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A B S T R A C T 

Stars form in dense, clustered environments, where feedback from newly formed stars eventually ejects the gas, terminating 

star formation and leaving behind one or more star clusters. Using the STARFORGE simulations, it is possible to simulate this 
process in its entirety within a molecular cloud, while explicitly evolving the gas radiation and magnetic fields and following 

the formation of indi vidual, lo w-mass stars. We find that individual star-formation sites merge to form ever larger structures, 
while still accreting gas. Thus clusters are assembled through a series of mergers. During the cluster assembly process, a small 
fraction of stars are ejected from their clusters; we find no significant difference between the mass distribution of the ejected 

stellar population and that of stars inside clusters. The star-formation sites that are the building blocks of clusters start out 
mass se gre gated with one or a fe w massi ve stars at their centre. As they merge the newly formed clusters maintain this feature, 
causing them to hav e mass-se gre gated substructures without themselves being centrally condensed. The merged clusters relax 

to a centrally condensed mass-se gre gated configuration through dynamical interactions between their members, but this process 
does not finish before feedback expels the remaining gas from the cluster. In the simulated runs, the gas-free clusters then 

become unbound and breakup. We find that turbulent driving and a periodic cloud geometry can significantly reduce clustering 

and prevent gas expulsion. Meanwhile, the initial surface density and level of turb ulence ha v e little qualitativ e effect on cluster 
evolution, despite the significantly different star formation histories. 

Key words: stars: formation – stars: kinematics and dynamics – stars: luminosity function, mass function – galaxies: star 
clusters: general. 
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 I N T RO D U C T I O N  

tars predominantly form in dense clusters of hundreds to a few 10 5 

tars (Lada & Lada 2003 ; Bressert et al. 2010 ), making cluster forma-
ion a key part of the star formation process. Newly formed clusters
an dissolve due to gas ejection resulting from stellar feedback, 
nternal relaxation, dynamical friction, and tidal fields (Krumholz, 

cKee & Bland-Hawthorn 2019 ), making the present day observable 
lusters the surviving members of the original population. Observed 
ound clusters have historically been categorized as open clusters and 
lobular clusters depending on their location and age, but emerging 
vidence suggests that these two classes are not different with regards 
o their formation and internal dynamics but instead experience a 
ifferent cosmological history (see e.g. Kruijssen 2014 and the review 

f Krumholz et al. 2019 ). Unbound clusters are often referred to as
tellar associations and are typically found at sites of recent star
ormation (Gouliermis 2018 ). 
 E-mail: guszejnov.david@gmail.com 
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The relati vely lo w number of observed clusters compared to the
bundance of star formation sites suggests that most (non-massive) 
tar formation sites create only short-lived clusters (Lada & Lada 
003 ). Longer-lived bound clusters must require specific star forma- 
ion histories and initial conditions (see Krumholz & McKee 2020 
or details). The exact formation mechanism of clusters within star- 
orming molecular clouds is not known, despite intense theoretical 
nd observational effort. However, recent observations (e.g. Bressert 
t al. 2010 ; Gouliermis 2018 ) support the idea of hierarchical
tar formation, where stars form in regions of various densities, 
rescribed by the underlying hierarchy of ISM structure (e.g. along 
laments). Simulations of small star-forming clouds have reproduced 

his scenario and formed-bound star clusters through hierarchical 
ssembly, where small sub-clusters merge with their neighbours, 
ventually forming a massive bound structure (e.g. Bonnell, Bate & 

ine 2003 ; V ́azquez-Semadeni, Gonz ́alez-Samaniego & Col ́ın 2017 ;
rudi ́c et al. 2018 ). 
A key step in the cluster formation process is the onset of stellar

eedback that first stops the accretion of individual stars then expels
he gas from the cluster. Exactly how this gas expulsion happens has
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ramatic effects on the future evolution of the cloud (Krause et al.
020 ). Violent gas expulsion leads to the quick dissolution of the
luster (i.e. ‘infant mortality’, see Hills 1980 ; Lada & Lada 2003 ;
aumgardt & Kroupa 2007 ; Fall, Krumholz & Matzner 2010 ), how-
ver highly substructured clusters may surviv e ev en instantaneous
as expulsion (Farias et al. 2018 ). Recent hydrodynamical simu-
ations have also found indications of gravitational feedback from
as expulsion (Geen et al. 2018 ; Zamora-Avil ́es et al. 2019 ), such
hat asymmetry in the expelled gas shell produces a net gravitational
orce on the stars. Gaia measurements have identified several clusters
ndergoing gas expulsion, which appear to be expanding (Kuhn et al.
019 ). 
The stellar distribution also provides insights into the initial

onditions and past cluster evolution. Many observed star clusters
 xhibit mass se gre gation, whereby massiv e stars are concentrated
n the centres of clusters (Hillenbrand & Hartmann 1998 ; Kirk &

yers 2011 ). Mass se gre gation may be a natural outcome of the
tar formation process, such that clusters are born se gre gated (e.g.

cKee & Tan 2003 ; Bonnell & Bate 2006 ). In this scenario massive
tars form at the locations with the highest density gas, such that
ass se gre gation is primordial. Alternativ ely, star clusters may not be

nitially non-se gre gated but become so due to dynamical interactions
Spitzer 1969 ) that cause massive stars to sink to the bottom of the
otential well, i.e. the cluster centre. Numerical investigations have
een limited by the dynamic range of star formation simulations as
he simulation must track the formation of individual stars and model
heir motions o v er the cluster relaxation time-scale. Thus, works
nvestigating the origin of mass segregation have been constrained
o modelling small clusters (e.g. Kirk, Offner & Redmond 2014 ) and
lusters without self-consistent gas treatment (e.g. Parker 2014 ). 

In this paper, we present radiation magneto-hydrodynamic
RMHD) simulations from the STAR FORmation in Gaseous
nvironments (STARFORGE) project. 1 These simulations follow

he evolution of turbulent and magnetized giant molecular clouds
GMCs) from the onset of star formation until it is disrupted by
tellar feedback, while also following the formation of individual
tars abo v e the H burning limit (for details see Grudi ́c et al. 2021a
nd Guszejnov et al. 2021 , henceforth referred to as Paper I and Paper
I ). Note that the hydrodynamic simulations previously used to study
tar cluster formation in the literature had smaller dynamic ranges, so
hey were either restricted to simulating a small clump (e.g. Kirk et al.
014 ) or did not follo w indi vidual lo w-mass stars (e.g. Geen et al.
018 ; Zamora-Avil ́es et al. 2019 ). The STARFORGE simulations
ollow the the assembly of star clusters through gas dispersal, which is
odelled self-consistently by including all major feedback processes

i.e. protostellar jets, stellar radiation and winds, supernovae). This
llows us to determine whether mass se gre gation is primordial and
xplore the role mergers play in cluster assembly. Note that in this
ork we focus on the stellar clustering in the simulations. For a
etailed analysis on the cloud evolution, star formation history, and
tellar mass spectrum, see the companion paper Grudi ́c et al. ( 2022 )
henceforth referred to as Paper II ) 

We briefly summarize the STARFORGE simulations in Sec-
ion 2.1 , and refer the reader to Paper I for more details on the numer-
cal capabilities of STARFORGE. Our cluster identification methods
re detailed in Section 2.2 with special attention to the time dependent
ature of the cluster assignment problem. We present our results for
he fiducial cloud parameter simulation in Section 3 , describing the
volution of cluster properties in Section 3.2 , mass se gre gation in
NRAS 515, 167–184 (2022) 
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i  

2

ection 3.3 , and the mass function of stellar populations inside and
utside clusters in Section 3.4 . In Section 4 , we investigate how
ariations in the initial cloud conditions, including the initial surface
ensity , velocity dispersion, geometry , and turbulent driving affect
he cluster formation process. We discuss the implications of these
esults and the related caveats in Section 5 . Finally, we summarize
ur results and conclusions in Section 6 . 

 N U M E R I C A L  M E T H O D S  

.1 The STARFORGE simulations 

or this work we utilize simulations from the STARFORGE project,
hich are run with the GIZMO code. 2 A full description and presen-

ation of the STARFORGE methods including a variety of tests and
lgorithm details are given in Paper I . We only briefly summarize the
ey points here. Readers familiar with the STARFORGE simulation
ethods should skip ahead to Section 2.2 . 

.1.1 Physics 

e simulate star-forming clouds with the GIZMO code (Hopkins
015 ), using the Lagrangian meshless finite-mass (MFM) method for
agnetohydrodynamics (Hopkins & Raives 2016 ), assuming ideal
HD (with the constrained gradient scheme of Hopkins 2016 to

nsure that ∇ · B = 0 to high numerical precision. 
Gravity is solved with an impro v ed v ersion of the Barnes–Hut

ree method from Springel ( 2005 ) with high-order integration of
ink particle trajectories to accurately follow multiple sink systems.
orce softening is fully adaptive for gas cells (Price & Monaghan
007 ; Hopkins 2015 ). Accreting sink particles (stars) have a fixed
8 AU kernel radius. We adopt the sink formation and accretion
lgorithm from Bate, Bonnell & Price ( 1995 ), while accurately
ccounting for thermal, magnetic, kinetic and gravitational energies,
nd angular momentum. As such we are able to follow the formation
nd evolution of binaries and multiples with separations larger than
he softening length. 

Sink particles represent individual stars. Once they form they
ollow the protostellar evolution model from Offner et al. ( 2009a ),
hich is also used in the ORION code. 
In this model, the protostar is treated as a collapsing polytrope: The

ollapse is divided into distinct phases during which the qualitative
ehaviour changes. These phases are ‘pre-collapse’, ‘no burning’,
core deuterium burning at fixed temperature’, ‘core deuterium burn-
ng at variable temperature’, ‘shell deuterium burning’, and ‘zero age

ain sequence’. This module dynamically evolves stellar properties
e.g. radius, accretion, and internal luminosities) throughout the
imulation. For details see Appendix B of Offner et al. ( 2009a ) and
aper I . 
‘Non-isothermal’ or ‘cooling’ STARFORGE runs utilize the ra-

iative cooling and thermo-chemistry module presented in Hopkins
t al. ( 2018 ) that contains detailed metallicity-dependent cooling
nd heating physics from T = 10 –10 10 K, including recombination,
hermal bremsstrahlung, metal lines (following Wiersma, Schaye &
mith 2009 ), molecular lines, fine structure (following Ferland et al.
013 ), and dust collisional processes. The cooling module self-
onsistently solves for the internal energy and ionization state of
he gas (see Appendix B of Hopkins et al. 2018 ). The gas adiabatic
ndex is calculated from a fit to density based on the results of Vaidya
 ht tp://www.tapir.calt ech.edu/ ∼phopkins/Site/GIZMO.html 
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t al. ( 2015 ). The runs in this paper explicitly treat radiation (RHD
uns), unlike Paper II . This means co-evolving the gas, dust, and
adiation temperature self-consistently as in Hopkins et al. ( 2020 ), 
ncluding the stellar luminosity in various bands accounting for 
hoton transport, absorption, and emission using dust opacity. We 
se a first-moment or M1 (Levermore 1984 ) RHD solver with a
educed-speed-of-light (RSOL) of 30 km s −1 and transport photons 
n five distinct bands (IR, optical/NIR, NUV, FUV, and ionizing). Our 
reatment automatically handles the trapping of cooling radiation in 
he optically-thick limit. In addition to local sources (i.e. stars) an 
xternal heating source is added representing the interstellar radiation 
eld (ISRF) and a temperature floor of T floor = 2 . 7 K (corresponding

o the cosmic microwave background temperature) is enforced. 
As shown in Paper II , protostellar jets represent a crucial feedback
echanism as they dramatically reduce stellar masses that is achieved 

ot just by launching some of the accreted material, but also by
erturbing the accretion flow around the star. We model their effects 
y having sink particles launch a fixed fraction of the accreted 
aterial along their rotational axis with the Keplerian velocity at 

he protostellar radius. See Paper I for details on the numerical 
mplementation. 

In addition to their radiati ve feedback, massi ve main-sequence 
tars inject a significant amount of mass, energy, and momentum 

nto their surroundings through stellar winds. We calculate the mass- 
oss rates based on a prescription given in Grudi ́c et al. ( 2021a ),
oti v ated by Smith ( 2014 ), and wind velocities per Lamers, Snow &
indholm ( 1995 ). Winds are implemented either through local 
ass, momentum, and energy injection or direct gas cell spawning, 

epending on whether the free-expansion radius can be resolved. To 
ccount for Wolf–Rayet (WR) stars that dominate the wind energy 
nd momentum budget we use a simple prescription where the mass
oss rate of M > 20 M � stars is increased at the end of their lifetime
sing the WR lifetime prescription of Meynet & Maeder ( 2005 ). 
Finally, massive stars end their life as a supernova (SN). In the

imulation, all > 8 M � stars are eligible to become a supernova at
he end of their lifetime, for which the minimum is set as 3 Myr.
Ne lead to an isotropic ejection of all mass with a total energy of
 SN = 10 44 J = 10 51 erg , which is implemented through direct gas

ell spawning. 
The simulations in this paper include all of the physical processes

etailed abo v e. 

.1.2 Initial conditions & parameters of clouds 

e generate our initial conditions (ICs) using MakeCloud (Grudic & 

uszejnov 2021 ), identical to Paper II . Unless otherwise specified, 
ur runs utilize ‘ Sphere’ ICs, meaning that we initialize a spherical
loud (radius R cloud and mass M 0 ) with uniform density, surrounded 
y diffuse gas with a density contrast of 1000. The cloud is placed
t the centre of a periodic 10 R cloud box. The initial velocity field is a
aussian random field with power spectrum E k ∝ k −2 (Ostriker, 
tone & Gammie 2001 ) compromised of a natural mixture of
ompressive and solenoidal modes, scaled to the value prescribed 
y the αturb ≡ 5 σ 2 R cloud /(3 GM 0 ) turbulent virial parameter where σ
s the 3D gas velocity dispersion. The initial clouds have a uniform
 z magnetic field whose strength is set by the μ, normalized mass-

o-flux ratio (Mouschovias & Spitzer 1976 ). There is no external 
riving in these simulations. Note that the initial temperature is 
f fecti vely set by the gas-dust mixture quickly reaching equilibrium 

ith the interstellar radiation field (ISRF), for which we assume solar
eighbourhood conditions (Draine 2011 ). 
We also run simulations using ‘Box’ ICs, similar to the driven
oxes used in e.g. Li et al. ( 2004 ), Federrath et al. ( 2014a ),
unningham et al. ( 2018 ). These are initialized as a constant
ensity, zero velocity periodic cubic box with the same temperature 
rescription as ‘Sphere’ ICs. This periodic box is then ‘stirred’ 
sing the driving algorithm by Federrath et al. 2010 ; Bauer &
pringel 2012 . This involves a spectrum of E k ∝ k −2 of driving
odes in Fourier space at wavelengths 1/2–1 the box size, with

n appropriate decay time for driving mode correlations ( t decay ∼
 cross ). This stirring is initially performed without gravity for five

lobal freefall times 
(
t ff ≡

√ 

3 π
32 Gρ0 

)
, to achieve saturated MHD 

urbulence. The normalization of the driving spectrum is set so that
n equilibrium the gas in the box has a turbulent velocity dispersion
hat gives the desired M and αturb , same as in the Sphere runs. We
se purely solenoidal driving, which remains active throughout the 
imulation after gravity is switched on. We take the box side-length
 box to give a box of equal volume to the associated Sphere cloud
odel. An important difference between the Sphere and Box runs is

hat in the case of driv en box es the magnetic field is enhanced by a
urbulent dynamo (Federrath et al. 2014b ) and saturates at about αB 

0.1 (i.e. 10 per cent relative magnetic energy to gravitational, see
uszejnov et al. 2020 ), so for Box runs the ‘pre-stirring’ magnetic
eld strength (defined by μ) does not directly specify the actual initial
agnetic field strength when gravity is turned on (ho we ver the ‘pre-

tirring’ flux in the box will still affect the large-scale geometry of
he magnetic field). 

Table 1 shows the target parameters for the runs we present in this
aper. The input parameters are the cloud mass M 0 , size R 0 , turbulent
irial parameter αturb , and normalized magnetic mass-to-flux ratio μ
note that initial temperature is set by the ISRF). Similar to Paper
I , we set-up our clouds to lie along a mass-size relation similar
o observe GMCs in the Milky Way (e.g. Larson 1981 ; Lada &
ame 2020 , specifically assuming � ≡ M 0 / πR 

2 
cloud = 63 M � pc −2 ),

xcept for our one model with 10x higher surface density. These
louds are marginally bound ( αturb = 2, except for variation models)
nd start out in thermal equilibrium with the ISRF. For the initial
agnetization, we assume −E mag / E grav = 0.01, which translates to
= 4.2. The initial gas metallicity is assumed to be equal to the

olar value. The STARFORGE simulations we use have a mass 
esolution of �m = 10 −3 M �, making the mass function incomplete
or brown dwarfs ( M < 0 . 08 M �), which are thus omitted from our
nalysis (see Paper I for convergence tests). For Sphere runs, the
imulations are run until stellar feedback quenches star formation 
nd subsequently disrupts the cloud (see Fig. 1 ). In case of the Box
uns, the periodic boundary conditions trap both radiation and cloud 
aterial, so the run is terminated when the box becomes saturated

y stellar radiation. 

.2 Cluster identification 

espite almost a century of study, there is no one who accepted the
efinition of what a star cluster is, as the ‘classical’ picture of an
solated, bound, centralized group of stars is not applicable to most
bservations (Krumholz et al. 2019 ). Previous work in the literature
efined star clusters using an absolute density threshold (Lada & Lada
003 ), relative density contrast (McKee, Parravano & Hollenbach 
015 ), boundedness (Portegies Zwart, McMillan & Gieles 2010 ), 
ayesian decomposition into ellipsoids (Kuhn et al. 2014 ), and 
umerous other techniques (see Schmeja 2011 for examples). Due 
o the lack of consensus in the literature, we choose a cluster
efinition that is both simple and robust for time series data (see
MNRAS 515, 167–184 (2022) 
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ection 2.2.1 ). We identify star clusters using the DBSCAN (Density-
ased spatial clustering of applications with noise, Ester et al. 1996 )
lustering algorithm from the scikit-learn PYTHON library (Pedregosa
t al. 2011 ), similar to Wall et al. ( 2020 ). DBSCAN assigns group
embership using the following algorithm: 

(i) An y star abo v e the H burning limit ( > 0 . 08 M �) whose N min 

losest neighbours are within λ distance is considered a ‘core
article’. 
(ii) All connected core particles and any particles within λ distance

re considered to be part of the same cluster. Particles not assigned
o clusters are considered to be ‘noise.’ 

We apply DBSCAN to the 3D spatial positions of the stars, and we
dopt N min = 10 and λ = 1 pc , which ef fecti v ely serv es as our cluster
efinition. We find that changing N min has no qualitative effects on
ur results. Reducing λ = 1 pc reduces the size and mass of newly
ormed clusters, increases the o v erall number of clusters and delays
ergers, ho we ver we find the evolution of cluster properties for the

argest clusters to be similar. 
Note that we also experimented with other, more advanced

lustering methods that do not require a specified spatial scale,
.g. HDBSCAN (McInnes, Healy & Astels 2017 ). Algorithms
ike HDBSCAN identify the clustering scales from the data, thus
roviding results that are not biased by the somewhat arbitrary
hoice of clustering scale in DBSCAN. While HDBSCAN has been
uccessfully applied to observed young clusters (Kerr et al. 2021 ),
e find that it can create confusing cluster assignments if applied

o time-series data. This is because the definition of what counts as
 cluster in HDBSCAN is determined by the current configuration
f stars, which can lead to the algorithm non-physically splitting up
nd merging clusters between different snapshots of a simulation.
e also experiment with applying the clustering algorithm to the

ull 6D phase space data instead of only the 3D spatial positions,
imilar to the procedure applied to observational data. Doing so,
o we ver, requires a mapping from velocity to spatial scales (i.e.
 phase-space metric, see Behroozi, Wechsler & Wu 2013 for an
 xample). After e xperimenting with sev eral different methods (e.g.
ssume a linewidth-size relation, ‘pre-cluster’ in 3D and find velocity
ispersion within clusters), we ultimately find no clear advantage to
sing velocity data, as their main role in observations is to filter out
interloper’ field stars, which are not present in our simulations. 

.2.1 Cluster tracking 

his work aims to follow the formation and evolution of clusters,
hich creates a unique challenge that observations do not face,
amely that cluster assignments and evolution need to be meaningful
nd continuous o v er multiple snapshots. To address this issue,
e apply a series of cleaning operations after the initial cluster

ssignments, according to the following algorithm: 

(i) Assign initial cluster memberships for stars in each indepen-
ent snapshot using DBSCAN. 
(ii) Identify clusters persisting through multiple snapshots. For

ach cluster X in snapshot i we follow the steps: 

(a) Find all clusters Y in snapshot i − 1 for which X contains
at least half of the stars of Y . From these the one that contains
the largest fraction of stars from X is considered to be the past
version of X . 

(b) If no such cluster Y exists we look over older snapshots
( < i − 1, going backwards in time) and look for a cluster Y
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Figure 1. Surface density maps for M2e4 C M J RT W (our fiducial run), which is an M 0 = 2 × 10 4 M � mass cloud resolved with M 0 / � m = 2 × 10 7 initial 
gas cells (see Table 1 ), at different times, from the beginning of the simulation until cloud disruption. The colour scale is logarithmic and the circles represent 
sink particles (stars) that form in high-density regions where fragmentation can no longer be resolved. The size of the circles is increasing with mass as well 
as their colour changing from red ( M ∼ 0 . 1 M �), through green ( M ∼ 1 M �) to blue ( M ∼ 10 M �). This simulation resolves a dynamic range from ∼20 pc 
down ∼30 AU and is run until stellar feedback quenches star formation and disrupts the cloud. 
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where X and Y mutually contain at least half of the stars of the
other, and consider that to be the past version of X . 

(c) If no past version was identified we declare cluster X to 
be a newly-formed cluster. 

(iii) Create a ‘cluster label history’ for each star and then apply 
he following cleaning operations with a characteristic time-scale of 
 clean = 100 kyr , which ef fecti vely sets a lo wer limit for the cluster
ifetime: 

(a) Remo v e short-liv ed ( < t clean ) clusters. If their stars be-
longed to another (not short-lived) cluster directly before joining 
this cluster, they keep their original assignment. This fixes a 
problem that arises when the clustering algorithm temporarily 
splits part of a cluster and then merges it back after a few
snapshots. Note that short-lived cluster splits are rare when 
using DBSCAN and such clusters contain only a small fraction 
of the stars, but removing them is necessary to reduce non- 
physical discontinuities in the properties of larger clusters. 

(b) Inspect each star’s cluster membership history and re- 
mo v e intermittent label assignments. If a star that initially 
belongs to cluster X is assigned to cluster Y and then back
to X within t clean (i.e. Y in a sequence of X , X , Y , X , X ),
then all Y assignments are changed to X . This remo v es ‘flip-
flopping’ cluster assignments. We then remo v e an y assignments
that last a very short time ( t clean /2). This is similar to the previous
operation, but does not take into account the final label (i.e. Y
a sequence of X , X , Y , Z , Z ). With these two steps we eliminate
transient clusters and flip-flopping from ambiguous assignments 
during cluster mergers. 

(iv) We repeat the second step and re-assign cluster IDs using 
he cleaned cluster label histories. This corrects errors during the 
riginal assignment, e.g. a large cluster temporarily splitting into 
everal smaller ones. 

.3 Cluster properties and definitions 

o describe the star clusters in our simulations we introduce several
hysical quantities. We define the cluster radius (also known as 
mean-square radius’ or ‘Spitzer radius’, see Spitzer & Harm 1958 ),
s 

 

2 ≡ 〈|| � x || 2 〉 , (1) 

here 〈 . . . 〉 denotes av eraging o v er cluster members and � x is the
istance of a member star from the centre of mass of the cluster. We
lso define the half-mass radius , R 50 , as the radius around the centre
f mass that encloses half the cluster mass. We define the 3D cluster
elocity dispersion as 

2 
3D ≡ 〈|| � v || 2 〉 , (2) 

here � v is the relativ e v elocity of a member star to the centre of
ass of the cluster. 
MNRAS 515, 167–184 (2022) 
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M

Figure 2. Cartoon illustration of a young cluster with mass se gre gated 
subclusters, where low and high-mass stars are marked as red and blue, 
respecti vely, sho wing also the centres of both the cluster and the subclusters 
denoted with cross markers. Due to the subclusters having only 1–2 massive 
stars, the mean edge length of the MST (equation 9 ) would yield � MSR 

∼ R cluster / R cluster = 1, ignoring mass se gre gation on the subcluster level. 
Meanwhile, the mass se gre gation offset (see equation 10 ) would be � MSO ∼
R subc / d subc 	 1. 
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To characterize the cluster boundedness we use the virial param-
ter 

≡ 2 E kin 

−E grav 
, (3) 

here E kin and E grav are the total kinetic and gravitational binding
nergy of the stars within the cluster. Note that hard binaries are
ommon, but naively including their binding energy when trying to
etermine the o v erall boundedness of the cluster (i.e. virial param-
ter) yields misleading results, as these binaries essentially interact
ith the rest of the cluster as if they were a single point particle. 3 

hus, it is instructive to define the system virial parameter where
e merge binary and multiple systems (identified using the same

lgorithm as Bate 2009 and Guszejnov, Hopkins & Krumholz 2017 ) 

sys ≡ 2 E kin , sys 

−E grav , sys 
. (4) 

ere, E kin, sys and E grav, sys are the total kinetic and
ravitational binding energy of the cluster after we replaced
inary/triple/quadruple systems with their centres of mass. We can
imilarly define a 3D system velocity dispersion within the cluster 

2 
3D , sys ≡ 〈|| � v sys || 2 〉 sys , (5) 

here 〈 . . . 〉 sys is av eraging o v er systems within the cluster. Note that
lose binaries are often unresolved in observed clusters, making the
elocity dispersion inferred by observations closer to σ 2 

3D , sys than σ 2 
3D .

Note that these definitions take neither gas cells nor sink particles
utside the cluster into account. Considering that clusters inevitably
orm in areas with dense gas, the contribution of gas to the initial
oundedness is significant. As a crude estimate we calculate the
mount of gas within the spatial extent of the cluster ( R from
NRAS 515, 167–184 (2022) 

 Observational estimates of the virial parameter likely also suffer from biases 
ntroduced by binaries, see Gieles, Sana & Portegies Zwart ( 2010 ). 

5  

o  

S  

e

quation 1 ) and calculate its contribution to the gravitational energy
f the cluster members ( E grav, gas ) by assuming that this mass is
istributed homogeneously within the cluster. This leads to the α′ 

nd α′ 
sys virial parameters: 

′ ≡ 2 E kin 

−E grav − E grav , gas 
, (6) 

′ 
sys ≡

2 E kin , sys 

−E grav , sys − E grav , gas , sys 
. (7) 

ote that by definition α′ ≤ α, and it only becomes equal at later
imes when most of the gas has been expelled from the cluster. These
stimates are within a factor of few of the values returned by directly
alculating the contributions from gas within the cluster. 

In our simulations we find that clusters tend to expand after gas
xpulsion. The clustering algorithm (Section 2.2 ) often breaks these
xpanding clusters into separate smaller clusters. In order to quantify
he cluster expansion we introduce the mass-weighted mean radial
elocity 

¯ rad = 

∑ 

mv rad ∑ 

m 

, (8) 

here v rad is the radial velocity of a star relative to the cluster centre
f mass and the summation is o v er all cluster members. 

.3.1 Mass se gre gation 

bserv ed clusters e xhibit mass se gre gation, i.e. massiv e stars are
distributed differently’ than lower mass stars (Krumholz et al.
019 ). This often means that they are concentrated at the minimum
f the gravitational potential, i.e. the dense centre of the cluster
Hillenbrand & Hartmann 1998 ). Many studies adopt this more
pecific criterion to define mass se gre gation. There are sev eral
ethods in the literature to characterize this phenomenon relying on

he cluster density profiles (e.g. Hillenbrand 1997 ) or characteristic
adial distance (Gouliermis, de Grijs & Xin 2009 ) of stars in various
ass bins. Alternatively, one can also calculate the slope of the mass

unction of stars at different radii from the cluster centre (de Grijs
t al. 2002 ). These methods, ho we ver, are sensiti ve to the choice of
ass bins and annuli (Gouliermis et al. 2004 ) and to the precise deter-
ination of the cluster centre. An alternative metric that is insensitive

o these is to construct a minimum spanning tree (MST), the shortest
raph connecting all stars without closed loops. Comparing the
haracteristic MST edge length between massive stars and randomly
hosen stars can quantify the level of mass segregation in the cluster
see e.g. Cartwright & Whitworth 2004 and Allison et al. 2009 ). 

In this work, we consider two separate mass se gre gation metrics
or clusters. The first one is based on the definition of Allison et al.
 2009 ), which quantifies the degree of mass se gre gation using the
ass se gre gation ratio (MSR) 

 MSR ≡ 〈 l norm 

〉 MC 

l massive 
, (9) 

here l massive is the mean edge length of the MST between massive
tars only. We define massive stars for the remainder of this paper
s any star above 5 M �. Meanwhile, l norm 

is the mean edge length
or N massive randomly chosen stars, where N massive is the number of
assive stars. The 〈 . . . 〉 MC operation denotes constructing N sets =

00 random sets and averaging over them, so 〈 l norm 

〉 MC is the mean
f the median MST edge lengths from N sets of random realizations.
ince this metric is only meaningful if at least se veral massi ve stars
xist, we require N massive ≥ 5 for it to be defined. 

art/stac1737_f2.eps
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Figure 3. Cluster assignment of stars in the fiducial run (coloured according to Fig. 4 ), projected into the X-Y ( top row ) and X-Z ( bottom row ) planes. In addition, 
the position of massive stars ( > 5 M �) are marked with semi-transparent blue circles (note that some of them are in tight binaries, which makes them appear as 
a single opaque circle). Subclusters identified by the variational Bayesian Gaussian mixture model (see Section 3.3 and Fig. 2 ) are highlighted by rings (opacity 
increasing with mass contained). Each star formation site only has a few massive stars (usually a single or a binary) that are in the centre. As these merge to form 

ever larger clusters, the centralized substructure remains until gas expulsion after which N -body dynamics relax the cluster into a centralized configuration. 
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A significant drawback of the MST based method is that it requires
t least se veral massi ve stars to be already present in the cluster, while
oth observations (Kirk & Myers 2011 ) and simulations (Kirk et al.
014 ) find that even small groupings of stars with a single massive
tar exhibit signs of mass segregation. We find that our clusters, like
bserved young clusters (Kirk & Myers 2011 ; Kerr et al. 2021 ),
re initially highly structured, where the stellar distribution follows 
he hierarchical distribution of the star-forming gas. In this case, the 

ST method does not detect mass se gre gation as it only exists within
maller sub-groups of stars, i.e. if the cluster consists of several mass-
e gre gated subclusters. 

To address this issue we identify coherent groups of stars, 
ubclusters, within each cluster. We define these subclusters as 
entrally condensed stellar o v er-densities and di vide e very cluster
nto one or more subclusters. We identify subclusters in each of
ur clusters by applying the variational Bayesian Gaussian mixture 
luster identifying algorithm (Attias 2000 ; Bishop 2006 ) from the 
cikit-learn library, using the default parameters and setting the 
aximum number of components to N massive . This Gaussian mix- 

ure method decomposes the cluster into several Gaussian density 
istributions, which are, by our definition, subclusters (see Fig. 2 
or a cartoon illustration and Fig. 3 for later examples from the
imulations). Unlike the DBSCAN algorithm we use to identify the 
lusters themselves, Gaussian mixture models in general require no 
pecific length-scale and the specific variational method can infer the 
ppropriate number of Gaussian components, i.e. subclusters. Note 
hat we do not use the variational Bayesian Gaussian mixture model 
o identify the clusters themselves in the simulations, because this 
ethod suffers from the same assignment persistence issues as other 

lustering algorithms without spatial scales (see Section 2.2 ). 
In order to account for cluster substructure, we introduce a second
etric for mass se gre gation, the mass se gre gation offset (MSO): 

 MSO ≡
〈

d subcl 

R subcl 

〉
all 

/〈
d subcl 

R subcl 

〉
massive 

, (10) 

here d subcl is the distance from a star to the centre of the nearest
ubcluster. For simplicity we disregard whether the star is a member
f this nearest subcluster. R subcl is the size scale of the subcluster
defined following equation 1 ), while the 〈 . . . 〉 massive operation
enotes av eraging o v er all massiv e stars in the cluster (see Fig. 2 ).
ote that in this definition, we introduce the concept of ‘subcluster’,
hich makes the definition of equation ( 10 ) in theory different from

imilar offset measures in the literature (Kirk et al. 2014 ), although
t gives the same answer for small or highly centralized clusters. 

Finally, we define the mass se gre gation time-scale for a star of
ass M as (Spitzer 1969 ; Binney & Tremaine 1987 ): 

 seg ( M) = 

〈 m 〉 
M 

N 

8 ln N 

R 

σsys 
, (11) 

here 〈 m 〉 is the average stellar mass in the cluster, while N is the
umber of its members, R is the cluster size (equation 1 ) and σ sys is
ts velocity dispersion. Note that using the system velocity dispersion 
hanges the results by a factor of 2. 
MNRAS 515, 167–184 (2022) 
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Figur e 4. Mer ger history of clusters in the fiducial M2e4 run. Each line rep- 
resents a cluster (using its assigned colour) with a width that logarithmically 
increases with mass. Mergers and splits are denoted by connecting the lines 
at the time of the event. The line representing the cluster ends if the cluster 
dissolves. The initial behaviour is hierarchical assembly where clusters merge 
to form ever greater structures. This continues until feedback expels gas from 

the cluster, so it becomes unbound and begins to break into smaller clusters. 
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 CLUSTER  F O R M AT I O N  A N D  E VO L U T I O N  IN  

H E  F I D U C I A L  M2E4  RU N  

n this section we detail the formation and evolution of clusters
ithin our fiducial run ( M2e4 , Sphere) that are identified using the
ethodology described in Section 2.2 . 

.1 General behaviour 

e find that star formation begins at several locations in the cloud,
hich we refer to as star formation sites. These sites produce a few
assive stars (often just a single one) as well as many lower mass

tars, forming a small cluster (see Fig. 3 ). These small clusters are
till gas-dominated, actively accreting, and star-forming when they
ncounter similar nearby clusters and merge with them, forming
arger clusters, with these structures becoming subclusters in them.
his behaviour is similar to previous results claiming hierarchical
luster assembly from similar initial conditions (e.g. Bonnell et al.
003 ; Grudi ́c et al. 2018 ). The newly formed clusters continue
ccreting gas and forming new stars, as well as merging with other
tructures until feedback from massive stars terminates star formation
nd expels the remaining gas (see Fig. 1 ). 

Fig. 4 shows the formation and merger history of newly formed
lusters depicting the hierarchical build-up of larger structures
ia mergers of smaller clusters. This leads to the formation of a
dominant’ cluster that ultimately encompasses most of the stellar
ass in the simulation. Once stellar feedback expels the gas from
 cluster, the remaining stars are not gravitationally bound and the
luster starts breaking into smaller structures. This mainly affects the
argest cluster, which becomes unbound and expands, breaking up
nto many smaller clusters. 

.2 Cluster properties 

o illustrate the evolution of cluster properties in our simulations
e focus on the ‘dominant’ cluster that eventually encompasses

he majority of stars at the end of the simulation. Fig. 5 shows
he cluster properties defined in Section 2.3 . The dominant cluster
eaches about 1000 members and attains roughly 1000 M � by the
ime the cloud disrupts (see panels a-b), containing the majority of the
otal stellar mass. This run endes with SFE = M � /M 0 ∼ 7 per cent ,
orresponding to M � ∼ 1400 M �). Clusters form around individual
tar formation sites, and these structures merge to form larger
bjects, leading to ‘jumps’ in the cluster size. Although gravitational
ttraction between the various substructures and stellar interactions
hould shrink the cluster o v er time and increase the central stellar
ensity (Krause et al. 2020 ), the continuous formation of new stars
rom infalling gas and mergers with other clusters causes the cluster
o maintain its size until gas expulsion occurs (Fig. 5 panel c). 

As the star cluster grows rapidly in both mass and size the velocity
ispersion also increases (Fig. 5 , panel d). Note that the stellar
elocity dispersion, σ 3D , is super-virial due to the effect of close
inaries. Meanwhile, the velocity dispersion for systems, σ 3D, sys ,
equation 5 ) is fairly close to the virial value (if the gas potential
s also taken into account). The stellar velocity dispersion peaks as
he cluster reaches its maximum mass, just as gas expulsion starts. It
eclines subsequently as the cluster breaks apart. Thus, the statistics
ollow a shrinking fraction of the original cluster. 

We expect that most close binaries are unresolved in observed
lusters (e.g. Foster et al. 2015 ; Kerr et al. 2021 ), so the obser-
ationally inferred velocity dispersion should be close to σ 3D, sys .
hus, simple estimates using the global cluster mass and size scales
NRAS 515, 167–184 (2022) 
after including the enclosed gas mass) would conclude these clusters
re virialized during star formation (as in Foster et al. 2015 ) and
ighly supervirial during the breakup phase after star formation
eases and/or a significant fraction of the gas mass has been expelled.
eanwhile, direct calculation of the virial parameter using equation 3

ndicates the cluster is highly sub-virial with α ∼ 1/2–1 (Fig. 5 , panel
). We find that the gravitational potential energy is dominated by
ard binaries, leading to lo w α v alues. After merging these systems,
.e. using the definition from equation 4 ), αsys is consistently abo v e
he boundedness limit of α = 2. Ho we ver, initially the clusters are
trongly gas-dominated, so after correcting for the gas potential
equation 7 ) we find the clusters are initially strongly bound ( α′ 

 1, similar to the results of Offner, Hansen & Krumholz 2009b )
nd then become unbound after gas expulsion ( α′ ∼ 10). The result-
ng unbound cluster immediately expands and breaks into smaller
tructures. Since the simulation stops shortly after gas expulsion, it
s unclear what fraction of the original cluster will remain bound.
his will be investigated in a future STARFORGE project. 
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Figure 5. Evolution of the dominant cluster in the fiducial run ( M2e4 , Sphere), highlighting major events, i.e. mergers with another cluster (diamonds) and 
the splitting of the cluster (crosses), coloured according to Fig. 4 . Dotted horizontal lines mark the characteristic scale of our cluster size definition (1 pc), the 
virial equilibrium and marginal boundedness ( α = 1 and 2) and the boundary between regular and inverse mass se gre gation. The top row shows the total stellar 
mass in the cluster (top left), number of cluster members (top middle), and the cluster size scales (top right, equation 1 ), respectively. The bottom ro w sho ws the 
cluster velocity dispersion (left, equation 2 ), virialization state (middle, equations 3 –7 ), and mass se gre gation (right, equations 9 –10 ). Note that all values are 
smoothed with a 30 kyr averaging window to make the plots easier to read. For an analysis of the main trends see Section 3.2 . 

Table 2. General cluster and sink properties of various runs (see Table 1 ), including the final star formation efficiency (SFE = 

M ∗, final / M cloud ), relative mass of stars in clusters versus outside clusters (calculated as max ( M in clusters ) /M ∗, final ) and the relative weight 
of the dominant cluster ( max ( M dominant cluster ) / max ( M in clusters )). 

Label SFE ( M ∗, final / M cloud ) max ( M in clusters ) /M ∗, final max ( M dominant cluster ) / max ( M in clusters ) 

M2e4 8% 83% 94% 

M2e4 Box, with driving 5% 45% 64% 

M2e4 Box, no driving 9% 73% 46% 

M2e4 a1 11% 80% 94% 

M2e4 a4 4% 67% 79% 

M2e4 R3 14% 87% 99% 
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.3 Evolution of mass segregation 

ig. 5 shows that the dominant cluster develops mass segregation 
panel f) according to both the � MSR and � MSO metrics (see 
quations 9 –10 ). Ho we ver, these metrics dif fer on the initial degree of
ass se gre gation, with � MSO identifying se gre gation from the time,

he first massive stars form, while � MSR only detecting it at much later
imes. In the early stage of cluster evolution, each cluster is composed
f the stars formed in one to a few star formation site and hosts only a
e w massi ve stars in the centre (see Fig. 3 ), leading to a � MSO > 1 (at
his stage they have < 5 massive stars so � MSR is not defined). These
ites continue to accrete, form more stars, and merge with others,
hereby forming ever-larger clusters. The resulting merged clusters 
nherit the centrally condensed substructures, thus maintaining � MSO 

 1. Note that it is not the case for � MSR , which drops at the
tart of mergers due to the initial distance between the subclusters
ominating the MST edge lengths. Once the merger is underway, the
ubclusters interact and sink towards the centre, increasing � MSR . 
ventually, the cluster relaxes to a centrally condensed, ‘classical’ 
tar cluster with � MSO > 1 and � MSR > 1. This redistribution occurs
n a time-scale of t seg ∼ 2 Myr for massive stars (see equation 11 ).
efore the cluster can fully dynamically relax, stellar feedback expels 

he remaining gas and unbinds the cluster. Still, as gas expulsion
e gins, massiv e stars are already preferentially located near the centre
f the dominant cluster, leading to high � MSR and � MSO values.
uring the gas dispersal process, massive stars that formerly reside 
ear the centre mo v e outwards with the rest of the cluster, causing
oth mass se gre gation metrics to drop. Note that at later times � MSO 

ay increase, but it is due to the cluster identification algorithm
plitting the dominant cluster into smaller clusters, which tend to 
MNRAS 515, 167–184 (2022) 
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Figure 6. Mass history of the dominant cluster in the fiducial run ( M2e4 , 
Sphere). Lines show the current cluster mass (solid), cumulative mass the 
cluster acquired by stellar members, by accreting gas (dashed) and through 
cluster mergers (dotted). The total mass of stars ejected from the cluster 
is shown by the dash–dotted line. Over its lifetime the cluster gains most 
of its mass by accreting gas, while mergers and accretion contribute roughly 
equally to the cluster growth while there are clusters to merge with. Before gas 
expulsion (around 4.5 Myr, see Fig. 5 ) the cluster ejects roughly 10 per cent 
of its stellar mass. 
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.4 Mass distribution of stars inside and outside clusters 

e find that the majority of stars that form in our simulations end up
n clusters, although a significant fraction ( ∼10 per cent ) are ejected
efore gas expulsion (see Table 2 and Fig. 6 ). During its lifetime the
ominant cluster in the fiducial simulation gains stellar mass from
wo sources: 1) mergers with other clusters and 2) gas accretion by
ts stellar members or newly formed stars within the cluster. We
nd these two mechanisms to have roughly similar weight during
ost of the cluster lifetime, with accretion becoming more important

fter most stars have merged with the dominant cluster, leaving no
NRAS 515, 167–184 (2022) 

igure 7. Left: Mass distribution of sink particles (stars), comparing three populat
orange), and the full stellar population (black). The spectrum is taken at the time wh
tarts). Shaded regions denote the two sigma Poisson uncertainties. We also show
iterature and mark the completeness limit of the simulation. Right: Similar to the l
hree populations: those assigned to the dominant cluster (blue), those that were eje
ther clusters to merge with. After gas expulsion the cluster becomes
nbound and loses an order unity of its mass. 
Fig. 7 shows the mass distribution of various stellar populations

n the fiducial simulation just as gas expulsion starts due to strong
adiative feedback (around 4.5 Myr into the simulation). We find
hat about 80 per cent of stars are cluster members where more
han 90 per cent of these belong to the dominant cluster. The mass
istributions of the clustered and non-clustered stars are similar
p to 10 M �, but we can not rule out that the distribution deviate
t the high-mass end. The distributions are statistically consistent
ith the Kroupa ( 2002 ) IMF fitting function except at very high
asses, because the o v erall simulation IMF is slightly top-heavy (to

e described in more detail in an upcoming paper). Fig. 7 further
hows that the mass distribution for the dominant cluster is similar to
hat of the ejected stars (with a significance of p = 0.96 obtained from
 two-sample Kolmogoro v–Smirno v test). There is no indication of
referential ejection of more massive stars before gas expulsion.
nsurprisingly the stellar mass distributions of the dominant cluster

nd the full simulation are also similar. 

 EFFECTS  O F  I NI TI AL  C O N D I T I O N  

A R I AT I O N S  O N  CLUSTERS  

n this section we investigate the effects of turbulent driving (Sec-
ion 4.1 ), the initial level of turbulence (Section 4.2 ) and surface
ensity (Section 4.3 ) on the properties of the dominant cluster. These
roperties have a significant effect on the star formation history of
he system, and here we examine the impact of these properties on
lustering. 

.1 Cloud setup and turbulent driving (Box versus Sphere) 

s noted in Section 2.1.2 , the Sphere versus Box configurations have
wo important differences, which may lead to different clustering
roperties. First, the periodic boundary conditions of the Box set-up
eads to both an order-of-magnitude shallower gravitational potential
Federrath & Klessen 2012 ) and prevents the escape of radiation and
as. Second, the Box setup starts from a self-consistent, pre-stirred
tate, and this external driving is continuous throughout the run,
roviding energy for turbulent modes on the box scale that cascade
own to smaller scales. To disentangle the effects of these two factors,
ions: those assigned to clusters (blue), those that are not assigned to clusters 
en the dominant cluster reaches its maximum mass (i.e. just as gas expulsion 
 the Kroupa ( 2002 ) canonical fitting function for the MW IMF from the 

eft-hand panel, but concentrating on the dominant cluster only. We compare 
cted from it (orange) and the full stellar population (black). 

Technology user on 04 August 2022
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Figure 8. The surface density maps and cluster assignments of the M2e4 runs with both ‘Sphere’ and ‘Box’ ICs. The surface density maps use the same 
conventions as Fig. 1 . On the cluster assignment maps, each star is represented with its cluster ID and coloured with the colour assigned to the cluster, while 
stars not assigned to clusters are marked with black circles. 
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e compare three M2e4 runs (Table 1 ): 1) our fiducial Sphere run, 2)
 Box run with continuous external driving, and 3) a Box run where
e turn-off the driving after the initial ‘stirring’ phase. 
We find that both periodic boundary conditions and turbulent 

ri ving significantly af fect cluster properties. As mentioned in Sec- 
ion 2.1.2 , periodic boundaries prevent both material and radiation 
rom escaping the cloud, thus these runs never experience gas ejection 
hat may lead to cloud disruption. 

Fig. 8 shows that while the evolution of the Sphere run is well
escribed as the hierarchical assembly of one dominant cluster, this 
s not the case in the driven Box run. Turning off turbulent driving
estores this behaviour, as the gas undergoes global gravitational 
ollapse once the initial turbulence decays (see Fig. 9 ). Note that
ven without turbulent driving, the shallower gravitational potential 
f the Box run relative to the Sphere run leads to weaker gravitational
ocusing, delaying mergers (see Fig. 10 ). We also find that continued
urbulent driving leads to the formation of a significant number of
ransient clusters that survive for a few 100 kyr before dissolving. 

Turbulent driving dramatically slows down star formation in the 
loud (SFE ∝ t 2 versus SFE ∝ t 3 ), while in the non-driven case
tar formation is only suppressed until the initial turbulent velocity 
eld decays. This is due to the weaker gravitational potential in 

he Box runs (Federrath & Klessen 2012 ), which produces weaker 
ravitational focusing in addition to the external driving that prevents 
lobal gravitational collapse. This is apparent in Fig. 11 as the
ominant cluster in both Box runs grow significantly slower than in
he Sphere one. While the initial cluster masses are similar between
he driven and decaying runs, the decaying run has (on average)

ore massive members due to the slightly less top heavy IMF in the
ox runs. Unlike the Sphere run, the Box runs experience no cloud
isruption, and stellar feedback is unable to permanently expel gas 
rom the cluster before the gas in the simulation volume is heated
o unphysical temperatures by radiation trapped by the periodic 
oundary condition. There is no permanent gas expulsion, the clusters 
hemselves do not suddenly become unbound (like in the Sphere 
un). Their future e volution, ho we ver, is uncertain as we stop the
imulation when it reaches the unphysical, radiation-filled regime. 

.2 Initial level of turbulence 

n this section we vary the initial velocity dispersion to determine the
mpact of the cloud turbulence on clustering. We compare Sphere 
uns with αturb values of 1,2 and 4, which correspond to bound,
arginally bound, and unbound clouds, respectively. We find that 

he final star formation efficiency decreases with increasing αturb 

see Table 2 ). Fig. 12 shows that higher αturb also leads to less
MNRAS 515, 167–184 (2022) 
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Figure 9. Same as Fig. 8 for M2e4 Box runs with and without turbulent driving. 

Figur e 10. Mer ger histories for the M2e4 Box runs with and without 
turbulent driving and the fiducial Sphere run, same as Fig. 4 . Driving prevents 
the hierarchical merging of smaller clusters and leads to the formation of 
many transient clusters. The periodic boundary conditions of the Box run 
also reduce gravitational focusing relative to the Sphere run, suppressing 
mergers. 
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oncentrated star formation and weaker global gravitational collapse
ue to increased turbulent support. Ho we ver, the hierarchical cluster
ormation picture that we find for the fiducial run ( αturb = 2) still
ualitatively applies (see Figs 8 and 12 ). 
All runs produce a single dominant cluster. The final mass of this

ominant cluster decreases with increased turbulence, mostly due to
he lower final SFE values of the clouds (Table 2 ). Fig. 13 shows
NRAS 515, 167–184 (2022) 
hat the dominant cluster follows a qualitatively similar evolutionary
rend in all runs, with higher masses and consequently higher velocity
ispersions for runs with higher SFE (i.e. lower αturb ). The dominant
luster becomes unbound once stellar feedback expels the remaining
as, leading to its expansion, and breakup into smaller clusters. In
ig. 13, it appears as if the αturb = 4 run had a much longer cluster

ifetime. In fact, feedback causes the cluster to expel its gas content
nd become unbound in roughly the same time (4 Myr) as in the other
ases (see gas mass fraction and α′ 

sys panels of Fig. 13 ). At the same
ime the dominant cluster merges with two neighbouring clusters,
ncreasing the ef fecti ve size of the resulting cluster and the relative
as mass content. 

We find that all three runs are mass-se gre gated from early times,
nd we see no clear trend in either � MSR or � MSO as a function
f αturb . Therefore, we conclude that mass se gre gation is not very
ensitive to modest changes in the initial cloud virial parameter. 

.3 Surface density 

loud surface density is thought to be a key parameter of star
ormation (Krumholz & McKee 2008 ; Fall, Krumholz & Matzner
010 ; Grudi ́c et al. 2021b ) due to its influence on the dynamics of
ragmentation and degree of stellar feedback. Although we present
nly one run with a different surface density (Sphere run with a
actor 10 times increase in �; M2e4 R3 ), we also ran a calculation
ith 10 times lower surface density, but it had a final SFE value of
nly 1 per cent and produced no clusters with more than 20 stars,
reventing a meaningful cluster analysis. 
As expected, increasing the surface density leads to enhanced star

ormation and a higher final SFE (Table 2 ). Higher surface density
lso means that the cloud is smaller, making it easier for the clustering
lgorithm (see Section 2.2 ) to join star formation sites. Consequently,
early all stars end up in one massive cluster (Fig. 14 ). Similar to
he fiducial run, the dominant cluster is gas-dominated and becomes
nbound once stellar feedback expels the gas. The characteristic
ime-scale of cloud evolution is the freefall time, which, due to
he higher o v erall density, is significantly shorter than that of our
ducial run (Fig. 15 ). Note that the cluster assembly phase is mainly
etermined by this time-scale, while the length of the following gas
xpulsion phase depends on both the freefall time and the time-scales
or stellar evolution. Apart from this non-trivial rescaling, the time
volution of the dominant cluster is similar in the fiducial and the
igh surface density runs. 
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Figure 11. Evolution of the dominant cluster in a set of runs using both Sphere and Box, initial conditions for M2e4 (see Table 1 ). The top row shows the 
total stellar mass in the cluster (left), number of cluster members (middle) and the cluster size scales (right, equation 1 ), respectively. The middle row shows 
the cluster velocity dispersion (left, equation 2 ), virialization state (middle, equation 4 ), and the gas mass fraction within the cluster radius (like Fig. 5 panel e). 
The bottom row shows the v̄ rad mass-weighted mean radial velocity for the cluster (left, equation 8 ), as well as the mass se gre gation ratio (right, equation 9 ) 
and mass se gre gation offset (right, equation 10 ). Note defining � MSR requires a minimum of five massive stars to be in the cluster, while � MSO requires only a 
single massive star. All values are smoothed with a 50 kyr averaging window to make the plots easier to read. For an analysis of the main trends, see Section 4.1 
in the main text. 
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 DISCUSSION  

.1 Cluster assembly and dynamical effects 

lusters in our simulations form through the mergers of accreting 
ubclusters, which in turn merge to form ever larger structures, 
orresponding to a hierarchical assembly of clusters. This is similar 
o the behaviour found by recent simulations of larger ISM regions 
ith lower mass resolution and a different subsets of the physics

ncluded in this work (Dobbs et al. 2022 ; Rieder et al. 2022 ). By the
ime, stellar feedback becomes important in the simulation most stars 
re concentrated in one or a few clusters. Stellar feedback eventually
xpels the remaining gas and the clusters become unbound, leading 
o their expansion and breakup (Tutukov 1978 ; Hills 1980 ; Mathieu
983 ). 
This qualitative picture appears to be robust to changes in initial

onditions, such as turbulence or surface density, even though these 
imulations have significantly different star formation histories. We 
nd that using periodic boundary conditions (Box runs) significantly 
inders hierarchical cluster assembly, as it significantly decreases the 
 v erall gravitational potential (Federrath & Klessen 2012 ), weaken-
MNRAS 515, 167–184 (2022) 
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Figure 12. Same as Fig. 8 but for runs with initial turbulent virial parameters of αturb = 1 and αturb = 4 respectively ( M2e4 a1 and M2e4 a4 ). 
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ng gravitational focusing. In the Box run with external driving, we
nd that continued driving effectively prevents hierarchical merging.
n this case, a significant fraction of newly formed clusters are
ransient and dissolve after < 2 Myr (Fig. 10 ). We find that turbulent
riving significantly increases the number of stars outside clusters
Table 2 ), making it one of the few parameters that can significantly
ffect clustering. 

Recent observations found the high mass slope of the initial mass
unction in young clusters is steeper than the Milky Way average
Weisz et al. 2015 ). One possible explanation for the deficit of high
ass stars is dynamical interactions that preferentially eject massive
embers (see Oh & Kroupa 2016 ). This is supported by recent

bservations finding a significant number of ‘runaway’ O and B stars
jected from young star clusters (Lennon et al. 2018 ; Zeidler et al.
021 ). In our simulations we find no evidence that high-mass stars
re preferentially ejected. Stars within clusters, outside clusters and
jected from clusters all appear to be drawn from the same underlying
ass distribution. It should, ho we ver, be noted that the clusters in our

imulations are actively accreting and gas-dominated, while previous
ork in the literature involved N -body simulations of gas-free,
ound clusters. Since our simulations run only until gas expulsion
ccurs, our results neglect longer scale dynamical interactions,
hich could occur in the gas-free star clusters after star formation 
NRAS 515, 167–184 (2022) 

eases. 
s  
.2 Mass segregation 

ne key question of cluster formation is whether clusters form mass
e gre gated or become so through dynamical interactions. In our
imulations, star formation sites often host a single or se veral massi ve
tars ( M � > 5 M �) at their centre, making them mass se gre gated
note that � MSR is not defined for clusters with < 5 massive stars).
hese small clusters merge to form larger structures, which in turn

nherit the centrally condensed, mass-se gre gated substructures. Due
o dynamical interactions these substructures strip stars from each
ther while merging. Over time dynamical processes cause the dense
entres, which also host the massive stars, to sink to the centre of
he larger merged structure. While these processes are taking place
he substructures continue to gro w, forming ne w stars as well as
ontinuing to accrete gas. Thus we find that whether a cluster is
onsidered mass-se gre gated depends greatly on the definitions of
cluster’ and ‘mass se gre gation,’ neither of which have one accepted
efinition in the literature (see Krumholz et al. 2019 for discussion).
f one defines mass se gre gation as an y stellar configuration where
assive stars are distributed differently than lower mass stars (as in
rumholz et al. 2019 ), then star clusters start out mass se gre gation

egardless of how cluster membership is assigned, since clusters
ontain substructures that host a single or a few massive stars at
heir respecti ve centres. Ho we ver, if mass segregation on the cluster
cale occurs when massive stars are preferentially at the centre of the
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Figure 13. Evolution of the dominant cluster in a set of runs with different levels of initial turbulence ( M2e4 a1 , M2e4 , and M2e4 a4 , see Table 1 ), similar 
to Fig. 11 . The top row shows the total stellar mass in the cluster (left), number of cluster members (middle), and the cluster size scales (right, equation 1 ), 
respectively. The middle row shows the cluster velocity dispersion (left, equation 2 ), virialization state (middle, equation 4 ), and the gas mass fraction within 
the cluster radius (like Fig. 5 panel e). The bottom row shows the v̄ rad mass-weighted mean radial velocity for the cluster (left, equation 8 ), as well as the mass 
se gre gation ratio (right, equation 9 ), and mass se gre gation offset (right, equation 10 ). For an analysis of the main trends see Section 4.2 in the main text. 
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luster, as in de Grijs et al. ( 2002 ) and Krause et al. ( 2020 ), then the
luster definition determines whether the stars are mass se gre gated. 
hoosing a method that picks out structures containing several star 

ormation sites (like the one we used) leads to no initial mass
e gre gation (see the scenario in Fig. 2 and the evolution in Fig. 5 ). If,
o we ver, a cluster definition picks out individual star formation sites
e.g. by defining a smaller characteristic length or by requiring that 
 cluster be centrally condensed), then mass se gre gation will appear
rimordial regardless of metric (see Table 3 for a summary). 
Most observers define clusters as pc-sized objects with many stars 

Kirk & Myers 2011 ) and use mass se gre gation metrics that are
nsensitive to the mass segregation of any substructures within the 
luster (e.g. de Grijs et al. 2002 ). In this framework, clusters in the
 a
imulation are initially not mass se gre gated and become so through
ynamical interactions. The process takes several Myr, which is 
nough time for feedback from massive stars to expel gas but not
nough time for the cluster to reach a fully relaxed state. 

.3 Caveats 

hile the simulations presented here represent the current state-of- 
he-art for simulating star-forming clouds, STARFORGE employs 
 large number of approximations and assumptions to make the 
imulations computationally tractable like other simulations in the 
iterature (see Paper I for detailed discussions). In particular, there 
re significant caveats when applying STARFORGE to model star 
MNRAS 515, 167–184 (2022) 
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Figure 14. Same as Fig. 8 but for a run with 10 times higher initial surface 
density ( M2e4 R3 ). 

Table 3. Summary of our results regarding the initial mass se gre gation of 
newly formed clusters. We find that the answer depends on the definition of 
a cluster, i.e. whether the selected objects have substructure, and whether we 
define mass se gre gation as ‘massiv e stars at the centre’ (like Gouliermis et al. 
2009 ) or as ‘massive stars are distributed differently’ (like Krumholz et al. 
2019 ). 

Cluster definition Is there primordial mass se gre gation? 
Massive stars at the centre Distributed differently 

No substructure Y Y 

With substructure N Y 
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luster formation. First, the runs have a ∼30 AU Jeans-resolution, i.e.
ragmentation on scales smaller than this are not resolved. This res-
lution in the ideal-MHD limit ef fecti vely suppresses the formation
f protostellar discs. Consequently, there is no disc fragmentation,
ausing the simulation to potentially miss closely formed binaries.
he simulations presented here also use a gravitational softening

ength of ∼20 AU , making gravitational interactions below this scale
naccurate and suppressing the formation of binaries with separations
maller than this value. As a result, the long-term accuracy of N -body
nteractions is significantly lower than pure N -body simulations.
t should be noted, ho we ver, that we run our simulations until
as expulsion, corresponding to a relatively short time after star
NRAS 515, 167–184 (2022) 
ormation starts ( < 5 Myr). Also, our clusters are gas-dominated for
ost of their lifetime and do not achieve high stellar densities, making

lose encounters rarer and lessening the effects of the gravitational
oftening on stellar interactions. Since, we terminate the simulations
oon after cloud disruption, we cannot predict the ultimate fate of
he clusters, bound mass fraction and cluster mass function. We will
nvestigate the long-term evolution and fate of the STARFORGE
lusters in a follow-up paper. 

 C O N C L U S I O N S  

n this work, we analyse the star cluster assembly process in the
TARFORGE radiation-magnetohydrodynamic simulations. These
imulations follow the evolution of a mid-sized molecular cloud
 M = 20 000 M �, � ∼60 M �/ pc 2 ) taking into account gravity, gas
hermodynamics, turbulence, magnetic fields, and radiation as well
s stellar feedback processes (jets, radiation, winds, SNe). 

Star clusters assemble through a series of mergers, whereby
ccreting star-formation sites come together to form larger structures.
his hierarchical assembly continues until most stars end up in one
r a few large, gas-dominated clusters. Once stellar feedback expels
he gas they become unbound and the stars disperse. During the
ssembly process clusters eject a small fraction of their members
 < 10 per cent). We find no significant difference between the mass
istribution of the ejected stellar population and that of the o v erall
tellar mass spectrum of the simulation. 

We investigate the effect of surface density and turbulence on
he cluster formation process. We find that while the initial surface
ensity and level of turbulence significantly affect the star formation
istory of the cloud, they do not qualitatively affect the cluster
ormation process. 

We also investigate the effects of different initial cloud geometries
nd turbulent driving. We find that turbulent driving and a periodic
Box’ geometry significantly reduces clustering and suppresses
luster mergers. This is caused by weaker gravitational focusing,
s periodic boundaries lead to a shallower gravitational potential,
hile maintaining turbulence reduces collapse. 
We consider two different definitions for mass se gre gation. In

ll simulations, small forming groups of stars are initially mass
e gre gated with one or a few massive stars at their centre. As
hese structures merge, they (at first) become mass-se gre gated
ubstructures within the newly formed cluster. Thus, massive stars
re not initially in the centre of merged clusters. Through dynamical
nteractions they relax to a centralized configuration, similar to that
f observed clusters. We find that whether clusters are quantitatively
onsidered to be mass se gre gated depends greatly on how one defines
 cluster and mass se gre gation. If clusters are defined as structures
hat include many star-formation sites distributed throughout the
MC and mass se gre gation requires massiv e stars to be at the centre

both of these are true for most definitions used in observations), then
here is no primordial mass se gre gation. Rather, mass se gre gation
esults from dynamical interactions. On the other hand, massive stars
re usually centrally located within bound sub-groups of stars, such
hat they are distributed differently with respect to low-mass stars.
hus, a definition of mass se gre gation that does not require massive
tars to be globally centralized, concludes that clusters start out mass
e gre gated (see Table 3 for a summary). 

In the simulations, dynamical evolution is still ongoing at the
ime of gas expulsion. Future work will investigate the evolution of
he stellar distribution o v er 100 Myr time-scales and determine the
urvi v al rate of the star clusters we identify here. 
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Figure 15. Evolution of the most dominant cluster in a set of runs with different initial surface densities ( M2e4 and M2e4 R3 , see Table 1 ), similar to Fig. 11 . 
To make the runs easier to compare, we normalized the time evolutions with the freefall times of the respective initial clouds (3.7 and 0.6 Myr for M2e4 and 
M2e4 R3, respectively). The top row shows the total stellar mass in the cluster (left), number of cluster members (middle), and the cluster size scales (top right, 
equation 1 ), respectively. The middle row shows the cluster velocity dispersion (left, equation 2 ), virialization state (middle, equation 4 ), and the gas mass fraction 
within the cluster radius (like Fig. 5 panel e). The bottom row shows the v̄ rad mass-weighted mean radial velocity for the cluster (left, equation 8 ), as well as the 
mass se gre gation ratio (right, equation 9 ), and mass se gre gation offset (right, equation 10 ). F or an analysis of the main trends see Section 4.3 in the main te xt. 
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