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A B S T R A C T 

Star clusters are known to be formed in turbulent molecular clouds. How turbulence is driven in molecular clouds and what effect 
this has on star formation is still unclear. We compare a simulation setup with turbulent driving everywhere in a periodic box 

with a setup where turbulence is only driven around the outside of the box. We analyse the resulting gas distribution, kinematics, 
and the population of stars that are formed from the cloud. Both setups successfully produce a turbulent velocity field with a 
power-law structure function, the externally driven cloud has a more central, monolithic, clump, while the fully driven cloud 

has many smaller, more dispersed, clumps. The star formation follows the cloud morphology producing large clusters, with high 

star-forming efficiency in the externally driven simulations and sparse individual star formation with much lower star formation 

efficiency in the fully driven case. We conclude that the externally driven method, which resembles a Global Hierarchical 
Collapse (GHC) scenario, produces star clusters that more closely match with observations. 

Key words: hydrodynamics – turbulence – methods: numerical – stars: formation – ISM: kinematics and dynamics. 
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 I N T RO D U C T I O N  

tar clusters (SC) are formed in molecular clouds (MC; e.g. Lada &
ada 2003 ; Krause et al. 2020 , for re vie ws), which are observed to be

urbulent (Larson 1981 ; Elmegreen & Scalo 2004 ), have filamentary
tructures (e.g. Fern ́andez-L ́opez et al. 2021 ; Schuller et al. 2021 ;
heng et al. 2021 ) and can inherit the turbulent characteristics of the
urrounding medium (Dobbs et al. 2014 ). 

The driving source behind turbulence on the galactic-scale is a
ebated subject and many studies have attempted to distinguish
etween the different driving modes (e.g. Faucher-Gigu ̀ere, Quataert
 Hopkins 2013 ; Agertz & Kravtsov 2016 ; Goldbaum, Krumholz
 Forbes 2016 ; Krumholz & Burkhart 2016 ; Krumholz et al.

018 ). Some studies credit galactic dynamics, mainly the interaction
etween the ISM and the spiral arms (e.g. F alceta-Gon c ¸alv es et al.
015 ). Others credit the feedback that results from star formation for
roviding an energy source for the turbulence, mainly supernovae
e.g. de Avillez & Breitschwerdt 2005 ; Padoan et al. 2016 , 2015 ). 

Seifried et al. ( 2018 ) study whether e xternal superno vae are
ufficient to sustain turbulence in MCs and find supernovae sufficient
t early stages, but require support from other sources later in the
loud’s development. 

Other studies credit global hierarchical collapse (GHC) for the
ource of the internal motions in MCs (e.g. V ́azquez-Semadeni,
onz ́alez-Samaniego & Col ́ın 2017 ; V ́azquez-Semadeni et al. 2019 ;
amacho et al. 2020 ; Gonz ́alez-Samaniego & Vazquez-Semadeni
020 ). This scenario describes a hierarchy of scales with each
cale accreting matter from larger scales. Colliding flow simulations
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emonstrate an idealized representation of the GHC scenario (e.g.
obbs, Liow & Rieder 2020 ; Liow & Dobbs 2020 ; Dobbs & Wurster
021 ). This involves two streams of gas that collide with large
elocity creating regions of higher density, which can then continue
o collapse. 

Observations of the ISM, from the Herschel Space Observatory ,
nd simulations show that interstellar clouds are host to intricate
lamentary structures (e.g. Andr ́e et al. 2014 ; Clarke, Williams &
alch 2020 ; Zheng et al. 2021 ). Such filaments can be explained

n both scenarios (e.g. Krause et al. 2020 ); in the GHC picture,
he filaments form by anisotropic collapse, whereas for a globally
urbulently supported ISM, one expects filaments from shock waves
e.g. Federrath 2016 ; Mocz et al. 2017 ; Burkhart & Mocz 2019 ).
herefore, more details are needed to distinguish between the
cenarios. 

By definition, the GHC scenario is dominated by large-scale,
xternal driving, either from large-scale gravitational collapse of
 cloud that has exceeded its Jeans limit by gas accumulation, or
ctively colliding flows. The bulk kinetic energy is converted into heat
nd turbulence when the flows collide from different directions. The
lternative is to assume that the cloud is supported by turbulence due
o sources that include the aforementioned ones, and collapse occurs
ocally in filaments and more slowly elsewhere due to this support
gra v oturb ulent scenario). In detail, the two scenarios have some
roperties that may be hard to distinguish observationally [compare
iscussion in Krause et al. ( 2020 )]. Both predict turbulence at various
cales. While the gra v oturb ulent scenario identifies a scale below
hich gravitational collapse dominates, GHC has various scales,
ossibly also the largest one where collapse dominates. A naive
xpectation might therefore be that GHC promotes more clustering
n larger scales compared to a gra v oturb ulent setting. 
© The Author(s) 2022. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Some authors hav e inv estigated the effect of the driving scheme on
imulations and generally, a strong influence is found. For example, 
ffner, Klein & McKee ( 2008 ) found that decaying turbulence 
roduces higher-multiplicity stellar systems. Girichidis et al. ( 2011 ) 
ompared solenoidal with compressional driving and found a strong 
nfluence on the formation of clusters. Lane et al. ( 2022 ) compare
pherical cloud simulations to periodic box simulations with and 
ithout external driving. They found that star formation is consid- 

rably slower in box simulations, highlighting the importance of a 
lobal collapse mode for star formation. 
In this work, we investigate a combination of the previously 

tudied conditions, with a particular focus on comparing the GHC 

nd the gra v oturb ulent scenario with setups that are otherwise very
imilar. Using a series of simulations that allow us to directly 
ompare between the two scenarios. In particular, we compare a 
etup that starts from equilibrium turbulence, designed to implement 
he gra v oturb ulent scenario with energy input everywhere at large
cales, to a setup that inputs energy externally at the edge of the
ox in order to better numerically represent what we see in nature.
his is also reminiscent of clouds in larger scale simulations (e.g. 
uarte-Cabral & Dobbs 2016 ; Seifried et al. 2017 ; Seifried et al.
018 ; Pettitt et al. 2020 ), and is designed to implement the property
f the GHC scenario that there is some region and length-scale range
ithout driving, such that gravitational collapse can proceed more 

reely on such scales. Indeed, we find significant differences in the 
lustering properties of these simulations. 

In Section 2 , we describe the rele v ant details of the smooth particle
ydrodynamic (SPH) simulations that we perform and the analysis 
hat we do on them. In Section 3 , we present the main outputs of the
imulations and the products of the analysis, and we show that our
riving methods successfully drive turbulence and create SCs, though 
ith interesting differences. In Section 4 , we discuss our results

nd suggest explanations for any observed differences. Finally, in 
ection 5 , we summarize this work and conclude that external driving
an result in more realistic SCs than an equilibrium turbulence 
etup. 

 M E T H O D  

or all simulations in this work, we use the smoothed particle 
ydrodynamics code PHANTOM (Price et al. 2018 ). We use this
ode to simulate a 20 pc periodic box with an isothermal equation of
tate with a temperature of 10 K, a sound speed of 200 m s −1 , and
olytropic index of one. 
Turbulence is driven using Ornstein–Uhlenbeck stochastic driv- 

ng to apply an acceleration field to the particles depending on 
heir location within the box. By default, this is done every- 
here throughout the lifetime of the simulation, but we mod- 

fy this for some simulations as described below. The ‘strength’ 
f the driving is moderated by an amplitude factor, which we 
djust to obtain an equilibrium mach number in some of the 
imulations. 

Self-gravity is treated by separating the effect into short range 
nd long-range components. The short range is treated using a 
ummation of the contributions from individual nearby particles, 
nd the long range uses a kd-tree to hierarchically group the distant
articles and compute the contribution from each group. We use this
imulation code to create turbulent boxes with various properties, 
arying the initial uniform density, and thus the total mass in the
ox, the region that the turbulent driving is applied to, and the
trength of the turbulent driving if needed. Sink particles (Bate, 
onnell & Price 1995 ) are used to represent stars or small multistar
ystems. They form when the density exceeds a given critical density,
llowing the simulation to track the evolution below fragmenta- 
ion and they are evolved on shorter time-steps than the SPH 

articles. The sink particles are allowed to accrete gas and interact
ith their surroundings only through gravity. 
For our numerical experiments, we use two, initially uniform, 

ensities that results in total masses of 5000 and 10 000 solar masses
labelled ‘5k’ and ‘10k’ respectively, more simulations parameters 
n Table 1 ). This box is then driven for a simulated time of 21 Myr
o ensure that the turbulence is in statistical equilibrium before self-
ravity is switched on, and continues to be driven for the duration
f the simulation. Sink particles are formed at a critical density such
hat the mass of 100 particles exceeds the Jeans mass following the
esolution criteria from (Bate & Burkert 1997 ). The critical value
or the ‘5 k’ simulations is 2 . 22 × 10 −17 g cm 

−3 and for the ‘10 k’
imulations is 5 . 56 × 10 −18 g cm 

−3 . 
The two main setups we compare in this work are the fully driven

ox and the e xternally driv en box. The fully driven runs represent the
ra v oturb ulent scenario where we drive turbulence at all locations

n the box at scales corresponding to wavenumbers between 2 π and
 π . The e xternally driv en runs are moti v ated, for example, by the
ork of Seifried et al. ( 2018 ) and share some properties of the GHC

cenario. 
To simulate the external energy input for the turbulent driving, we

estrict the driving to a region of 2 pc at each edge of the box, leaving
 16 pc per side box that is not driven. We do this by simply setting
he accelerations due to turbulence to zero inside the internal box.
his velocity field of this internal box is then only turbulent due to
nergy cascade from the driven external region. This also produces a
et inwards motion into the central region, which produces a similar
ffect to that of a ‘colliding flow’ simulation (e.g. Dobbs et al. 2020 ;
iow & Dobbs 2020 ). 
Additional simulations are performed to check a variety of differ- 

nt situations. First, in order to check whether any result is due to the
mount of energy being introduced rather than the manner of intro-
uction, a fully driven box is used with much weaker driving than the
ain simulations. To achieve this, the stirring amplitude is reduced 

o that the internal energy in the box is comparable to the externally
riven simulations. Additionally, repeats of the main simulations 
re performed to check for consistency – the same setups are used
ith identical parameters chosen, only the random turbulent driving 

hanges. The simulations are named based on the number of particles, 
2 m meaning two million), the total mass in the box in solar masses
5 k or 10 k ), and an ‘e’ denoting externally driven. Simulations that are
epeated are given a ‘mk2’ suffix. An o v erview of the simulations is 
iven in 1 . 

.1 Analysis techniques 

.1.1 Structure functions 

e use velocity structure functions of second order to diagnose 
 turbulent velocity field by comparing the structure function to the
xpected power law. Velocity structure functions are commonly used 
longside, or instead of, the velocity power spectrum (e.g. Boneberg 
t al. 2015 ; Kritsuk, Ustyugov & Norman 2017 ; Chira et al. 2019 ).
e calculate the structure functions by taking a subsample of the

articles, we then compare every ‘sample’ particle with every particle 
rom the simulation recording the difference in the velocities and the
istance between the particles. The distances are then binned and 
he square of the average of the velocity differences from each bin
re taken. For consistency between the fully driven and externally 
MNRAS 516, 4212–4219 (2022) 
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M

Table 1. Table showing various simulation details. 

Simulation N particles Particle mass Turbulence Duration (Myr) M total N sinks Min sink mass Mach 

2m5k 2 000 000 0 .0025 Full 42.2 5 000 9 0 .25 25.1 
2m5ke 2 000 000 0 .0025 External 26.8 5 000 316 0 .25 15.7 
2m10k 2 000 000 0 .005 Full 42.2 10 000 217 0 .5 25.0 
2m10ke 2 000 000 0 .005 External 24.6 10 000 420 0 .5 13.1 
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riven cases, we will only consider the internal 16 pc box for this
alculation in both cases. 

(d r) = 〈 ( v i − v j ) 2 〉 bin = 〈 δv 2 〉 bin (1) 

.1.2 Initial mass function 

e use the mass function of the sink particles to determine whether
e produce a realistic distribution of masses. We expect our mass

unctions to show a power law at the high-mass end, but we note
hat the location of the peak of our mass functions will depend on
he mass resolution of the simulation, as well as on the physics we
ncluded, and therefore may not agree with observations of the Initial

ass Function (IMF). 
The nature of the IMF of a stellar population is connected to the

urbulent structure of the cloud the population formed within. Nam,
ederrath & Krumholz ( 2021 ) shows that the slope of the velocity
ower spectrum of a cloud is linked to the slope of the high-mass end
f the initial mass function for that cloud, and that a shallower power
pectrum leads to a shallower IMF and therefore more high-mass
tars. 

.1.3 Cluster morphology 

e use a friends-of-friends algorithm (Davis et al. 1985 ), which
s often used to group particles in simulations according to some
istance parameter (e.g. V ́azquez-Semadeni et al. 2017 ). Any particle
r existing group within that distance is then considered to be part
f the same group. We perform this at the end of the simulation
nd we do not track the groups dev elopment o v er time. The distance
arameter we use was found by trial and error until a small change
id not drastically change the groupings. We also look at the mass-
o-radial distance relation. To do this, we calculate the centre of mass
or the group and then plot each member of the groups mass versus
ts radial distance. 

.1.4 Star formation efficiency 

e calculate the star formation efficiency (SFE) by taking the current
umber of particles that have been accreted on to sink particles and
ividing by the total number of SPH particles. As all SPH particles
ave uniform mass, this gives us the percentage of initial mass that
as formed stars. 

F E = 

∑ 

N SPH , acc 

N SPH , tot 
(2) 

 RESU LTS  A N D  ANALYSIS  

.1 Large-scale gas distributions 

ig. 1 shows column-density maps for our four main simulations.
n every panel, Simulations with external driving are on the right,
nd ones with full driving on the left. The high-mass clouds are in
NRAS 516, 4212–4219 (2022) 
he upper parts and the low-mass ones are in the lower parts of the
anels. External driving consistently produces a central dense clump,
r sequence of clumps, connected and surrounded by filamentary
tructure. In the fully driven box, we do not observe any noticeable
entral hub system, instead we see many small clumps spread around
he box without any significant filaments. 

.2 Gas kinematics 

e show the structure functions of all simulations in Fig. 2 .
he external driving of the velocity field is sufficient to produce
inematics in the interior of the box. Both the fully driven and the
 xternally driv en v elocity structure functions show a power law in
he intermediate scales with an index comparable to 0.95, which
as been found from high-resolution simulations of compressible
urbulence (Kowal & Lazarian 2007 ; Kritsuk et al. 2007 ). This result
s similar to comparable simulations of Lane et al. ( 2022 ) who use
 quasi-Lagrangian mesh-less finite-mass method. At scales below
 . 2 pc , the structures break due to the artificial viscosity with the
reak in the fully driven simulations being somewhat more severe
han in the externally driven ones. We surmise that the severity of
he break is greater in the fully driven case as the energy levels are
reater than in the external case. The shape of the structure functions
av e conv erged at 21 Myr , meaning that the turbulent v elocity field
as reached an equilibrium state. For the fully driven simulations,
his state is at constant kinetic energy, whereas the externally driven
imulations have a constantly declining energy, i.e. the turbulence
ecays at a steady rate. 

.3 Stellar population 

he morphology of the stellar populations that are formed within our
imulations (Fig 3 ) naturally follow the gas morphology described
n Section 3.1 . The fully driven boxes show dispersed sink particle
ormation, with individual or pairs of sink particles spread across
he box. The externally driven boxes shows large clusters of star
ormation within the clump systems described in 3.1 , resulting in
ore sink particles forming in groups at the centre of the dense

tructures. 
The mass functions (Fig. 4 ) from the external simulations show a
uch larger stellar population than the fully driven simulations. The

ully driven run with 5000 solar masses (2m5k) does not produce
nough stars to produce an informative mass function. The externally
riven mass functions peak at higher mass than the fully driven mass
unctions. 

Fig. 5 shows the SFE from each of the main runs. In both of the
ully driven cases, star formation starts very soon after self-gravity
s switched on and continues at a slow rate, resulting in an SFE of
 5 per cent in both cases. The externally driven cases begin forming

tars slightly later but at a much greater rate, resulting in an SFE of
etween 30 per cent and 50 per cent within one to a few Myr. We
elieve that the low SFE found in our fully driven simulations can
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Figure 1. Logarithmic column density plots of the state of the simulations at two different time-steps: Upper : just before gravity is switched on (21 Myr ). 
Lower : the final time-step from each individual simulation, which is labelled on each panel. Sink particles are indicated by black dots. 
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M

Figure 2. Structure functions for the simulations taken just before self-gravity is switched on, plotted with solid lines. A power-law with the expected slope of 
0.95 for compressible, supersonic turbulence (Kowal & Lazarian 2007 ; Kritsuk et al. 2007 ) is plotted as a dotted line. Left-hand panels: show the structures for 
the externally driven velocity fields. Right-hand panel: shows the structures for the fully driven simulation. 
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e attributed to low-mass resolution relative to previous work in the
iterature. 

 DISCUSSION  

he two different driving methods produce simulations with some
imilarities and some stark differences. Both methods produce
elocity structure functions comparable to the expectations for
upersonic turbulence as displayed in Fig. 2 . The fully driven
urbulence producing equilibrium turbulence and the externally
riven producing constantly decaying turbulence. External driving
eads to the formation of a large filamentary clump structure, similar
o what is found in colliding flow simulations (e.g. Dobbs et al.
020 ; Liow & Dobbs 2020 ; Dobbs & Wurster 2021 ), whereas the full
riving formed smaller, more dispersed clumps. The mass function
f the externally driven clusters show a reasonable power law with a
lightly steeper slope than the Salpeter slope. This suggests that we
o not form as man y massiv e stars as we would expect. The fully
riven clusters do not produce enough stars to produce an informative
ass function. 
We performed supplementary simulations to check for potential

ther causes for the differences we observed. We used a fully driven
imulation with much weaker turbulent driving to test whether the
esults were due to the strength of the turbulence rather than the
riving method. The fully, but weakly, driven box displays similar re-
ults to the regular fully driven simulations and therefore the strength
f the turbulence is not alone responsible for the observed results.
NRAS 516, 4212–4219 (2022) 
uplicate runs of the main simulations were also performed to check
or consistency and produce similar results (Jaffa et al. 2022 ). 

We also note that our simulations differ in rms Mach number
nd higher mach numbers are observed to accelerate star formation
Bertelli Motta et al. 2016 ). We see lower star formation in our fully
riven simulations that have higher star formation, emphasizing that
he difference is in the driving method. 

Dale ( 2017 ) simulates a number of collapsing clouds with varying
nitial virial parameter. Their pre-feedback snapshots show similar

orphology to our externally driven clouds with central clumps and
ink particles concentrated around the clumps and filaments. 

The stellar distributions from the externally driven simulations
ppears consistent with examples of SCs from GHC simulations
e.g. V ́azquez-Semadeni et al. 2019 ). The fully driven simulations
roduce disperse stellar populations with no notable groups. This is
imilar to the results from (Klessen, Spaans & Jappsen 2005 ) who
how that a polytropic index of unity, or higher, leads to isolated star
ormation with clustered formation resulting from lower polytropic
ndex. The polytropic index of our simulations is 1. Our results are
n good agreement with the ones of Lane et al. ( 2022 ) who compare
 periodic-box setup with a spherical-cloud one. They also find more
tar formation for the cloud setup, concluding on the importance of a
lobal collapse mode for SC formation. We confirm their result with
ur somewhat different setup. 
The stellar IMF, which describes the mass distribution of stars

n a stellar population, is an important metric across many scales
n astrophysics. The IMF is particularly useful as it compares well

art/stac2295_f2.eps


Star cluster formation with external driving 4217 

Figure 3. Plots showing the grouping of the stellar populations taken at the end of each simulation. The fully driven simulations to the left, external to the right. 
The ‘10k’ simulations at the top with the ‘5k’ below. 

Figure 4. The sink mass functions for each of the four main simulations are 
shown and labelled with the number of sinks given for each simulation. The 
Salpeter power law is also plotted for reference. 
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Figure 5. Plot with the star formation efficiencies for each simulation 
labelled. 
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etween simulations and observations, although there are potential 
imitations with observations being limited due to their sensitivity 
here simulations are not. 
Neither of the fully driven simulations produce enough sink parti- 

les to create an informative mass function, beyond an approximation 
f the peak mass. The externally driven simulations do produce 
nough sink particles to be informative. The peaks of the externally 
riven mass functions are located at higher mass than the fully driven
nes. This could be because of material being fed into the central hub
ustaining accretion, whereas the sinks in the fully driven simulation 
re starved of gas shortly after they form. 

The e xternally driv en simulations, while producing a reasonable 
umber of sink particles, do not fully sample the high mass part
f the IMF. This results in a slightly steeper power law than we
ould expect to see. Due to the mass-resolution limitations of the
MNRAS 516, 4212–4219 (2022) 
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Figure 6. The radial mass distribution of the largest group from each of the 
e xternally driv en simulations. 
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imulations, we do not expect to accurately reproduce the low-mass
nd of the IMF. 

The difference in the slopes of the SFEs, and in their final SFE,
or the different cases we attribute to the driving methods. The
xternal driving results in a net inwards motion of the gas resulting
n a large clump and filament system that provides a supply of
as for stars to form and continue to accrete. The full driving
oes not create this central concentration of gas and therefore less
tar formation occurs and there is less sustained supply of gas for
he stars to accrete. The high SFE range for the externally driven
ases is compatible with expectations from SCs formed in colliding
o ws, e ven when considering ionization feedback (Zamora-Avil ́es
 V ́azquez-Semadeni 2014 ). Our simulations have no feedback

rescription, which has been shown to limit star formation (e.g.
ale 2017 ). 
Our simulations do not reach the mass resolution that has been

chieved in some simulations in the literature (e.g. Bertelli Motta
t al. 2016 ). As a consequence, we miss some star formation along
he smaller-scale filaments. Ho we ver, our 2m10k simulation does
roduce a power-law IMF, like as expected from the literature (e.g.
adoan et al. 2007 ). All our simulations have been done at the
ame numerical resolution. The trends we observe should hence
e genuine. 
Various studies have been performed to investigate the limitations

f simulations, particularly with regards to what physics are omitted
nd the impact that can have on results. 

(Guszejnov et al. 2021 ) looks at the effect of protostellar outflows
n the IMF, confirming that outflows limit the star formation rate. 
A series of papers by Lee and Hennebelle look at the effects

f various initial conditions on the stellar mass spectrum and they
nd that all aspects of the IMF, the peak, low-mass end, and high-
ass end, are sensitive to initial conditions (e.g. Lee & Hennebelle

018 ) and additional physics (e.g. Lee & Hennebelle 2018 ; Lee &
ennebelle 2019 ). 
We have performed SPH simulations of SC formation from MCs

ith a polytropic index of unity for two cloud masses, varying only
he mechanism for driving turbulence. 

Clusters have been observed to have dynamical mass segregation
illenbrand & Hartmann ( 1998 ) where more massive stars are
referentially found towards the centre of the cluster with the lower-
ass stars found further out. Our externally driven runs show a trend

onsistent with this expectation. The details of the grouping are
mportant though. As seen in Fig 6 , while in the 2 m 10 ke simulation
t the chosen snapshot the envelope of the stellar masses smoothly
eclines with distance from the centre of mass, the 2 m 5 ke run shows
ome substructure, where the distribution of masses also appear to
e consistent with mass se gre gation. 

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

n this work we directly compared star formation in externally
riven clouds, akin the the GHC scenario and similar to clouds
n some larger-scale simulations, to clouds with turbulence driven
verywhere, as in the gra v oturb ulent scenario. We did this by
omparing two driving methods, the first has turbulent driving across
he entire box for the entire duration of the simulation and the
ther has turbulent driving prohibited in a central box within the
imulated region. We compare various metrics between the two
riving methods, as well as comparing to other simulation work
nd observations, including velocity structure functions, IMF, mass
e gre gation, cluster morphology, and cloud morphology. 
NRAS 516, 4212–4219 (2022) 
All our simulations display a flow structure that is close to the
xpectations of supersonic turbulence, as evidenced by the velocity
tructure functions before we switch on gravity (Fig. 2 ). 

The edge-driven simulations develop a much more clustered mode
f star formation (Fig. 3 ). While we get power-law shapes for the
MFs in both cases (Fig. 4 ), the edge-driven simulations produce a lot
ore stars (Fig. 5 ) and show mass se gre gation in the formed groups

Fig. 6 ) 
The morphology, both of the gas and the stellar population, shows

 large difference between the two driving methods. The fully driven
ox has small-scale clumps dispersed o v er the entire box with star
ormation spread out following the same pattern. The externally
riven box shows a larger central clump surrounded with a system
f filaments, this then produces a larger cluster in the centre of the
lump with more stars forming along the filaments. 

While the star formation details should not be compared to
bservations directly, due to the limited mass resolution in our
imulations, this comparison shows that the differences in clustering
roperties between our gra v oturb ulent implementation (fully driven
ox) and GHC implementation (edge-driven box) conform to the
xpectations for the respective scenarios, i.e. the length scales on
hich a cloud is not supported by turb ulence, b ut allowed to freely

ollapse, leaves an imprint in the size scale of the clustering of the
tars. 

SC formation with external driving turns out to be very similar to
he turbulent collapsing cloud simulations (e.g. Bate, Tricco & Price
014 ; Dale 2017 ), colliding flow simulations (e.g. Dobbs et al. 2020 ;

art/stac2295_f6.eps
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iow & Dobbs 2020 ; Dobbs & Wurster 2021 ), and observations
e.g. Hillenbrand & Hartmann 1998 ) with star grouping and mass
unctions to be much more realistic than in our equilibrium turbulence 
imulations. Differences between our fully driven simulations and 
bservations are likely due to limitations of our particular simulations 
mass resolution in particular). Details of thermodynamics, MHD, 
nd feedback that we have not explored might affect this result
e.g. Federrath 2015 ; Padoan et al. 2017 ; Grudi ́c et al. 2018 ; Lee
 Hennebelle 2018 ; Lee & Hennebelle 2018 ; Guszejnov et al.

021 ; Appel et al. 2022 ). Ho we v er, from the simulations we hav e
erformed, we confirm that the driving mechanism of MCs has a 
uge effect on star formation. 

C K N OW L E D G E M E N T S  

J acknowledges support from the STFC grant ST/R00905/1. JDS 

cknowledges a studentship from the Science and Technology 
acilities Council (STFC) (ST/T506126/1). We would like to thank 

he re vie wer for their constructi ve criticism and helpful suggestions.

ATA  AVA ILA BILITY  

ata and complete running instructions for all simulations are 
vailable on request: j.smith49@herts.ac.uk 

Simulation movies will be available in the supplementary material 
n the journals website. 

EFER ENCES  

gertz O., Kravtsov A. V., 2016, ApJ , 824, 79 
ndr ́e P., Di Francesco J., Ward-Thompson D., Inutsuka S.-I., Pudritz R. E.,

Pineda J., 2014, Protostars and Planets VI. University of Arizona Press 
ppel S. M., Burkhart B., Semenov V. A., Federrath C., Rosen A. L., 2022,

ApJ , 927, 75 
ate M. R., Burkert A., 1997, MNRAS , 288, 1060 
ate M. R., Bonnell I. A., Price N. M., 1995, MNRAS , 277, 362 
ate M. R., Tricco T. S., Price D. J., 2014, MNRAS , 437, 77 
ertelli Motta C., Clark P. C., Glo v er S. C. O., Klessen R. S., Pasquali A.,

2016, MNRAS , 462, 4171 
oneberg D. M., Dale J. E., Girichidis P., Ercolano B., 2015, MNRAS , 447,

1341 
urkhart B., Mocz P., 2019, ApJ , 879, 129 
amacho V., V ́azquez-Semadeni E., Palau A., Busquet G., Zamora-Avil ́es 

M., 2020, ApJ , 903, 46 
hira R. A., Ib ́a ̃ nez-Mej ́ıa J. C., Mac Low M. M., Henning T., 2019, A&A ,

630, A97 
larke S. D., Williams G. M., Walch S., 2020, MNRAS , 497, 4390 
ale J. E., 2017, MNRAS , 467, 1067 
avis M., Efstathiou G., Frenk C. S., White S. D. M., 1985, ApJ , 292, 371 
e Avillez M. A., Breitschwerdt D., 2005, A&A , 436, 585 
obbs C. L., Wurster J., 2021, MNRAS, 502, 2283 
obbs C. L. et al., 2014, in Beuther H., Klessen R. S., Dullemond C. P.,

Henning T., eds, Protostars and Planets VI. University of Arizona Press, 
p. 3 

obbs C. L., Liow K. Y., Rieder S., 2020, MNRAS , 496, L1 
uarte-Cabral A., Dobbs C. L., 2016, MNRAS , 458, 3667 
lmegreen B. G., Scalo J., 2004, ARA&A , 42, 211 
 alceta-Gon c ¸alv es D., Bonnell I., Kowal G., L ́epine J. R. D., Braga C. A. S.,

2015, MNRAS , 446, 973 
aucher-Gigu ̀ere C.-A., Quataert E., Hopkins P. F., 2013, MNRAS , 433, 1970
ederrath C., 2015, MNRAS , 450, 4035 
ederrath C., 2016, MNRAS , 457, 375 
ern ́andez-L ́opez M. et al., 2021, American Astronomical Society, 913, 29 
irichidis P., Federrath C., Banerjee R., Klessen R. S., 2011, MNRAS , 413,
2741 

oldbaum N. J., Krumholz M. R., Forbes J. C., 2016, ApJ , 827, 28 
onz ́alez-Samaniego A., Vazquez-Semadeni E., 2020, MNRAS , 499, 668 
rudi ́c M. Y., Hopkins P. F., Faucher-Gigu ̀ere C.-A., Quataert E., Murray N.,

Kere ̌s D., 2018, MNRAS , 475, 3511 
uszejnov D., Grudi ́c M. Y., Hopkins P. F., Offner S. S. R., Faucher-Gigu ̀ere

C.-A., 2021, MNRAS , 502, 3646 
illenbrand L. A., Hartmann L. W., 1998, ApJ , 492, 540 

affa S. E., Dale J., Krause M., Clarke S. D., 2022, MNRAS , 511, 2702 
lessen R. S., Spaans M., Jappsen A.-K., 2005, Proc. Int. Astron. Union , 1,

337 
owal G., Lazarian A., 2007, ApJ , 666, L69 
rause M. G. H. et al., 2020, Space Sci. Rev., 216, 64 
ritsuk A. G., Norman M. L., Padoan P., Wagner R., 2007, ApJ , 665, 416 
ritsuk A. G., Ustyugov S. D., Norman M. L., 2017, New J. Phys. , 19, 065003
rumholz M. R., Burkhart B., 2016, MNRAS , 458, 1671 
rumholz M. R., Burkhart B., Forbes J. C., Crocker R. M., 2018, MNRAS ,

477, 2716 
ada C. J., Lada E. A., 2003, ARA&A , 41, 57 
ane H. B., Grudi ́c M. Y., Guszejnov D., Offner S. S. R., Faucher-Gigu ̀ere

C.-A., Rosen A. L., 2022, MNRAS , 510, 4767 
arson R. B., 1981, MNRAS , 194, 809 
ee Y.-N., Hennebelle P., 2018, A&A , 611, A89 
ee Y.-N., Hennebelle P., 2018, A&A , 611, A88 
ee Y.-N., Hennebelle P., 2019, A&A , 622, A125 
iow K. Y., Dobbs C. L., 2020, MNRAS , 499, 1099 
ocz P., Burkhart B., Hernquist L., McKee C. F., Springel V., 2017, ApJ ,

838, 40 
am D. G., Federrath C., Krumholz M. R., 2021, MNRAS, 503, 1138 
ffner S. S. R., Klein R. I., McKee C. F., 2008, ApJ , 686, 1174 
adoan P., Nordlund A., Kritsuk A. G., Norman M. L., Li P. S., 2007, ApJ ,

661, 972 
adoan P., Pan L., Haugbølle T., Nordlund Å, 2016, ApJ , 822, 11 
adoan P., Haugbølle T., Nordlund Å., Frimann S., 2017, ApJ , 840, 48 
ettitt A. R., Dobbs C. L., Baba J., Colombo D., Duarte-Cabral A., Egusa F.,

Habe A., 2020, MNRAS , 498, 1159 
rice D. J. et al., 2018, Publ. Astron. Soc. Aust., 35, e031 
chuller F. et al., 2021, A&A, 651, A36 
eifried D. et al., 2017, MNRAS , 472, 4797 
eifried D., Walch S., Haid S., Girichidis P., Naab T., 2018, ApJ , 855, 81 
 ́azquez-Semadeni E., Gonz ́alez-Samaniego A., Col ́ın P., 2017, MNRAS ,

467, 1313 
 ́azquez-Semadeni E., Palau A., Ballesteros-Paredes J., G ́omez G. C.,

Zamora-Avil ́es M., 2019, MNRAS , 490, 3061 
amora-Avil ́es M., V ́azquez-Semadeni E., 2014, ApJ , 793, 84 
heng Y., Wang H., Ma Y., Li C., 2021, Symmetry properties and widths of

the filamentary structures in the Orion a giant molecular cloud, vol. 21 .
IOP Publishing, p. 188 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

m10k.mp4 
m10ke.mp4 
m5k.mp4 
m5ke.mp4 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 516, 4212–4219 (2022) 

http://dx.doi.org/10.3847/0004-637X/824/2/79
http://dx.doi.org/10.3847/1538-4357/ac4be3
http://dx.doi.org/10.1093/mnras/288.4.1060
http://dx.doi.org/10.1093/mnras/277.2.362
http://dx.doi.org/10.1093/mnras/stt1865
http://dx.doi.org/10.1093/mnras/stw1921
http://dx.doi.org/10.1093/mnras/stu2498
http://dx.doi.org/10.3847/1538-4357/ab25ed
http://dx.doi.org/10.3847/1538-4357/abb8d4
http://dx.doi.org/10.1051/0004-6361/201833970
http://dx.doi.org/10.1093/mnras/staa2298
http://dx.doi.org/10.1093/mnras/stx028
http://dx.doi.org/10.1086/163168
http://dx.doi.org/10.1051/0004-6361:20042146
http://dx.doi.org/10.1093/mnrasl/slaa072
http://dx.doi.org/10.1093/mnras/stw469
http://dx.doi.org/10.1146/annurev.astro.41.011802.094859
http://dx.doi.org/10.1093/mnras/stu2127
http://dx.doi.org/10.1093/mnras/stt866
http://dx.doi.org/10.1093/mnras/stv941
http://dx.doi.org/10.1093/mnras/stv2880
http://dx.doi.org/10.1111/j.1365-2966.2011.18348.x
http://dx.doi.org/10.3847/0004-637X/827/1/28
http://dx.doi.org/10.1093/mnras/staa2921
http://dx.doi.org/10.1093/mnras/sty035
http://dx.doi.org/10.1093/mnras/stab278
http://dx.doi.org/10.1086/305076
http://dx.doi.org/10.1093/mnras/stac131
http://dx.doi.org/10.1017/S1743921305004710
http://dx.doi.org/10.1086/521788
http://dx.doi.org/10.1086/519443
http://dx.doi.org/10.1088/1367-2630/aa7156
http://dx.doi.org/10.1093/mnras/stw434
http://dx.doi.org/10.1093/mnras/sty852
http://dx.doi.org/10.1146/annurev.astro.41.011802.094844
http://dx.doi.org/10.1093/mnras/stab3739
http://dx.doi.org/10.1093/mnras/194.4.809
http://dx.doi.org/10.1051/0004-6361/201731523
http://dx.doi.org/10.1051/0004-6361/201731522
http://dx.doi.org/10.1051/0004-6361/201834428
http://dx.doi.org/10.1093/mnras/staa2857
http://dx.doi.org/10.3847/1538-4357/aa6475
http://dx.doi.org/10.1086/590238
http://dx.doi.org/10.1086/516623
http://dx.doi.org/10.3847/0004-637X/822/1/11
http://dx.doi.org/10.3847/1538-4357/aa6afa
http://dx.doi.org/10.1093/mnras/staa2242
http://dx.doi.org/10.1093/mnras/stx2343
http://dx.doi.org/10.3847/1538-4357/aaacff
http://dx.doi.org/10.1093/mnras/stw3229
http://dx.doi.org/10.1093/mnras/stz2736
http://dx.doi.org/10.1088/0004-637X/793/2/84
http://dx.doi.org/10.1088/1674-4527/21/8/188
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac2295#supplementary-data

	1 INTRODUCTION
	2 METHOD
	3 RESULTS AND ANALYSIS
	4 DISCUSSION
	5 SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION

