 2018).

As detailed in Parker et al. (2023), the effect of includ-
ing the rotation of the massive stars in the models (see
de Mink et al. 2013) is to prolong the lifetimes of the mas-
sive stars before they explode as supernovae, but rotation
also dredges up more of the interior of the massive stars, so
more SLR material is then entrained in the stellar winds.

In our simulations, when we include rotation in the mas-
sive stars we find that the levels of enrichment can be higher

MNRAS 000, 1-13 (2023)

by an order of magnitude, but almost none of the enrichment
comes from supernovae. In contrast, when the massive stars
have zero rotation, they explode as supernovae earlier, but
the overall enrichment is lower because not as much SLR
material leaves the massive stars via their winds.

4 DISCUSSION

Despite exploring a wide range of parameter space, we have
been unable to enrich a protoplanetary disc with Solar sys-
tem levels of Al and ®Fe which also retains a significant
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Figure 4. Properties of discs as a function of the amount of enrichment in a moderately dense star-forming region (5 ~ 100 Mg pc™)

where the discs all have initial radii rgiscj = 10au. The disc gas radii are evolved inwards due to photoevaporation (and the discs lose
gas-mass), and outwards due to viscous spreading. The dust radii follow the gas radii inwards due to photoevaporation (though the

dust masses remain constant) and outwards due to viscous spreading. Panels (a)—(b) show the gas mass as a function of the amount of
26A1 enrichment (expressed as the 2°Al1/27 Al ratio). Panel (a) shows enrichment from supernovae and dispersed wind ejecta and panel

(b) shows enrichment from supernovae and localised wind ejecta. Panels (c)—(d) show the gas radii as a function of the amount of
26A1 enrichment, where panel (c) shows enrichment from supernovae and dispersed wind ejecta and panel (d) shows enrichment from
supernovae and localised wind ejecta. The vertical dotted lines in panels (a)—(d) show the measured ® Al abundance in the Solar system
Thrane et al. (2006). The horizontal lines in panels (a) and (b) indicate 1 My, which we take to be the minimum mass required to form
Jupiter and Saturn in our Solar system. In all panels, black points indicate the values at 10 Myr, whereas the blue points indicate the
values much earlier, at 2.5 Myr. Stars that are roughly Solar-mass (0.5 - 1.5 Mjg) are highlighted by a red circle.

mass (> 1 My,,) in gas with a radius of around 10 au (which
would facilitate the formation of gas giants like those in our
Solar system). We almost match these constraints for simu-
lations in which the dust component of the disc dynamically
decouples from the gas component, and the dust radius re-
mains static when the gas radius moves inwards.

Current observational consensus (see Manara et al.
2022; Miotello et al. 2022, and references therein) is that the
viscosity parameter a is no higher than ~ 1073, which would
mean that the dust radius does not increase significantly due
to viscous evolution. The abundance of dust substructures

in observed protoplanetary disks (Bae et al. 2022) similarly
suggests a lack of movement of at least parts of the dust
mass in a substantial number of disks. Therefore, our sim-
ulations in which we keep the dust radius fixed and allow
the gas radius to move inwards due to photoevaporation are
likely to be the most realistic.

However, for other scenarios for the disc physics (in-
cluding viscous evolution (e.g. Concha-Ramirez et al. 2019),
or when we allow the dust radius to follow the gas radius
inwards during photoevaporation, e.g. Sellek et al. (2020)),

MNRAS 000, 1-13 (2023)
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the enrichment levels are not high enough for discs that con-
tain enough mass to form the gas giants in our Solar system.

In any scenario, we do not reproduce even the measured
lower limit for the ®“Fe content in the Solar system, because
the “Fe is delivered exclusively by supernovae, which only
explode once the majority of the discs have lost all of their
gas mass.

The natural interpretation of our results is that the So-
lar system’s enrichment in SLRs cannot be from pollution
of the protosolar disc from supernovae and wind ejecta from
massive stars. There are, however, several caveats to our
work which we discuss below.

First, the models of mass-loss due to photoevaporation
(the FRIED grid, Haworth et al. 2018b) could be overestimat-
ing the amount of mass lost due to photoevaporation. Sec-
ond, gas and dust leftover from star formation in the GMC
(collectively referred to as extinction) could shield the proto-
planetary discs from external photoevaporation (Qiao et al.
2023). However, simulations of the formation of massive
stars in GMCs (e.g. Dale & Bonnell 2012; Dale et al. 2013)
show that the massive star winds blow huge cavities in their
local vicinities, which would expose protoplanetary discs to
the FUV and EUV radiation.

In addition, our disc evolution and enrichment models
are a post-processing analysis, so the discs are not reactive
to the dynamics within the star-forming regions. Whilst at-
tempts have been made at including realistic discs in N-body
simulations (e.g. Rosotti et al. 2014), there is yet to be a
self-consistent simulation that can model the dynamics of
the star-forming region and the interaction between the disc
and the radiation fields.

Similarly, our simulations are a purely gravitational N-
body problem, and do not include any physics to model the
formation of stars (aside from a quasi-realistic prescription
to set up the spatial and kinematic distribution of the stars)
or the formation of the discs.

Our results diverge from the conclusions of previous
work in this area (e.g. Adams et al. 2006; Fatuzzo & Adams
2008; Adams 2010), who demonstrated that our Solar system
could form in a relatively populous (N, ~ 1000) star-forming
region, survive photoevaporation and also obtain the mea-
sured enrichment levels in the Solar system. However, our
work makes use of newer FUV-induced mass-loss models by
Haworth et al. (2018b), which Parker et al. (2021) demon-
strate leads to significantly more disc destruction than the
older models (Johnstone et al. 1998; Storzer & Hollenbach
1999; Scally & Clarke 2001). Furthermore, previous re-
search on enrichment (Adams 2010; Parker et al. 2014a;
Lichtenberg et al. 2016) invoked supernovae from massive
stars (>25M®), which explode as supernovae at early ages
(< 5Myr) before the discs have been photoevaporated. Su-
pernovae provide more enrichment than stellar winds, but
the most recent stellar evolution models (Limongi & Chieffi
2018) find that very massive stars do not explode as super-
novae. The combination of these factors are responsible for
the large differences beween our results and previous work
in this area.
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5 CONCLUSIONS

We present N-body simulations of the dynamical evolution of
star-forming regions to calculate the amount of enrichment
in the short-lived radioisotopes (SLRs) *Al and ®Fe from
both the stellar winds and supernovae explosions of massive
stars. Simultaneously, we calculate the effect of photoionis-
ing radiation from massive stars on the gas masses and radii
of the protoplanetary discs to determine whether a disc can
be enriched to Solar system levels, but retain enough gas to
form Jupiter and Saturn. Our conclusions are the following:

(i) The only simulations in which we can produce Solar
system levels of 2°Al enrichment are where the dust radius
remains fixed, i.e. it does not move inwards during photoe-
vaporation (as the gas radius does) and does not move out-
wards due to viscous spreading.

(ii) When we allow the dust radius to move inwards,
as is thought to happen during external photoevaporation,
and/or model the viscous spreading of the disc, no discs
attain Solar system levels of enrichment and retain enough
gas to form the giant planets.

(iii) In no simulations do discs attain the Solar system
levels of ®Fe, in spite of the large uncertainty in the mea-
sured value in the Solar system. This is because ““Fe is only
produced in the supernovae explosions of massive stars in
our simulations, and photoevaporation has depleted the gas
component of protoplanetary discs by the time of the super-
novae. Indeed, in the majority of our simulations supernovae
do not occur in 10 Myr due to the high stellar rotation of the
massive stars. If we switch off stellar rotation, many more
discs are enriched by the supernovae, but at levels orders of
magnitude lower than the Solar system values.

(iv) Taken together, our results suggest that enrichment
of the Solar system via the pollution of the protoplane-
tary disc from winds and supernovae of massive stars in a
star-forming region seems unlikely. However, we emphasise
that this result is only valid for Solar-like planetary systems
that host gas giant planets; enrichment in SLRs and the
related geophysical processes (e.g. Lichtenberg et al. 2019,
2022; Lichtenberg & Clement 2022) could still occur in plan-
etary systems that do not form gas giants.

(v) We also note that in the scenario in which the for-
mation of the Solar system occurs in a series of sequential
or triggered star-forming events (Gounelle & Meynet 2012)
photoevaporation from massive stars may still be problem-
atic for forming gas giants planets.

Given the above constraints, we encourage further re-
search into the origin of the SLRs in the Solar system,
and suggest that their possible origin in Asymptotic Gi-
ant Branch stars (Trigo-Rodriguez et al. 2009; Lugaro et al.
2018; Battino et al. 2023; Parker & Schoettler 2023) be in-
vestigated in further detail, as this is the only scenario
in which photoionising radiation from massive stars is not
present.
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