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A B S T R A C T 

The abundance of the short-lived radioisotopes 26 Al and 
60 Fe in the early Solar system is usually explained by the Sun either 

forming from pre-enriched material, or the Sun’s protosolar disc being polluted by a nearby supernova explosion from a massive 
star. Both hypotheses suffer from significant drawbacks: the former does not account for the dynamical evolution of star-forming 

regions, while in the latter the time for massive stars to explode as supernovae can be similar to, or even longer than, the lifetime 
of protoplanetary discs. In this paper, we extend the disc enrichment scenario to include the contribution of 26 Al from the winds 
of massive stars before they explode as supernovae. We use N -body simulations and a post-processing analysis to calculate 
the amount of enrichment in each disc, and we vary the stellar density of the star-forming regions. We find that stellar winds 
contribute to disc enrichment to such an extent that the Solar system’s 26 Al/ 60 Fe ratio is reproduced in up to 50 per cent of discs 
in dense ( ̃  ρ = 1000 M ⊙ pc −3 ) star-forming regions. When winds are a significant contributor to the SLR enrichment, we find 

that Solar system levels of enrichment can occur much earlier (before 2.5 Myr) than when enrichment occurs from supernovae, 
which start to explode at later ages ( > 4 Myr). We find that Solar system levels of enrichment all but disappear in low-density 

star-forming regions ( ̃  ρ ≤ 10 M ⊙ pc −3 ), implying that the Solar system must have formed in a dense, populous star-forming 

region if 26 Al and 
60 Fe were delivered directly to the protosolar disc from massive-star winds and supernovae. 

Key words: methods: numerical – protoplanetary discs – open clusters and associations: general – photodissociation region. 

1  I N T RO D U C T I O N  

Placing our Solar system in the context of other planetary systems 
is one of the great challenges in astrophysics (Queloz 2020 ). 
Do planetary systems and the forming planets themselves retain 
signatures of their birth star-forming environments, and what are 
the implications for the climate diversity among extrasolar planets 
(Wordsworth & Kreidber g 2022 ; Lichtenber g et al. 2022 ) and the 
emergence of Earth-like planetary environments (Mojzsis 2021 )? 

Observations o v er the past two decades hav e determined that 
stars form in groups, often referred to as ‘clusters’ if they are 
gravitationally bound/long-lived (Kruijssen 2012 ), or ‘associations’ 
if they are unbound/short-lived (Wright et al. 2022 ). There is 
significant uncertainty and de generac y when assessing which en- 
vironments are either conducive or repellent to planet formation. 
This complication mainly arises because planets are observed to 
form contemporaneously with their host stars (Haisch, Lada & Lada 
2001 ; ALMA Partnership et al. 2015 ; Andrews et al. 2018 ; Alves 
et al. 2020 ; Segura-Cox et al. 2020 ), often whilst still contained 
within dense, obscured star-forming regions. 

⋆ E-mail: r.parker@sheffield.ac.uk 
† Royal Society Dorothy Hodgkin Fellow. 

Indirect evidence that the Sun formed in a populous star-forming 
region is present in the oldest objects in the Solar system, the 
chondritic meteorites (Lee, Papanastassiou & Wasserburg 1976 ; 
Cameron & Truran 1977 ), which contain the decay products of the 
short-lived radioisotopes (SLRs) 26 Al and 60 Fe. Whilst there are 
several astrophysical mechanisms for creating 26 Al (Lugaro, Ott & 

Kereszturi 2018 ; Diehl et al. 2021 ), the most likely scenarios are 
that the Sun either formed from pre-enriched material (Boss 1995 ; 
Gaidos et al. 2009 ; Gounelle & Meynet 2012 ; Young 2014 ; Gounelle 
2015 ; Kuffmeier et al. 2016 ; Fujimoto, Krumholz & Tachibana 2018 ; 
Boss 2019 ; C ̂ ot ́e et al. 2019 ; F orbes, Alv es & Lin 2021 ) or its planet- 
forming disc was polluted by supernova and/or wind ejecta from 

massive stars (Ouellette, Desch & Hester 2007 , 2010 ; Parker et al. 
2014a ; Fatuzzo & Adams 2015 , 2022 ; Lichtenberg, P arker & Me yer 
2016b ; Nicholson & Parker 2017 ; Portegies Zwart et al. 2018 ). 

The disc pollution scenario usually assumes that the disc is only 
enriched by superno vae e xplosions of the most massive star(s). Aside 
from issues around coupling hot ejecta to cold disc material (Wijnen 
et al. 2017 ), even the most massive stars ( > 40 M ⊙) do not explode 
as supernovae until after 4 Myr (Limongi & Chieffi 2006 ). At these 
(relatively) later ages, the disc may have depleted (Haisch et al. 2001 ; 
Richert et al. 2018 ), been destroyed by encounters (Vincke, Breslau 
& Pfalzner 2015 ) and/or photoe v aporation (Johnstone, Hollenbach 

© 2023 The Author(s) 
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& Bally 1998 ; Scally & Clarke 2001 ; Adams et al. 2004 ; Winter et al. 
2018 ; Nicholson et al. 2019 ; Parker, Nicholson & Alcock 2021 ), or 
already formed planets (ALMA Partnership et al. 2015 ; Andrews 
et al. 2018 ). In the latter scenario, we might expect to see a much 
greater inhomogeneity in the injected 26 Al than is observed. Ho we ver, 
the massive stars that explode as supernovae also produce winds rich 
in 26 Al during their main sequence phase (Limongi & Chieffi 2006 ), 
meaning that disc enrichment could occur much earlier than the 
timescales for supernovae explosions (i.e. << 4 Myr). 

In this paper, we determine the amount of enrichment of proto- 
planetary discs in 26 Al and 60 Fe from supernovae, which produce 
both SLRs, and from massive-star winds, which solely produce 26 Al. 
From these we determine – based on the amount of 26 Al and 60 Fe 
capture versus decay over time – the internal radioactive heating in 
forming planetesimals that acts to differentiate and devolatilize them 

(Lichtenberg et al. 2019 , 2022 ). We do this for star-forming regions 
with different initial densities, and contrast the results to the values 
measured in the Solar system. 

Much of the recent literature has focused on 26 Al and 60 Fe 
enrichment in sequential (e.g. Gounelle & Meynet 2012 ; Gounelle 
2015 ) or extended star formation events (e.g. Young 2014 ; Fatuzzo & 

Adams 2022 ). In this paper we incorporate the dynamical evolution of 
the star-forming regions, but focus on enrichment in individual star- 
forming regions, rather than the summed enrichment in multiple re- 
gions. Portegies Zwart ( 2019 ) focuses on reproducing the enrichment 
history of the Solar system (including wind enrichment from Wolf–
Rayet stars), and also examines the dynamical truncation history of 
the Solar system. Here, we provide more generalized simulations to 
infer the amount of 26 Al and 60 Fe enrichment from both Wolf–Rayet 
winds and supernovae for different density star-forming regions. 

The paper is organized as follows. We describe our simulations, 
and our calculations of the capture of SLRs and consequent radio- 
genic heating in Section 2 . We present our results as cumulative 
distributions of the SLR ratios and heating in Section 3 and we 
provide a discussion in Section 4 . We conclude in Section 5 . 

2  M E T H O D  

In this section, we describe the set-up of the N -body simulations, 
and how we calculate the enrichment of protoplanetary discs by both 
massive star winds and supernovae, before describing the method to 
deri ve radioacti ve heating values to determine whether planetary 
systems would experience Solar system-like internal heating of 
planetesimals. 

2.1 N -body simulations of star-forming regions 

Our star-forming regions all have N ⋆ = 1500 stars, which is roughly 
the expectation value ( ∼1000 M ⊙) for the mass of a star-forming 
region, based on the observations of Galactic star clusters and 
associations (Lada & Lada 2003 ). Additionally, for our chosen N ⋆ , 
all versions of the initial mass function (IMF) in the literature will 
produce some massive ( > 17 M ⊙) stars that could contribute 26 Al and 
56 Fe through both supernovae and/or winds. 

We select stellar masses from the Maschberger ( 2013 ) IMF, which 
has a probability distribution function of the form 

p( m ) ∝ 

(

m 

μ

)−α
( 

1 + 

(

m 

μ

)1 −α
) −β

. (1) 

In equation ( 1 ) μ = 0.2 M ⊙ is the scale parameter, or ‘peak’ of 
the IMF (Bastian, Co v e y & Me yer 2010 ; Maschberger 2013 ), α

= 2.3 is the Salpeter ( 1955 ) power-law exponent for higher mass 
stars, and β = 1.4 describes the slope of the IMF for low-mass 
objects. We randomly sample this distribution in the mass range 0.1–
50 M ⊙, such that brown dwarfs are not included in the simulations, 
and 26 Al- and 60 Fe-producing stars are present in each star-forming 
region. 

Observations (Larson 1981 ; Cartwright & Whitworth 2004 ; 
Peretto, Andr ́e & Belloche 2006 ; S ́anchez & Alfaro 2009 ; Hacar 
et al. 2018 ; Buckner et al. 2019 ) and simulations (Schmeja & 

Klessen 2006 ; Bate 2009 ; Girichidis et al. 2011 ; Dale, Ercolano & 

Bonnell 2015 ) show that star-forming regions form with both spatial 
and kinematic substructure. This is likely to be an imprint of the 
turbulent conditions of the Giant Molecular Clouds in which stars 
form, although the correlation between the properties of the gas, and 
the stars that subsequently form, are unlikely to be linked in a trivial 
manner (Parker & Dale 2015 ). 

To mimic the spatial and kinematic substructure in the early 
phases of star formation, we set up our N -body simulations using 
a box-fractal generator (Goodwin & Whitworth 2004 ), which uses 
a given fractal dimension, D , as an input to set both the degree 
of spatial structure, and the degree of kinematic structure. For full 
details of the method, we refer the interested reader to Goodwin 
& Whitworth ( 2004 ), Allison et al. ( 2010 ), Lomax, Whitworth & 

Cartwright ( 2011 ), and Daf fern-Po well & Parker ( 2020 ), but we 
briefly summarize the method below. 

The fractals are set up by placing a ‘parent’ particle at the centre 
of a cube of side N div , which spawns N 

3 
div subcubes. Each of these 

subcubes contains a ‘child’ particle at its centre, and the fractal 
is constructed by determining how man y successiv e generations of 
‘children’ are produced. The likelihood of each successive generation 
producing their own children is given by N 

D−3 
div , where D is the fractal 

dimension. 
The actual star particles are placed at the locations of the final 

generation of children. Fewer generations are produced when the 
fractal dimension is lower, leading to a less uniform appearance 
and hence more substructure. Star-forming regions with a low fractal 
dimension (e.g. D = 1.6) have a high degree of substructure, whereas 
regions with higher values (e.g. D = 2.0, 2.6) have less structure and 
regions with D = 3.0 are approximately uniform. 

The velocities of the parent particles are drawn from a Gaussian 
distribution of mean zero, and the velocities of the child particles 
inherit this velocity plus a small random component which scales 
as 1 /N 

g 
div , where g is the number of generations in the fractal and 

therefore the random component becomes progressively smaller with 
each generation. This means that physically close particles have 
very similar velocities, but more distant particles can have very 
uncorrelated velocites, similar to the observations within GMCs 
(Larson 1981 ). 

We adopt D = 2.0 for all our simulations, which gives a moderate 
amount of spatial and kinematic substructure. We scale the velocities 
to a virial ratio αvir = T / | �| , where T and | �| are the total kinetic 
and potential energies, respectively. The velocities of young stars are 
often observed to be subvirial along filaments (Andr ́e et al. 2014 ; 
Foster et al. 2015 ), so we adopt a subvirial ratio ( αvir = 0.3) in all of 
our simulations. 

We then scale the physical size of the fractals to produce the 
required stellar density. Observations of star-forming regions present 
a range of densities (Lada & Lada 2003 ; Bressert et al. 2010 ), 
most of which are more than a factor of 10 higher than the stellar 
density in the disc of the Milky Way ( ∼0.1 M ⊙ pc −3 , Korchagin 
et al. 2003 ), and some are several 100s M ⊙ pc −3 (King et al. 2012 ). 
Ho we ver, dynamical models postulate that the initial densities of 
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Table 1. A summary of the different initial conditions of our simulated star- 
forming regions. The columns show the number of stars, N stars , the initial 
radius of the star-forming region, r F , and the initial median local stellar 
density, ˜ ρ. 

N stars r F ˜ ρ

1500 1 pc 1000 M ⊙ pc −3 

1500 2.5 pc 100 M ⊙ pc −3 

1500 5.5 pc 10 M ⊙ pc −3 

1500 20 pc 0.1 M ⊙ pc −3 

star-forming regions may be even higher, perhaps 1000s M ⊙ pc −3 

(Marks & Kroupa 2012 ; Farias, Tan & Eyer 2020 ; Schoettler et al. 
2020 ; Schoettler, Parker & de Bruijne 2022 ). 

The observed present-day densities in star-forming regions are 
likely to be lower limits to the initial densities (Parker 2014 ), so we 
set up simulations with the full range of possible initial densities 
for star-forming regions by adjusting the radii of the box fractals 
accordingly. A summary of the simulations is given in Table 1 . 

We run ten versions of each simulation in order to gauge the 
amount of stochasticity in the results. We evolve the star-forming 
regions for 10 Myr using the kira integrator in the Starlab 
package (Portegies Zwart et al. 1999 , 2001 ). We do not implement 
mass-loss from the massive stars due to stellar evolution (although 
a stellar evolution module, SeBa is available in Starlab ), but 
instead use the models from Limongi & Chieffi ( 2006 ) to determine 
when a massive star leaves the main sequence and explodes as a 
supernova. 

2.2 Enrichment from massi v e stars 

We track the position of each > 5 M ⊙ star and the relative positions 
of all low-mass ( ≤3 M ⊙) stars. All low-mass stars are assigned a disc 
with radius r disc = 100 au. In two sets of simulations we randomly 
remo v e discs from the enrichment calculation if a random number 
R between 0 and 1 obeys the following relation 

R > e −0 . 0278 t , (2) 

where t is the time in Myr. This relation ensures that the discs deplete 
on an exponential timescale commensurate with the Richert et al. 
( 2018 ) fit to disc fractions in star-forming regions, which in turn is a 
refinement of the Haisch et al. ( 2001 ) results. 

The mass of the disc is fixed, i.e. it does not deplete (apart from 

when the disc is remo v ed altogether in some simulations, as described 
abo v e), and is proportional to the host star mass, 

m disc = 0 . 1 M ⋆ . (3) 

We assume the usual gas-to-dust ratio of 100:1, so the total dust 
mass, m dust , in the disc is 

m dust = 0 . 01 m disc . (4) 

The amount of 26 Al is expressed in terms of the stable version of the 
element, 27 Al, and we determine the mass of 27 Al in the disc, m 27 Al , 
from the fraction of Al in chondrites, f Al, CI = 8500 × 10 −6 (Lodders 
2003 ) 

m 27 Al = 8500 × 10 −6 m dust . (5) 

Similarly, the amount of 60 Fe is expressed in terms of its stable 
version, 56 Fe, and we determine the mass of 56 Fe in the disc, m 56 Fe , 
from the fraction of Fe in chondrites, f Fe, CI = 1828 × 10 −4 (Lodders 

2003 ) 

m 56 Fe = 1828 × 10 −4 m dust . (6) 

In order to calculate both the location of, and the 26 Al and 60 Fe 
yields from, supernovae in the star-forming regions, for each massive 
star we perform a linear interpolation using its mass to estimate the 
time at which it explodes as a supernova, and its SLR yields, based 
on the models in Limongi & Chieffi ( 2006 ). 

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

ηSN = 
πr 2 disc 

4 πd 2 
cos θ, (7) 

where d is the distance to the massive star(s) at the instant of 
supernova (from the models of Limongi & Chieffi 2006 ) and θ is 
the inclination of the disc. Following Lichtenberg et al. ( 2016b ), for 
each star we adopt θ = 60 ◦ as the likely average inclination between 
the disc and the ejecta for a random distribution. 

Similarly, to calculate the SLR yield from the massive star winds, 
we use the main sequence lifetimes from Limongi & Chieffi ( 2006 ) as 
well as the total yield from the winds, to determine the yield per Myr. 
In Appendix A , we calculate the yields using more recent models 
(Limongi & Chieffi 2018 ), but find no major differences compared 
with the models from Limongi & Chieffi ( 2006 ), especially when 
realistic estimates of stellar rotation are included in the calculations 
(de Mink et al. 2013 ). 

The cross section for capture of wind material is calculated as the 
volume of material swept out by a low-mass star as it traverses a 
distance 
 r ⋆ through a wind bubble of radius r bub 

ηwind = 
3 

4 

πr 2 disc 
r ⋆ 

πr 3 bub 

. (8) 

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 r bub = 0.1 pc. Secondly, we assume 
the bubble(s) disperse rapidly, and the bubble has a radius r bub = 

2 r 1/2 , where r 1/2 is the half-mass radius of the star-forming region 
(i.e. the radius within which half the total stellar mass in the region 
is enclosed). Previous work (e.g. Parker & Quanz 2012 ; Schoettler 
et al. 2019 ) has shown this to be a reasonable estimate of the extent 
of these simulated star-forming regions without including distant 
outliers and/or ejected stars. 

We use the total mass of 26 Al and 60 Fe captured/swept up by each 
low mass star and divide this by the mass in stable isotopes, m 27 Al 

and m 56 Fe , to determine the 26 Al and 60 Fe ratios: 

Z Al = 
m 26 Al 

m 27 Al 
, (9) 

and 

Z Fe = 
m 60 Fe 

m 56 Fe 
. (10) 

For each low-mass star, we calculate Z Al three times; for supernovae 
only, for supernovae and local winds ( r bub = 0.1 pc), and then finally 
for supernovae and dispersed winds ( r bub = 2 r 1/2 ). The contribution 
of 60 Fe comes from supernovae only. 

We then compare each of the calculated Z Al , and the calculated Z Fe 

to the respective measured Solar system values, Z Al,SS = 5.85 × 10 −5 

(Thrane, Bizzarro & Baker 2006 ) and Z Fe,SS = 1.15 × 10 −8 (Tang 
& Dauphas 2012 ) or Z Fe,SS = 1 × 10 −6 (Mishra, Marhas & Sameer 
2016 ). Different literature sources are in reasonable agreement on 
the measurement of Z Al (see also Jacobsen et al. 2008 ; Kita et al. 
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2013 , who find a slightly lower value, around Z Al,SS ∼ 5 × 10 −5 ), but 
the measurement of 60 Fe is far more contro v ersial (see Trappitsch 
et al. 2018 ; Kodol ́anyi et al. 2022 , for recently quoted values toward 
the lower end of the range), and so we will compare our results to 
the full range of values quoted in the literature. 

2.3 Internal radioacti v e heating in planetesimals 

We then use the Z Al and Z Fe ratios to calculate the potential 
radioactive heating in forming planetesimals (Moskovitz & Gaidos 
2011 ; Lichtenberg et al. 2016b ) due to these SLRs. We calculate 
the radiogenic heating for each star, Q ( t ) at each snapshot in time t , 
taking into account the radioactive decay of both 26 Al and 60 Fe from 

the current and previous snapshots using 

Q ( t) = f Al , CI Z Al 
E Al 

τAl 
e −t/τAl + f Fe , CI Z Fe 

E Fe 

τFe 
e −t/τFe , (11) 

where f Al,CI is the fraction of Al in chondrites (Lodders 2003 ), as 
defined earlier, E Al = 3.12 MeV is the decay energy of 26 Al, τAl = 

0.717 Myr is the radioactive half-live of 26 Al (Castillo-Rogez et al. 
2009 ). Similarly, f Fe,CI is the fraction of Fe in chondrites (Lodders 
2003 ), E Fe = 2.712 MeV is the decay energy of 60 Fe (Castillo-Rogez 
et al. 2009 ) and τ Fe = 2.6 Myr is the half-life of 60 Fe (Wallner et al. 
2015 ). The initial Solar system heating value is calculated from these 
values to be Q SS = 3.4 × 10 −7 W kg −1 . 

3  R ESU LTS  

In this section, we present the short-lived isotope ratios, Z Al = 
26 Al / 27 Al and Z Al = 

60 Fe/ 56 Fe for star-forming regions with different 
initial densities. For each density regime, we also use the SLR ratios 
to calculate the long-term internal heating of the planetesimals that 
form in the discs, Q ( t ). 

3.1 High stellar density 

We first calculate the SLR ratios and internal heating of planetesimals 
for discs in inititally very dense ( ̃  ρ ∼ 1000M ⊙ pc −3 ) star-forming 
regions. The details of the evolution of these regions is documented 
elsewhere (Allison et al. 2010 ; Parker et al. 2014b ; Lichtenberg et al. 
2016b ), but we briefly outline it again here. 

The star-forming regions are initially out of equilibrium. First, the 
spatial and kinematic substructure is erased before the star-forming 
regions undergo violent relaxation (Lynden-Bell 1967 ; Spitzer 1969 ) 
in which the stars fall into the potential well of the star-forming 
region, leading to the formation of a smooth, centrally concentrated 
star cluster. 

This violent relaxation facilitates mass se gre gation, whereby the 
most massive stars become more spatially concentrated than the 
average mass stars in the cluster (McMillan, Vesperini & Portegies 
Zwart 2007 ; Allison et al. 2010 ; Parker et al. 2014b ). In some 
cases the massive star(s) are ejected (Schoettler et al. 2019 ), but 
are replaced in the central region by the next most massive star(s) 
(Parker et al. 2016 ). In these dense regions, we expect low-mass 
stars to be in close proximity to massive stars (Parker et al. 2021 ), 
thereby maximizing the likelihood of enrichment occurring (Parker 
et al. 2014a ). 

In Fig. 1 , we show the enrichment calculations for these high 
density regions, assuming that all the protoplanetary discs have a 
fixed radius of 100 au. In the top row we show the 26 Al abundance 
ratios, Z Al , calculated after 10 Myr for supernovae only (panel a), 
supernovae and dispersed winds (i.e. where the winds fill the volume 

of the clusters, panel b) and supernovae and localized winds (i.e. 
where the wind material remains in a small [ r bub = 0.1 pc] volume 
around the massive stars, panel c). Each individual line is one 
simulation (there are ten versions of the same simulation, identical 
apart from the random number seed used to set up the initial 
conditions). 

In the bottom row, we show all three different Z Al in each panel, 
but calculated at 1, 2.5, and 5 Myr (panels d, e, and f, respectively). At 
1 and 2.5 Myr, no supernovae have occurred yet, and only the most 
massive stars ( > 40 M ⊙) have exploded after 5 Myr, so the winds 
dominate the enrichment budget. 

Our first notable result is that the amount of 26 Al enrichment 
from supernovae alone (Fig. 1 a) is only at Solar system levels 
(or higher, i.e. ≥5.85 × 10 −5 , Thrane et al. 2006 ) for a few stars 
(less than 10 per cent) in the majority of simulations. Ho we ver, 
when discs are also enriched by wind material, the fraction of stars 
with Solar system levels of enrichment is more than 50 per cent 
in some regions (Figs 1 b and c). In five simulations (the three 
blue lines, the yellow line, the brown line in Fig. 1 c) the dis- 
persed winds provide a level of enrichment far in excess of Solar 
system lev els. F or the same simulations, more localized winds 
also provide significant enrichment, with higher Z Al ratios possible 
(Fig. 1 b). 

Secondly, the Z Al ratios at early ages (1 Myr, panel d) can reach 
Solar system values for the localized wind bubbles, and after 2.5 
(panel e) and 5 Myr (panel f) the enrichment ratios increase further 
(recall that this is before most supernovae have ocurred). 

In Fig. 2 , we show the 60 Fe abundance ratios at 5 Myr (panel a) and 
after 10 Myr (panel b). Again, after 5 Myr few stars have exploded as 
supernovae, and in fact this only occurs in three out of ten simulations 
(Fig. 2 a). Ho we ver, after 10 Myr (Fig. 2 b) all simulations have stars 
that produce 60 Fe on exploding as supernovae, and the values lie 
within the range of measured Z Fe ratios for the Solar system (Tang 
& Dauphas 2012 ; Mishra et al. 2016 ). 

We now plot the radioactive heating of planetesimals from these 
SLRs in Fig. 3 , following the method in Moskovitz & Gaidos 
( 2011 ). We show the heating from supernovae only (Fig. 3 a), from 

supernovae and dispersed winds (Fig. 3 b) and from supernovae and 
local winds (Fig. 3 c). Each line represents the distribution of Q 

values calculated at 10 Myr (the solid black line), 7.5 Myr (dashed 
red line), 5 Myr (dotted–dashed green line), 2.5 Myr (dotted blue 
line) and at 1 Myr (dotted–dotted–dashed cyan line). The latter two 
lines are not present in Fig. 3 (a) because there are no supernovae 
before ∼4 Myr. The value calculated for the Solar system is shown 
by the vertical dotted line. Clearly, very few systems obtain Solar 
system-levels of heating from supernovae alone, or to frame it in 
terms independent of the assumptions about disc radius/evolution, 
enrichment is enhanced by the presence of winds, especially if the 
material remains in localized bubbles. 

3.2 Moderate stellar densities 

The high stellar density star-forming regions shown in Figs 1 –3 are 
likely to be representative of some regions, e.g. the ONC (Allison & 

Goodwin 2011 ; Parker 2014 ; Schoettler et al. 2020 ), Carina (Reiter & 

Parker 2019 ), and NGC 2264 (Parker & Schoettler 2022 ; Schoettler 
et al. 2022 ), but not all. Many star-forming regions local to the Sun 
have much lower postulated initial densities, likely to be in the range 
100–1 M ⊙ pc −3 (Lada & Lada 2003 ; Bressert et al. 2010 ; Parker & 

Alves de Oliveira 2017 ). 
When we reduce the stellar density, the amount of enrich- 

ment (unsurprisingly) decreases. At moderate stellar densities ( ̃  ρ ∼
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(a) (b)

(d) (e) (f)

(c)

Figure 1. CDFs of the SLR ratios Z Al in a star-forming region with an initially high stellar density ( ̃  ρ ∼ 1000M ⊙ pc −3 ). The initial disc radii are all r disc = 

100 au, and the discs do not evolve with time. Solid lines are ratios calculated from supernovae only. Dashed lines are global, or dispersed wind bubbles ( r bub = 

2 r 1/2 ) plus an y superno vae, dotted–dashed lines are local wind bubbles ( r bub = 0.1 pc) plus any supernovae. We show 26 Al/ 27 Al ratios calculated at 10 Myr (top 
row), then 1, 2.5, and 5 Myr (bottom row). The vertical dotted lines indicate the measured Solar system value, Z Al,S = 5.85 × 10 −5 (Thrane et al. 2006 ). 

(a) (b)

Figure 2. CDFs of the SLR ratios Z Fe in a star-forming region with an initially high stellar density ( ̃  ρ ∼ 1000M ⊙ pc −3 ). The initial disc radii are all r disc 

= 100 au, and the discs do not evolve with time. We show the 60 Fe/ 56 Fe ratios (which only come from supernovae ejecta) calculated at 5 and 10 Myr. The 
vertical dotted–dashed line indicates the measured Solar system value, Z Fe,SS = 1.15 × 10 −8 (Tang & Dauphas 2012 ) and the vertical dashed line indicates the 
alternative measurement, Z Fe,SS = 1 × 10 −6 (Mishra et al. 2016 ). 

100M ⊙ pc −3 ), depending on the amount of enrichment from winds, 
up to ∼50 per cent of stars attain Solar system-like (or higher) Z Al 

ratios after 10 Myr, and 10 per cent of stars attain Solar sytem-like 
(or higher) Z Fe ratios. 

In terms of the internal heating of planetesimals, ho we ver, only 
the simulations in which the 26 Al is captured from localized stellar 
winds reach Solar system-levels of heating (the middle panel of 
Fig. 4 b). 
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(b) (c)(a)

Figure 3. CDFs of the radioactive heating of planetesimals from both 26 Al and 60 Fe in initially high-density star-forming regions ( ̃  ρ ∼ 1000M ⊙ pc −3 ). Panel 
(a) shows the heating from supernovae ejecta alone, panel (b) shows the heating from supernovae and local wind bubbles ( r bub = 0.1 pc), and panel (c) shows 
the heating from supernovae and dispersed wind bubbles ( r bub = 2 r 1/2 pc). The heating is calculated at 10 Myr (solid black lines), 7.5 Myr (the dashed red lines), 
5 Myr (dotted–dashed green lines), 2.5 Myr (dotted blue lines) and 1 Myr (dotted–dotted–dashed cyan lines). The vertical dotted lines indicate the initial heating 
for the Solar system, Q SS = 3.4 × 10 −7 W kg −1 , calculated from equation ( 11 ). 

(a) (b) (c)

Figure 4. CDFs of the radioactive heating of planetesimals from both 26 Al and 60 Fe in moderate-density star-forming regions ( ̃  ρ ∼ 100M ⊙ pc −3 ). Panel (a) 
shows the heating from supernovae ejecta alone, panel (b) shows the heating from supernovae and local wind bubbles ( r bub = 0.1 pc) and panel (c) shows the 
heating from supernovae and dispersed wind bubbles ( r bub = 2 r 1/2 pc). The heating is calculated at 10 Myr (solid black lines), 7.5 Myr (the dashed red lines), 
5 Myr (dotted–dashed green lines), 2.5 Myr (dotted blue lines) and 1 Myr (dotted–dotted–dashed cyan lines). The vertical dotted lines indicate the initial heating 
for the Solar system, Q SS = 3.4 × 10 −7 W kg −1 , calculated from equation ( 11 ). 

3.3 Low- and field-like stellar densities 

If we reduce the density further, so that the regions have low densities 
( ̃  ρ ≤ 10 M ⊙ pc −3 ) then the amount of enrichment begins to fall below 

Solar system levels for all stars. In Fig. 5 , we show the Z Al and Z Fe 

ratios for these low-density regions at 10 Myr. Fig. 5 (a) shows the 
Z Al ratios for the combination of supernovae and localized winds, 
and some stars do attain Solar system-like v alues. Ho we ver, when 
the winds are more dispersed the distribution of Z Al ratios falls short 
of Solar system-values (Fig. 5 b), as do the Z Fe ratios (Fig. 5 c). 

When we use the Z Al and Z Fe ratios to calculate the SLR heating, 
we find that almost no stars have values commensurate with the early 
Solar system (Fig. 6 ). 

If we reduce the density further, to values similar to the Sun’s 
present-day location (0.1 M ⊙ pc −3 Korchagin et al. 2003 ), then no 
stars have Solar system levels of enrichment. 

3.4 Enrichment during disc depletion 

Up to this point we have assumed that the discs remain extant for the 
duration of the simulation (10 Myr), and as this is roughly the main 

sequence lifetime of many of the enriching (massive) stars, the discs 
can capture material from the winds of these stars, and then their 
supernovae ejecta when they explode. 

We have not allowed the discs to expand through viscous evolution 
(Hartmann et al. 1998 ; Lichtenberg et al. 2016a ), but also we have 
not factored in any disc destruction mechanisms, such as truncation 
from encounters and/or photoe v aporation from the massive stars 
(Johnstone et al. 1998 ; Scally & Clarke 2001 ; Adams et al. 2004 ; 
Vincke et al. 2015 ; Nicholson et al. 2019 ; Parker et al. 2021 ). 

We have also not accounted for planet formation in the discs, 
which although does not remo v e material from the disc, it may mean 
the composition of the disc (and distribution of SLRs within) is no 
longer homogeneous. 

In Figs 7 –9 , we repeat the calculations for the high density star- 
forming regions ( ̃  ρ ∼ 1000 M ⊙ pc −3 ) but ‘deplete’ our discs using 
the exponential function in equation ( 2 ). At a given time, if a random 

number exceeds the value in equation ( 2 ) we do not add any further 
26 Al or 60 Fe to the disc (either from winds, or supernovae). 

The effect of this is clearly demonstrated in Fig. 7 . In panel (a) 
we show the Z Al ratios for discs for enrichment from supernovae 
only. Only three out of ten simulations have any discs remain- 
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(a) (b) (c)

Figure 5. CDFs of the SLR ratios Z Al and Z Fe in a star-forming region with an initially low stellar density ( ̃  ρ ∼ 10 M ⊙ pc −3 ). The initial disc radii are all r disc 

= 100 au, and the discs do not evolve with time. Panel (a) shows the Z Al ratios for supernovae and local wind bubbles ( r bub = 0.1 pc), panel (b) shows the Z Al 

ratios for supernovae and dispersed wind bubbles ( r bub = 2 r 1/2 ), and panel (c) shows the Z Fe ratios (for supernovae only). All Z ratios are calculated at 10 Myr. 
In panels (a) and (b) the vertical dotted lines indicate the measured Solar system value for Al, Z Al,SS = 5.85 × 10 −5 (Thrane et al. 2006 ). In panel (c) the vertical 
dotted–dashed line indicates the measured Solar system value for Fe, Z Fe,SS = 1.15 × 10 −8 (Tang & Dauphas 2012 ) and the vertical dashed line indicates the 
alternative measurement, Z Fe,SS = 1 × 10 −6 (Mishra et al. 2016 ). 

(a) (b) (c)

Figure 6. CDFs of the radioactive heating of planetesimals from both 26 Al and 60 Fe in low-density star-forming regions ( ̃  ρ ∼ 10 M ⊙ pc −3 ). Panel (a) shows 
the heating from supernovae ejecta alone, panel (b) shows the heating from supernovae and local wind bubbles ( r bub = 0.1 pc) and panel (c) shows the heating 
from supernovae and dispersed wind bubbles ( r bub = 2 r 1/2 pc). The heating is calculated at 10 Myr (solid black lines), 7.5 Myr (the dashed red lines), 5 Myr 
(dotted–dashed green lines), 2.5 Myr (dotted blue lines) and 1 Myr (dotted–dotted–dashed cyan lines). The vertical dotted lines indicate the initial heating for 
the Solar system, Q SS = 3.4 × 10 −7 W kg −1 , calculated from equation ( 11 ). 

ing at this age, and very few of these discs have any notable 
enrichment. 

In the simulations where wind enrichment occurs (panels b and c), 
then after 10 Myr five simulations have enrichment commensurate 
with the Solar system if the wind enrichment occurs in small, 
localized bubbles. Fewer simulations (three) have Solar system levels 
of enrichment if the winds expand into large bubbles. 

Ho we ver, despite the early depletion of discs (the discs have a 
‘half-life’ of 2 Myr, Richert et al. 2018 ), enrichment does occur 
early on, as shown in panels (c)–(f) in Fig. 7 . Here, the enrichment 
is dominated by winds, and the majority occurs in the first few 

Myr when the star-forming regions are more dense (the dashed, and 
dotted–dashed lines, representing enrichment from dispersed, and 
more local winds, respectively, creep rightwards in these plots over 
time, but many stars obtain most of their enrichment in the first 
2 Myr). 

We find a similar pattern in the Z Fe ratios, as shown in Fig. 8 . 
Recall that the enrichment in 60 Fe comes only from supernovae, 

and the majority of the discs have depleted by the time of the 
superno vae. P anel (a) in this figure shows the Z Fe ratios at 5 Myr, 
where there are more discs, but fewer massive stars have exploded 
as supernovae, whereas panel (b) shows the Z Fe ratios at 10 Myr, 
where there are fewer discs, but more supernovae have occurred. 
Clearly, the Z Fe ratios are low, or non-existent, for most stars at both 
times. 

Finally, we plot the amount of heating due to 26 Al and 60 Fe when 
the discs are depleted and the results are shown in Fig. 9 . We see 
that if enrichment occurs from supernovae alone (panel a), or from 

dispersed winds (panel c) then planetesimals will not attain Solar 
system-le vels of heating. Ho we ver, panel (b) sho ws that if the winds 
are entrained in smaller, localized bubbles, then Solar system levels 
of heating can still occur. This is because the 26 Al and 60 Fe are added 
to the discs earlier; in this plot the distribution with the highest Q 

values is at 2.5 Myr (the dark blue dotted line), whereas in similar 
simulations when we do not deplete the discs (Fig. 3 ) the heating 
after 5–10 Myr is greatest. 
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(e)(d) (f)

(c)(b)(a)

Figure 7. CDFs of the SLR ratios Z Al in a star-forming region with an initially high stellar density ( ̃  ρ ∼ 1000 M ⊙ pc −3 ) where the discs deplete in line with 
the observations of Haisch et al. ( 2001 ) and Richert et al. ( 2018 ). The initial disc radii are all r disc = 100 au, and the discs do not evolve with time. Solid lines 
are ratios calculated from supernovae only. Dashed lines are global, or dispersed wind bubbles ( r bub = 2 r 1/2 ) plus any supernovae, dot–dashed lines are local 
wind bubbles ( r bub = 0.1 pc) plus any supernovae. We show 26 Al/ 27 Al ratios calculated at 10 Myr (top row), then 1, 2.5, and 5 Myr (bottom row). The vertical 
dotted lines indicate the measured Solar system value, Z Al,SS = 5.85 × 10 −5 (Thrane et al. 2006 ). 

(a) (b)

Figure 8. CDFs of the SLR ratios Z Fe in a star-forming region with an initially high stellar density ( ̃  ρ ∼ 1000 M ⊙ pc −3 ) where the discs deplete in line with 
the observations of Haisch et al. ( 2001 ) and Richert et al. ( 2018 ). The initial disc radii are all r disc = 100 au, and the discs do not evolve with time. We show 

the 60 Fe/ 56 Fe ratios (which only come from supernovae ejecta) calculated at 5 and 10 Myr. The vertical dotted–dashed line indicates the measured Solar system 

value for Fe, Z Fe,SS = 1.15 × 10 −8 (Tang & Dauphas 2012 ) and the vertical dashed line indicates the alternative measurement, Z Fe,SS = 1 × 10 −6 (Mishra et al. 
2016 ). 
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(a) (b) (c)

Figure 9. CDFs of the radioactive heating of planetesimals from both 26 Al and 60 Fe in initially high-density star-forming regions ( ̃  ρ ∼ 1000 M ⊙ pc −3 ). In 
these simulations the discs deplete in line with the observations of Haisch et al. ( 2001 ) and Richert et al. ( 2018 ). Panel (a) shows the heating from supernovae 
ejecta alone, panel (b) shows the heating from supernovae and local wind bubbles ( r bub = 0.1 pc) and panel (c) shows the heating from supernovae and dispersed 
wind bubbles ( r bub = 2 r 1/2 pc). The heating is calculated at 10 Myr (solid black lines), 7.5 Myr (the dashed red lines), 5 Myr (dotted–dashed green lines), 
2.5 Myr (dotted blue lines) and 1 Myr (dotted–dotted–dashed cyan lines). The vertical dotted lines indicate the initial heating for the Solar system, Q SS = 

3.4 × 10 −7 W kg −1 , calculated from equation ( 11 ). 

3.5 Relati v e abundances of 26 Al to 60 Fe 

A further issue with the disc enrichment from supernovae scenario 
is that the relative abundance of 26 Al to 60 Fe is usually too low in 
simulations, at around unity. The ratio of 26 Al/ 60 Fe is affected by the 
uncertainty in the measurements of 60 Fe, but for example, Gounelle 
& Meynet ( 2012 ) quote 26 Al/ 60 Fe = 8.2, and Lugaro et al. ( 2018 ) 
quote 26 Al/ 60 Fe ≈ 3–25. This ratio is sensitively dependent on the 
measured value of 60 Fe. 

We plot the 26 Al/ 60 Fe ratio from our dense simulations ( ̃  ρ = 1000 
M ⊙ pc −3 ) in Fig. 10 . In panel (a), we show the ratios for simulations 
where the 26 Al comes from supernovae alone, in panel (b) we show 

the ratios where the 26 Al also comes from winds that disperse through 
the star cluster, and in panel (c) we show the ratios where the 26 Al 
also comes from winds that are entrained in local bubbles. 

Clearly, when the 26 Al comes from supernovae alone, the 26 Al/ 60 Fe 
ratio is close to unity in many cases, but when the 26 Al comes from 

winds this ratio can span a much larger range in values and is within 
the measured values for the Solar system. In strongly wind-enriched 
systems, the 26 Al/ 60 Fe can even exceed the likely range in the Solar 
system by more than an order of magnitude. 

4  DISCUSSION  

Our results show that protoplanetary discs can be enriched in the 
SLRs 26 Al and 60 Fe to Solar system levels and beyond by capturing 
the material ejected in the winds of massive stars. 

As one might expect, the amount of enrichment is dependent on 
the initial stellar density, with more enrichment, to higher levels, 
occurring in dense star-forming regions where the average stellar 
density is ˜ ρ ∼ 1000 M ⊙ pc −3 compared to moderately dense ( ̃  ρ ∼

100 M ⊙ pc −3 ) star-forming regions. 
While Solar system-like levels of 26 Al enrichment can be 

reproduced in an appreciable number of cases, we find a high degree 
of 26 Al variability in young planetary systems. This suggests that 
internal radiogenic heating can be anticipated to vary substantially 
between planetary systems, with potentially significant implications 
for the distribution of atmosphere-forming volatile elements, such as 
water (Lichtenberg et al. 2019 ) and carbon compounds (Lichtenberg 
& Krijt 2021 ). Enrichment on a level of a few per cent to a few tens 

of per cent is consistent with the amount of differentiated debris in 
polluted white dwarfs (Bonsor et al. 2020 ; Curry et al. 2022 ), which 
suggests that internal heating by short-lived radioactive isotopes 
chemically differentiates and thus alters a significant fraction of 
planetary bodies during planetary formation (Jura & Young 2014 ; 
Lichtenberg et al. 2022 ). 

Ho we ver, at densities ˜ ρ ≤ 10 M ⊙ pc −3 the amount of enrichment 
does not result in planetessimal heating to Solar system levels. It 
is worth highlighting that many star-forming regions, from Taurus 
(G ̈udel et al. 2007 ) to Cyg OB2 (Wright et al. 2014 ), have densities 
of this order, and if they were not more dense in the past, it is difficult 
to see how these regions could enrich protoplanetary discs to Solar 
system levels. 

When we implement a disc depletion algorithm, many of the 
discs are gone before the stars explode as supernovae, and so the 
enrichment is dominated by the massive stars’ winds. If – as appears 
to be the case in the Solar system – enrichment happens early on, 
then our results suggest this can only happen in the most dense 
star-forming regions. 

We have also demonstrated that the relative abundance of 26 Al/ 60 Fe 
is consistent with a contribution of 26 Al from massive star winds, and 
negates the need for multiple phases, or sequential star formation, to 
be required for solar system formation (as postulated by Gounelle & 

Meynet 2012 ; Young 2014 ). 
The most significant caveat in our work is the omission of 

disc evolution, both internal viscous evolution and mass-loss 
due to external photoe v aporation due to Far/Extreme Ultraviolet 
(FUV/EUV) radiation from massive stars. Discs undergo significant 
spreading due to viscous evolution (Concha-Ram ́ırez et al. 
2019 ), which would increase the cross section of the discs and 
potentially lead to higher levels of enrichment. It is likely that the 
implementation of viscous evolution in the models of Lichtenberg 
et al. ( 2016b ) is the reason why some of their simulations display 
higher Z ratios and Q heating values. 

Ho we ver, our discs could also be significantly altered by pho- 
toe v aporation and the subsequent inward evolution of the discs. 
Whilst external photoe v aporation is thought to remove very lit- 
tle of the dust content of discs (Haworth et al. 2018 ), it may 
drive the dust radii inwards (Sellek, Booth & Clarke 2020 ), 
which – if dominant o v er viscous spreading – would reduce 
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(a) (b) (c)

Figure 10. CDFs of the ratios of the two SLRs 26 Al to 60 Fe in initially high-density star-forming regions ( ̃  ρ ∼ 1000 M ⊙ pc −3 ) where the discs do not deplete. 
Panel (a) shows the 26 Al/ 60 Fe ratio from supernovae ejecta alone, panel (b) shows the 26 Al/ 60 Fe ratio from supernovae and local wind bubbles ( r bub = 0.1 pc) 
and panel (c) shows the 26 Al/ 60 Fe ratio from supernovae and dispersed wind bubbles ( r bub = 2 r 1/2 pc). The ratios are calculated at 10 Myr and the different lines 
are for individual simulations. 

the cross section of the disc for capturing wind and supernovae 
ejecta. 

Furthermore, whilst little dust is lost from discs due to photoe v ap- 
oration, significant amounts of the gas – sometimes all – is remo v ed 
on very short ( < 1 Myr) time-scales (Scally & Clarke 2001 ; Winter 
et al. 2018 ; Concha-Ram ́ırez et al. 2019 ; Nicholson et al. 2019 ; 
Parker et al. 2021 ). This means that gas giant planet formation can 
be hindered or suppressed altogether. In a follow-up paper, we will 
determine how many Solar system analogues can be enriched yet 
retain gas in their discs in these star-forming regions, and compare 
the destruction of discs due to FUV radiation with those that may 
be enriched but truncated by dynamical encounters, e.g. Portegies 
Zwart ( 2019 ). 

A further caveat to our results is that we have only modelled 
sub virial star-forming re gions undergoing collapse to form a star 
cluster. These initial conditions probably optimise the amount of 
enrichment, as opposed to e.g. a supervirial region undergoing 
expansion (though we note that these regions also develop dense 
(sub)clusters which are very similar in both appearance and physical 
processes to the subvirial clusters and do not preclude enrichment, 
Parker et al. 2014a , b ; Rate, Crowther & Parker 2020 ). 

We have also not varied the degree of spatial substructure, the 
number of stars (enrichment can occur in low- N star-forming regions 
if there are massive stars present Nicholson & Parker 2017 ) or 
included primordial binaries in our calculations. 

5  C O N C L U S I O N S  

We present N -body simulations of star-forming regions and employ 
a post-processing analysis to determine the amount of enrichment 
in the short-lived radioisotopes (SLRs) 26 Al and 60 Fe that occurs 
in protoplanetary discs. Previous work on the dynamical evolution 
of young star-forming regions has usually only considered the 
contribution of 26 Al from the supernovae explosions of massive stars, 
but in this work we have implemented enrichment from the winds 
of these massive stars. We then use the amount of 26 Al and 60 Fe 
to calculate the radioactive internal heating of planetesimals due to 
these SLRs. Our simulations results suggest the following: 

(i) The contribution of 26 Al from stellar winds is significant, and 
for many stars is the difference between enrichment at lower levels 

than the Solar system, and levels equal to or higher than the Solar 
system. 

(ii) The amount of enrichment is slightly sensitive to the dispersal 
rate of the wind material; if the material disperses throughout the 
whole star-forming region, then more stars are enriched, but fewer 
at Solar system levels or higher. If the winds are entrained in local 
bubbles, then fewer stars o v erall are enriched, but more of those that 
are have Solar system or higher levels of enrichment. 

(iii) The stellar density is the most important variable in determin- 
ing the number of stars that are enriched. In the most dense regions 
( ̃  ρ ∼ 1000 M ⊙ pc −3 ), up to 50 per cent of stars can attain Solar 
system levels of enrichment, whereas in regions with much lower 
densities ( ̃  ρ ∼ 10 M ⊙ pc −3 , similar to OB associations observed 
today), almost no enrichment occurs. 

(iv) Our results are very sensitive to the lifetimes of the protoplan- 
etary discs. In a set of simulations where we forbid enrichment if the 
disc has either been destroyed or already formed planets, enrichment 
can only occur in the most dense star-forming regions. 

(v) When winds make a significant contribution to the enrichment, 
this occurs much earlier than in previous simulations that solely 
relied on supernovae (Solar system-levels of enrichment from winds 
occur from 2.5 Myr, rather than from beyond the times of the first 
supernovae at around 4 Myr). 

(vi) Our simulations reproduce the amount of internal heating 
calculated for planetesimals in the early Solar system, and also 
produce a wide spread in the relative abundance of 26 Al/ 60 Fe. 

Ho we ver, for simplicity, our simulations do not include photoe- 
vaporation of the gas component of the discs due to the FUV/EUV 

radiation fields of massive stars (the same massive stars that are 
enriching the discs), nor are the radii of the protoplanetary discs 
evolving due to photoevaporation or viscous speading. In a follow- 
up paper, we will implement both mechanisms to establish whether 
our Solar system could form, be enriched early, and retain a gas 
component in its disc that would enable Jupiter and Saturn to form. 
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APP ENDIX  A :  C O M PA R I S O N  WITH  

DIF F EREN T  Y IELD  M O D E L S  

The stellar evolution models we use to calculate the yields are from 

Limongi & Chieffi ( 2006 ), which assume that stars > 25 M ⊙ produce 
26 Al and 60 Fe (in addition to other heavy elements) in supernovae. 
Ho we ver, the most recent models (e.g. Limongi & Chieffi 2018 ) 
assume that > 25 M ⊙ stars collapse directly to a black hole and these 
new models produce different yields, especially for the supernovae. 

In Fig. A1 , we show the yields from Limongi & Chieffi ( 2006 ) 
by the grey lines ( 26 Al, for supernovae only , winds only , and total 
yield) and the black dashed line ( 60 Fe). The new models from 

Limongi & Chieffi ( 2018 ) are shown by the coloured lines (different 
shades of blue for 26 Al and different shades of red for 60 Fe). The 
different shades of colour indicate different rotation velocities for 
the massive stars; for 26 Al the powder blue, cyan, and royal blue 
lines show yields for rotation velocities of 0, 150, and 300 km s −1 , 
respectively, and for 60 Fe the crimson, raspberry, and orange lines 
show yields for rotation velocities of 0, 150, and 300 km s −1 , 
respectively. 

Two major differences between the two sets of models are apparent 
in Fig. A1 . The Limongi & Chieffi ( 2018 ) models produce almost 
no 60 Fe in stars > 25 M ⊙, due to the direct collapse to a black hole. 
For stars <25 M ⊙, the 60 Fe production is completely dominated by 
the supernovae, and only at masses > 50 M ⊙ is there a non-negligible 
contribution from stellar winds (though still six orders of magnitude 
smaller than the contribution from supernovae from lower mass 
stars). We also note here that our simulations do not contain any 
stars > 50 M ⊙, so the 60 Fe is only produced in supernovae. 

The second major difference is that the models that include stellar 
rotatation produce far more 26 Al and 60 Fe for stars <25 M ⊙. 

We repeat the calculations for our first set of simulations (a high 
density star-forming region where the discs all have radii r disc = 

100 au, shown in Figs 1 and 2 in the main paper) and use the 
yields from the non-rotating (0 km s −1 ) and fast rotating (300 km s −1 ) 

Figure A1. Theoretical yields of 26 Al and 60 Fe from two different sets of 
stellar evolution models. Solid lines and circles indicate the total yield (wind 
plus supernovae) of 26 Al, dotted–dashed lines and diamonds indicate the 26 Al 
contribution from massive star winds, and dotted lines and squares indicate 
the 26 Al yield from supernovae only. The dashed lines and triangles indicate 
the yield of 60 Fe from supernovae and winds, although the contribution from 

the latter is negligible for stars less massive than 50 M ⊙. The data from the 
models in Limongi & Chieffi ( 2006 ) are shown by the grey lines ( 26 Al) and 
the black line ( 60 Fe). The data for 26 Al from the models in Limongi & Chieffi
( 2018 ) are shown by the blue lines, with the different rotation velocities of 
the massive stars (0, 150, and 300 km s −1 ) indicated by the powder blue, 
cyan, and royal blue lines, respectively. The data for 60 Fe from the models 
in Limongi & Chieffi ( 2018 ) are shown by the red lines, with the different 
rotation velocities of the massive stars (0, 150, and 300 km s −1 ) indicated by 
the crimson, raspberry, and orange lines, respectively. The drastic drop-off 
in 60 Fe yields is by virtue of stars with masses > 25 M ⊙ not exploding as 
supernovae in these updated models. 

models in Limongi & Chieffi ( 2018 ) to calculate the SLR ratios Z Al, Fe 

for each star. 
We show the results for the non-rotating models in Fig. A2 and the 

fast rotating models in Fig. A3 . The coloured lines show the results 
using these Limongi & Chieffi ( 2018 ) models, whereas the grey lines 
show the results using the older models of Limongi & Chieffi ( 2006 ), 
which we presented in Figs 1 and 2 . 

The main differences between the two sets of models are in the lack 
of supernovae from stars > 25 M ⊙, which means that far fewer star- 
forming regions have SLR ratios commensurate with Solar system 

values, when only considering enrichment from supernovae. The 
reason for this is that stars with masses <20 M ⊙ explode after the 
end time of our models (10 Myr) but those with masses > 20 M ⊙ do 
not explode during the simulations. Interestingly, in the fast-rotating 
models (Fig. A3 ) there are fe wer supernov ae than in the non-rotating 
models, which results in less enrichment from supernovae in the 
rotating models. 

The models with rotation produce far more 26 Al via the winds of 
stars than supernovae, and in some cases produce more enrichment 
than the older models in Limongi & Chieffi ( 2006 ), especially when 
we assume the ejected wind material remains in local bubbles, rather 
than being dispersed throughout the star-forming region. 

In summary, whilst the yield calculations using the data in 
Limongi & Chieffi ( 2018 ) are different from those in Limongi 
& Chieffi ( 2006 ), the uncertainties in stellar rotation rates (and 
the other missing physics and approximations in our simulations) 
suggest using the older models is not o v erestimating the SLR 

yields in our simulated star-forming regions. de Mink et al. 
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(c) (d)

(b)(a)

Figure A2. Comparison between the SLR ratios Z Al, Fe calculated after 10 Myr in our simulations with the Limongi & Chieffi ( 2006 ) models, versus the 
Limongi & Chieffi ( 2018 ) models. We show the CDFs of the SLR ratios Z Al,Fe in a star-forming region with an initially high stellar density ( ̃  ρ ∼ 1000M ⊙ pc −3 ). 
The initial disc radii are all r disc = 100 au, and the discs do not evolve with time. The coloured lines in all panels are the yields calculated using the non-rotating 
(0 km s −1 ) models from Limongi & Chieffi ( 2018 ), whereas the grey lines are the yields calculated using the models in Limongi & Chieffi ( 2006 ), which we show 

in Figs 1 and 2 . Solid lines are ratios calculated from supernovae only. Dashed lines are global, or dispersed wind bubbles ( r bub = 2 r 1/2 ) plus any supernovae, 
dotted–dashed lines are local wind bubbles ( r bub = 0.1 pc) plus any supernovae. We show the 26 Al/ 27 Al and 60 Fe/ 56 Fe ratios calculated at 10 Myr. The vertical 
dotted lines in panels (a)–(c) indicate the measured Solar system value, Z Al,SS = 5.85 × 10 −5 (Thrane et al. 2006 ), whereas the vertical dotted–dashed line 
in panel (d) indicates the Solar system value for Fe, Z Fe,SS = 1.15 × 10 −8 (Tang & Dauphas 2012 ) and the vertical dashed line indicates the alternative 
measurement, Z Fe,SS = 1 × 10 −6 (Mishra et al. 2016 ). 

( 2013 ) show that the rotation rates of massive stars are at least 
> 200 km s −1 , so the wind enrichment models using yields from 

fast-rotating stars are likely to be the most appropriate for our 
simulations. 
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(c) (d)

(b)(a)

Figure A3. Comparison between the SLR ratios Z Al,Fe calculated after 10 Myr in our simulations with the Limongi & Chieffi ( 2006 ) models, versus the Limongi 
& Chieffi ( 2018 ) models. We show the CDFs of the SLR ratios Z Al,Fe in a star-forming region with an initially high stellar density ( ̃  ρ ∼ 1000 M ⊙ pc −3 ). The 
initial disc radii are all r disc = 100 au, and the discs do not evolve with time. The coloured lines in all panels are the yields calculated using the fast-rotating 
(300 km s −1 ) models from Limongi & Chieffi ( 2018 ), whereas the grey lines are the yields calculated using the models in Limongi & Chieffi ( 2006 ), which 
we show in Figs 1 and 2 . Solid lines are ratios calculated from supernovae only. Dashed lines are global, or dispersed wind bubbles ( r bub = 2 r 1/2 ) plus any 
supernovae, dotted–dashed lines are local wind bubbles ( r bub = 0.1 pc) plus any supernovae. We show the 26 Al/ 27 Al and 60 Fe/ 56 Fe ratios calculated at 10 Myr. 
The vertical dotted lines in panels (a)–(c) indicate the measured Solar system value, Z Al,SS = 5.85 × 10 −5 (Thrane et al. 2006 ), whereas the vertical dotted–dashed 
line in panel (d) indicates the Solar system value for Fe, Z Fe,SS = 1.15 × 10 −8 (Tang & Dauphas 2012 ) and the vertical dashed line indicates the alternative 
measurement, Z Fe,SS = 1 × 10 −6 (Mishra et al. 2016 ). 

This paper has been typeset from a T E X/L A T E X file prepared by the author. 
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