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ABSTRACT

More and more observations indicate that young star clusters could retain imprints of their
formation process. In particular, the degree of substructuring and rotation are possibly the
direct result of the collapse of the parent molecular cloud from which these systems form.
Such properties can, in principle, be washed-out, but they are also expected to have an impact
on the relaxation of these systems. We ran and analysed a set of 10 hydrodynamical simulations
of the formation of embedded star clusters through the collapse of turbulent massive molecular
clouds. We systematically studied the fractality of our star clusters, showing that they are all
extremely substructured (fractal dimension D = 1.0-1.8). We also found that fractality is
slowly reduced, with time, on small scales, while it persists on large scales on longer time-
scales. Signatures of rotation are found in different simulations at every time of the evolution,
even for slightly supervirial substructures, proving that the parent molecular gas transfers part
of its angular momentum to the new stellar systems.

Key words: methods: numerical — stars: kinematics and dynamics — ISM: clouds — ISM: kine-

matics and dynamics — galaxies: star clusters: general.

1 INTRODUCTION

The theoretical study of star clusters needs a more realistic de-
scription of their initial conditions. There are stronger and stronger
indications that the properties of these systems could be the imprints
of their formation process. For example, young massive clusters
and open clusters show substrutctures with complex kinematics and
fractality (e.g. Cartwright & Whitworth 2004; Sanchez & Alfaro
2009; Parker & Meyer 2012; Cantat-Gaudin et al. 2019; Kuhn et al.
2019), traces of ongoing dispersal (e.g. Cantat-Gaudin et al. 2019;
Kuhn et al. 2019), believed to be due to sudden gas expulsion (e.g.
Tutukov 1978; Lada, Margulis & Dearborn 1984; Geyer & Burkert
2001; Baumgardt & Kroupa 2007) and indications of rotation (e.g.
Hénault-Brunet et al. 2012).

Understanding the formation of star clusters in the local Universe
might also be crucial to explain the properties of older systems as
globular clusters. Signatures of rotation are also found for these
more evolved systems (e.g. van Leeuwen et al. 2000; Pancino et al.
2007; Bianchini et al. 2013; Fabricius et al. 2014; Kamann et al.
2018). Furthermore, globular clusters show multiple populations
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of stars with slightly different chemical properties, kinematics
and segregation (see Gratton, Sneden & Carretta 2004; Marino
et al. 2008; Milone et al. 2010; Carretta et al. 2011; Gratton,
Carretta & Bragaglia 2012; Bastian & Lardo 2018; Milone et al.
2020, and references therein). These distinct populations might
be explained by a non-monolithic formation of their host cluster
(Perets & Mastrobuono-Battisti 2014; Bekki & Tsujimoto 2016;
Gavagnin, Mapelli & Lake 2016; Mastrobuono-Battisti & Perets
2016; Mastrobuono-Battisti et al. 2019).

The degree of fractality (i.e. of substructuring) and the amount
of rotation of a young star cluster are both expected to have an
impact on its dynamical evolution, particularly at the early stages
of its assembly. In particular, they are both enhancing the local
probability of two-body encounters, e.g. shortening the two-body
relaxation of such systems. This impact on the relaxation time-scale
is particularly important because dynamics is predicted to play a
crucial role, for example, in the formation of intermediate-mass
black holes (Colgate 1967; Ebisuzaki et al. 2001; Portegies Zwart
et al. 2004; Freitag, Giirkan & Rasio 2006; Giersz et al. 2015;
Mapelli 2016) and the formation and evolution of massive binary
systems, which might be the precursors of compact object mergers
(Ziosi et al. 2014; Kimpson et al. 2016; Mapelli 2016; Banerjee
2017; Fujii, Tanikawa & Makino 2017; Banerjee 2018a, b; Di
Carlo et al. 2019; Kumamoto, Fujii & Tanikawa 2019).

Published by Oxford University Press on behalf of the Royal Astronomical Society

1202 udy 60 Uo Josn essiS Aq 600958G/6+/1/961/2101e/SEIUW/0d"dNO"0ILSPEDE)/:SARY WO} PAPEOUMOQ


http://orcid.org/0000-0003-4893-2993
http://orcid.org/0000-0001-8799-2548
http://orcid.org/0000-0003-2654-5239
http://orcid.org/0000-0003-0930-6930
http://orcid.org/0000-0002-5699-5516
mailto:alessandro.ballone@oapd.inaf.it

50 A. Ballone et al.

Fractality has been quite widely investigated for observed sys-
tems and through pure N-body simulations. However, few studies
focused on the fractality of star clusters forming in hydrodynam-
ical simulations of the collapse of turbulent molecular clouds.
A first attempt was performed by Schmeja & Klessen (2006).
These authors tested the so-called Q parameter, first defined by
Cartwright & Whitworth (2004), on both observations of young
embedded star clusters and the smoothed-particle hydrodynamics
(SPH) simulations by Schmeja & Klessen (2004). They reported
values of Q comparable between their models and real star clusters
and found no significant correlation between the fractality of their
sink particle distributions and the properties of the turbulent field
induced in the simulated collapsing molecular clouds. A similar
attempt can be found in Maschberger et al. (2010), who analysed two
simulations with cloud mass equal to 10° and 10* M, performed
by Bonnell, Bate & Vine (2003) and Bonnell, Clark & Bate (2008),
respectively. The resulting sink particle clusters were both forming
with low values of Q (of the order of 0.4-0.5), typical of a very
high degree of substructuring. However, for the lower mass cluster,
which is bound, Q evolves to values typical of no fractality in around
a couple of free-fall times, while for the higher mass cluster, which
is initially unbound, Q stays more or less constant. This is a proof
that star clusters assembling hierarchically are expected to form
fractal and then to ‘lose’ substructures due to their mergers and to
relaxation processes.

Low values of Q at the early stage of star formation have also
been found by Girichidis et al. (2012), though for much smaller
(100 Mg) and strongly unstable clouds. Girichidis et al. (2012)
also found a possible dependence (though quite mild) of Q on both
the initial density profile and mode of turbulence of the collapsing
cloud. Finally, no strong dependence of Q on stellar feedback was
found in the hydrodynamical simulations analysed in Parker & Dale
(2015) and Gavagnin et al. (2017). In general, an evolution of Q
from small values to larger values (no fractality) is found also in
these studies.

Rotation in embedded star (proto-)clusters forming in hydrody-
namical simulations has been way less investigated in literature.
Recent studies by Lee & Hennebelle (2016) and Mapelli (2017)
showed that such star clusters inherit significant rotation from their
parent cloud, by large-scale torques from the gas and from angular
momentum conservation in the collapse of the densest cores. Indeed,
possible signatures of rotation are found in observations (through
different gas tracers) of collapsing molecular clouds, sometimes
at large scales (e.g. Galvdn-Madrid et al. 2009; Li, Wyrowski &
Menten 2017), but most importantly at the loci of convergence
of different turbulence-induced filaments (Ho & Haschick 1986;
Zhang & Ho 1997; Liu et al. 2012; Beuther, Linz & Henning 2013;
Dalgleish et al. 2018; Juarez et al. 2019; Liu et al. 2019; Trevifio-
Morales et al. 2019).

In this paper, we study these two properties for 10 hydrodynamic
simulations of the formation of star clusters by the collapse of mas-
sive molecular clouds. A brief description of the initial conditions
and methods adopted to run our set can be found in Section 2. In
Section 3.1, we present our analysis of fractality, performed through
the adoption of few different diagnostic indicators. The analysis of
rotation can be found in Section 3.2. A discussion of our results is
presented in Section 4. We summarize our results in Section 5.

2 HYDRODYNAMICAL SIMULATIONS

We analysed 10 hydrodynamical simulations of turbulent molec-
ular clouds performed with the SPH code GASOLINE (Wadsley,
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Stadel & Quinn 2004; Wadsley, Keller & Quinn 2017). We
adopted an adiabatic equation of state, coupled to the radiative
cooling algorithm described in Boley (2009) and Boley et al.
(2010). The cooling is calculated from the divergence of the flux
V. F=—-@36m)!3s lo(T* — T2)(At + 1/AT)"!, where o is the
Stefan—Boltzmann constant, 7, represents the incident radiation,
s=(m/p)" and At = skp, with m and p being the particle mass and
density and k being the local opacity. For k, tabulated values of the
Planck and Rosseland dust opacities are used, taken from D’ Alessio,
Calvet & Hartmann (2001), while we adopted 7}, = 10 K.

The clouds have an initial uniform density and temperature of
250 cm~3 and 10 K, respectively, distributed on a sphere with mass
equal to 10*—10° Mg (see Table 1). This leads to a fixed cloud
free-fall time of 7 = 2 Myr.

All the clouds are initially turbulent, so to be in a marginally
bound state. This means that their virial ratio oy, = 7/|V] = 1,
where T'and V are the kinetic and potential energy, respectively. The
turbulence consists of a divergence-free Gaussian random velocity
field, following a Burgers (1948) power spectrum. The turbulence
seed is different for each simulation.

All the simulations have a fixed number of 107 gas particles,
corresponding to a mass resolution of 10~ to 1072 Mg, with
gravitational softening of € = 10~ pc.

We modelled the formation of stars through a sink particle
algorithm adopting the same criteria as in Bate, Bonnell & Price
(1995). In particular, we adopted a density threshold! of 107 cm™3
and we set a sink radius of r, =2 x 1073 pc.

3 RESULTS

Unless differently stated, we analyse the simulations at an evolution-
ary time of gy, = 3 Myr (i.e. equal to 1.5 times the original cloud
free-fall time 7 ), at which we investigated the main properties
of the sinks, as summarized in Table 1. This choice is somewhat
arbitrary, but it is roughly consistent with the time at which we
expect stellar feedback to start expelling gas from the parent cloud
and lead to a saturation of star formation. As shown in Table 1, the
sink formation efficiency, defined as € iy = M{/M . (Where M, is the
initial cloud mass and M; is the mass in sinks), ranges between 0.28
and 0.45, consistent with previous simulations, that also considered
stellar feedback (e.g. Vazquez-Semadeni et al. 2010; Dale et al.
2014; Gavagnin et al. 2017; Li et al. 2019).

Fig. 1 shows projection maps of the gas density at the end of the
simulations, while Fig. 2 shows the distribution of the sinks formed
in each cloud.

In the following, we will focus on some major structural and
kinematic properties of the formed star clusters and of their sub-
clumps.

3.1 Fractality

All the simulated star clusters appear to be strongly substructured,
compared to the relaxed distributions of older stellar systems. This

! The main difference between our simulation set-up and the one of Mapelli
(2017) is the density threshold, being 10° cm™> in Mapelli (2017). This
difference affects the initial virial state of the simulated sink clusters: our
star clusters end up having ayj; = 0.5, while the clusters simulated by
Mapelli (2017) are sub-virial. This deserves further analysis and should be
kept into account when interpreting the results of numerical studies based

on sink particle algorithms.
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Table 1. Properties of the simulated star clusters at fsjm = 3 Myr.

Mme Mo) R (pc) Ns Ms Mop) €sf Dg3p s Dgops Dcsps Dcap s Os O3p.s
104 5.4 2531 422 x 103 0.42 1.38 £0.03 1.20 £0.02 1.04 £0.04 0.87 £0.03 0.40 0.24
2 x 10* 6.8 2571 6.69 x 10° 0.33 1.40 & 0.03 1.19 £ 0.02 1.38 £ 0.04 1.06 & 0.03 0.40 0.25
3 x 10* 7.8 2825 1.03 x 10* 0.34 1.34 £0.03 1.21 £0.02 1.51 £0.03 1.22 £0.02 0.49 0.31
4 x 10* 8.6 2868 1.44 x 10* 0.36 1.30 &£ 0.03 1.04 £ 0.02 1.76 £ 0.02 1.69 £ 0.01 0.76 0.32
5% 10* 9.2 2231 1.41 x 10* 0.28 1.48 £0.03 1.34 £0.02 1.51 £0.02 1.40 £ 0.02 0.35 0.20
6 x 10* 9.8 3054 2.04 x 10* 0.34 1.52 £ 0.02 1.33 £0.02 1.43 £ 0.02 1.25 £ 0.01 0.37 0.21
7 x 10* 10.3 4214 3.15 x 10* 0.45 1.40 £ 0.02 1.12 £ 0.01 1.30 £0.03 1.34 £0.01 0.69 0.26
8 x 10* 10.8 2945 2.83 x 10* 0.35 1.56 & 0.04 1.30 £ 0.01 1.61 £ 0.03 1.42 £ 0.02 0.46 0.28
9 x 10* 11.2 3161 3.05 x 10* 0.34 1.49 £0.04 1.27 £0.02 1.60 £ 0.02 1.48 £0.02 0.43 0.27
10° 11.6 3944 3.80 x 10* 0.38 1.40 £0.03 1.17 £0.01 1.49 £0.04 1.41 £0.02 0.53 0.28

Notes. Column 1 (Mpc): initial molecular cloud mass; column 2 (Ry,): initial molecular cloud radius; column 3 (N): number of sink particles formed after
1.5 ts; column 4 (M;): total mass of sink particles after 1.5 #; column 5 (eg¢): star formation efficiency at 1.5 #; column 6 (Dp3p, s): 3D fractal dimension
of sink particles calculated with the box-counting method (see the text for details); column 7 (Dgap,s): 2D fractal dimension of sink particles calculated with
the box-counting method; column 8 (Dc3ps): 3D fractal dimension of sink particles calculated with the neighbour-counting method (see the text for details);
column 9 (Dcaps): 2D fractal dimension of sink particles calculated with the neighbour-counting method; column 10 (Q2p): Q parameter of sink particles

calculated in two dimensions; column 11 (Q3p): Q parameter of sink particles calculated in three dimensions.

is extremely important, since substructures in the cluster are usually
very dense and might be the loci of strong dynamical interaction
between stars. One way to quantify the degree of irregularity of
an object is the so-called fractal dimension D. Several works in
literature tried to quantify the fractal dimension, from both an
observational point of view and a theoretical one. We calculated
the fractal dimension of our simulated clusters in different ways.

First of all, we calculated the fractal dimension Dy through a
‘box-counting’ method. This is the inverse process of what is usually
done to build fractal distributions (e.g. Bate, Clarke & McCaughrean
1998; Cartwright & Whitworth 2004; Kiipper et al. 2011; Lomax,
Whitworth & Cartwright 2011). In this case, we constructed a series
of n = 60 3D/2D grids embedding the star cluster, composed of
cubic cells. The size Ly of each cell, in the k-th grid is equal to
the maximum x, y, z-size S of the star cluster, divided by a factor
ranging from 2 to 200 in a logarithmic scale. According to this
definition, the fractal dimension Dy is calculated as the slope of
the curve log Ny versus log L~!, where Ny is the number of cells
occupied by at least one sink.

Fig. 3 shows the aforementioned curves for the full set of
simulations, calculated for the 3D distribution of the sinks and
for their distribution in the x—y projection, while Table 1 lists the
values of Dg obtained from a fit of those curves, calculated for
Noce.max = 0.1 Nginks, 1.€. roughly when the curves start saturating.
The saturation occurs because the number of ‘boxes’ is tending
to the number of sinks at L < 1 pc, which means Dg is mostly
probing the degree of substructures on larger scales. As visible in
Table 1, the values of Dy are ranging from 1.30 to 1.56 for the 3D
calculation and from 1.04 to 1.34 in the 2D case, which is on the
lower end, but compatible, with the values obtained in observations
(see Sanchez & Alfaro 2010, and references therein).

We then calculated the fractal dimension through a ‘neighbour-
counting’ method. This is strongly related to calculating the so-
called ‘correlation integral’ (e.g. de La Fuente Marcos & de La
Fuente Marcos 2006; Sanchez et al. 2007)

1 s
Clr)= m;ni(’")v (D

where N is the number of sinks and #7;(r) is the number of neigh-
bours of the i-th sink, contained in a 3D sphere (or 2D circle) with
radius r. Fig. 4 shows the resulting values of C'(r) = (Ny — 1) C(r)

as a function of r, both for the 3D distribution and for its 2D x—y
projection. Also in this case, we obtained D¢ as the slope of the
curve log C (r) versus log r, calculated for C (Mmax = Nyinks/3, i..
roughly when the curves start saturating. In this case, the saturation
occurs since for r that tends to half of the size of the cluster, the
corresponding sphere (circle) is basically encompassing most of
the sinks. So, opposite to Dg, D¢ is mostly probing the degree of
substructures on small/intermediate scales. It is also worth noting
that the derivative of such curves depends on r. This happens
because the sinks in some simulations are distributed in few (two
or three) major sub-clumps. Hence, C'(r) may change regime when
r reaches the typical size of such sub-clumps. The values of D¢
listed in Table 1 are typically smaller than those of Dg, though still
compatible with the observed values for the youngest star clusters
(see Sanchez & Alfaro 2010, and references therein). However, this
is partially the result of our simple linear fitting of curves with
clearly varying slope. As also shown in Sanchez & Alfaro (2008),
D¢ can also strongly depend on the actual 3D distribution of the
sinks (particularly, on how ‘flat’ the distribution is, along the line
of sight), especially at low values of their actual fractal dimension.

Finally, we estimated the so-called Q parameter, which is likely
the most popular indicator of fractality in the literature, used for the
analysis of both observations and simulations (e.g. Cartwright &
Whitworth 2004; Schmeja & Klessen 2006; Bastian et al. 2009;
Cartwright 2009; Sénchez & Alfaro 2010; Maschberger et al. 2010;
Parker & Meyer 2012; Parker 2014; Parker & Dale 2015). Q is
defined as the ratio of the mean edge length of the minimum-
spanning-tree (MST) m and the mean inter-particle distance 5. For
this calculation, 5 should be normalized to a typical size of the
star cluster. We chose this length r.; to be half of the maximum
distance between the sinks (i.e. we chose the radius of the circle, in
2D, or sphere, in 3D, encompassing the whole cluster). Following
Cartwright (2009), /i was normalized by (wr23/Ns)"/? for a 2D
calculation and by (47‘[rc31 /(3Ny))'/3 for a 3D calculation.

In Table 1, we listed the value of Q for our set of simulations,
calculated using the 3D distribution and the 2D x—y projection of
the sinks. We show that Q,p and Q;p are both significantly smaller
than 0.8 (for the 2D calculation) and 0.7 (for the 3D calculation),
which are the values expected for non-fractal distributions. The
only outliers, with values 20.7, are Q,4 for the M, = 4 x 10* Mo
and My = 7 x 10* Mg simulations. This is explained by the
particular choice of their 2D projections, which made the cluster
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Figure 1. Projection map of the gas particle density at s, = 3 Myr, for all the simulations of our set.

appear almost spherical and brought Q to a value that is more typical
of low fractality. However, the high fractality of these clusters is still
revealed through the 3D calculation and the previous Dg and D¢
indicators.

As shown in Cartwright (2009), 5—m plots are an even better
diagnostic test of fractality. Fig. 5 can be directly compared to figs 1
and 2 of Cartwright (2009). Our values of § and m sit in a region of
such plots typical of extremely high fractality, i.e. fractal dimension
<l1.6.

Fig. 6 show the evolution of D¢ for the My = 2 x 10* Mg
simulation, while Fig. 7 shows the evolution of Q for the M = 2,
4,6 x 10* Mg, simulations. Both D¢ and Q show a clear increase
with time, while Dy stays almost constant during the evolution of
the whole cluster. This can be explained by the fact that D¢ and Q
are mostly probing the degree of fractality on small scales, which
decreases with time, due to the merger of such substructures and

MNRAS 496, 49-59 (2020)

to their internal dynamical relaxation (see also Maschberger et al.
2010; Parker 2014). In contrast, Dg mostly probes the amount of
substructures on larger separations, i.e. those due to the large-scale
modes of the initially induced turbulence, which are more slowly
affected by dynamics. As already discussed, the My =4 x 10* Mg
simulation shows a big increase in Q,p with time, reaching values
even bigger than 0.8, i.e. what is expected for no-fractality. However,
as shown by the Qsp curve this is mostly due to the particular choice
of its 2D projection.

3.2 Rotation

We studied rotation of substructures in our simulations, performing
a similar analysis as in Mapelli (2017). In particular, we selected
regions with the highest mass density and angular momentum of the
sinks and, for these regions, we rescaled the position and velocity
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Figure 2. Projection of the sink particle distribution at #5, = 3 Myr, for all the simulations of our set.
of the sinks to their centre of mass. Finally we moved them to a Fig. 8 shows scatter plots and Voronoi tessellation maps for the
new frame of reference, where z’ has the same direction as the total three components of the velocity v.,, v|,, and v;, in the x'—)' plane,
angular momentum of the selected sinks and x” and y’ are arbitrarily for the highest angular momentum cluster of the My = 2 x 10* Mo
oriented in the plane perpendicular to z’. simulation at ti, = 3 Myr. The graphs of v}, and v}, show a
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Figure 3. Fractal dimension, as calculated through the ‘box-counting’ method, for the 3D distribution (left) and a 2D projection (right) of the sink position.
The plot shows the number of cells (with size L) occupied by at least one sink, for 3D/2D grids covering the sink clusters (see text for a detailed explanation).
The slope of such logarithmic curves is equal to the fractal dimension Dg. The three dotted lines show the ideal curves for Dg = 1.6, 2.0, 3.0.
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distribution of mostly positive velocity components on half of the
plot and mostly negative velocity components on the other half. In
contrast, the plots of v/, show no clear trend. This can be interpreted
as rotation of such sub-cluster around the 7 axis.

Fig. 9 shows Voronoi tessellation maps of the same sub-cluster
as in Fig. 8 but shown at a later time, at #,, = 4 Myr. The rotation
signature is still present and has comparable magnitude even after
1 Myr.

We can further confirm that the signature visible in Figs 8 and
9 are actually due to rotation, by looking at Fig. 10, for tg, =
4 Myr. In this plot we show, for each ‘position’ bin, the average
velocity components of the sinks and their dispersion o, calculated
as the standard deviation of each velocity component with respect
to its average. The upper panels of Fig. 10 show profiles for v/, (y")
and v;,(x’). Such plots should be a good representation of what
an observed line-of-sight velocity would look like in the plane
perpendicular to the total angular momentum of the sub-cluster. The
lower panels of Fig. 10 show profiles for the tangential (rotational)
and radial velocity components, v’y and v'yq4, in the new frame
of reference. The profiles are done over ¢’ and r/, where ¢’ is the

MNRAS 496, 49-59 (2020)

azimuthal position and 7 is the distance from the centre of the
sub-clump, in the newly defined frame of reference.

A rotation feature is visible in all of these plots, with the average
value of each velocity component associated with rotation being
~3-5 km s~! and comparable to its dispersion. Such magnitudes
are similar to the values obtained in both observations (for the
young star cluster R136 observed by Hénault-Brunet et al. 2012)
and hydrodynamical simulations (Mapelli 2017). Furthermore, the
red circles in the lower panels show the average radial velocity in
each bin, which is always close to 0, again strengthening the idea
that our scatter and contour maps are actually showing a rotation
feature, rather than collapse towards the centre of the sub-clump.

We performed the same analysis for all our simulations, but
signatures of rotation are not always easily found for substructures
in all of the clouds. Fig. 11 shows the same plots as Fig. 8, but for
the simulations with My = 6, 10 x 10* Mg. The highest angular
momentum region in the simulation with My = 6 x 10* My, is
occupied by a single sub-cluster. This sub-cluster shows indications
of rotation, even though the feature is more noisy, because such
sub-cluster is composed of less stars than the one in Fig. 8. Even
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if the signature is less evident in this case, the rotation velocity is
roughly of the same order of magnitude as in Fig. 8.

In the M, = 10° M, simulation, the highest angular momentum
region consists of two sub-clusters rotating around a common centre
of mass. These two sub-clusters are about to merge and form a
single, fast rotating star cluster.

4 DISCUSSION

We mainly focused our study on fractality and rotation, since these
phenomena are mostly linked to the formation phase of young
star clusters and to the interplay between stars and the gas still
embedding them. Such phase is crucial to understand the assembly
history of star clusters.

We showed that all the star clusters formed in our simulations
(and composed of sink particles) have highly fractal distributions,
from small to large scales, particularly at early stages (= 1.5 ). The
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Figure 7. Evolution of the Q parameter for My = 2, 4, 6 x 10* Mg
(circles, triangles, and squares, respectively). The solid and dotted lines
show the results for the 2D and 3D calculation, respectively.

values of different fractality indicators obtained for our clusters are
consistent with observations, especially for the youngest embedded
star clusters, such as Taurus, Lupus, Chamaeleon I or the Pipe
Nebula (see Cartwright & Whitworth 2004; de La Fuente Marcos &
de La Fuente Marcos 2006; Schmeja & Klessen 2006; Sanchez &
Alfaro 2010; Dib & Henning 2019). On small scales, the degree
of fractality is slowly reduced with time, as shown by the trend
of D¢ in Fig. 6. This happens because our star clusters form
hierarchically (smaller substructures merge to form a major, more
centrally concentrated star cluster Schmeja & Klessen 2006), and
because each sub-structure relaxes by efficient two-body relaxation
(the two-body relaxation timescale for our main substructures is
of the order of 0.5 Myr). In contrast, the degree of fractality on
large scales (as shown by the trend of Dy in Fig. 6) remains nearly
constant in our simulations. This is due to the fact that the box-
counting method is not capable to probe fractality on small scales
(the curves in Fig. 3 saturate for L < 1 pc). In more physical terms,
Dg is not considerably varying since the substructures on large
scales are mostly the imprint of the large-scale modes of the initial
turbulence on the distribution of the star-forming gas, rather than
of stellar dynamics. The merger of such substructures occurs on
longer dynamical timescales, compared to the evolutionary times
of our simulations.

Such hierarchical assembly is crucial: for example, Fujii,
Saitoh & Portegies Zwart (2012) showed, by means of pure N-
body simulations, that the properties of young star clusters and
open clusters are best explained when these systems are the result
of mergers of smaller substructures, since the latter typically have
smaller relaxation times and the merger product preserves the
memory of the dynamical evolution of its constituents. Here, we
show that the hierarchical assembly starts already in the embedded
phase of these systems and occurs over different timescales, at
different length-scales.

Rotation can be found in substructures throughout the whole
set of simulations, already at the early stages of their formation.
As discussed by Mapelli (2017), this is due to angular momentum
conservation in the collapse of the densest gas forming the stellar
substructures, as well as angular momentum transfer by torques
from the gas to the already formed substructures. The magnitude
of the rotation signature measured in our simulations is consistent
with that found in the R136 cluster by Hénault-Brunet et al. (2012).

MNRAS 496, 49-59 (2020)
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Furthermore, rotation is visible not only in single, almost spher-
ically symmetric substructures, but also in the rotation of different
stellar sub-clumps, rotating around a common centre of mass (see
Fig. 11). Compared to Mapelli (2017), by looking at Fig. 10, we
can even more strongly exclude that the rotation signature visible
in Figs 8, 9, 10, and 11 is actually due to the collapse of the
substructure. This is particularly important, since an undergoing

MNRAS 496, 49-59 (2020)

collapse along some axis might be totally mistaken for rotation
(Rigliaco et al. 2016).

It is worth noting that rotation persists also at later times. This is,
again, a proof that stars inherit their rotation from the parent gas,
until they are embedded and the gas is expelled by stellar feedback.

Finally, we might expect that the collapse of our clouds is mostly
governed by the adimensional parameter y, defined by the ratio
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between the cloud-crossing time-scale and its free-fall time-scale.
In our case, since our clouds are highly turbulent, the relevant cloud-
crossing time-scale can be defined as #c;oss X Rine/0 urh, Where Ry
is the cloud radius and o is the turbulence-induced velocity dis-
persion. The free-fall time-scale is instead fir o< RY/2/M /2, where
My is the cloud mass. Hence, ¥ o< (Mumc/ Rie)"/? /Gy 0 \/0tuir. As
mentioned in Section 2, the virial ratio of our simulated clouds is
uniform throughout our set. So, in our simulations the only ‘control’
parameter is the turbulence random seed, which has a marginal
impact on our results (see e.g. Figs 3, 4, 5, and 7), even though it
leads to quite different large-scale structures. Since y o« ,/dyir, We
expect that similar results in terms of rotation and fractality are to be
expected for any initial condition with similar virial ratios. Instead,
we expect lower (higher) virial ratio star clusters to have their
substructures and rotation washed out faster (slower), as shown,
e.g. in the recent study by Daffern-Powell & Parker (2020).

A possible caveat of our approach is in the lack of stellar
feedback. Our simulations retain gas until their end and they keep
on converting it into sink particles, though most of the regions of
highest stellar density are already devoid of gas, at the times at which

we focused our analysis. It would be interesting to check whether
rotation is lost at earlier stages in more sophisticated simulations,
including ‘gentle’ pre-supernova feedback (such as photoionization
or stellar winds; see e.g. Vazquez-Semadeni et al. 2010; Dale et al.
2014; Gavagnin et al. 2017; Li et al. 2019). Our simulations also
lack a direct-summation gravity integrator, which would allow to
accurately study processes happening at the very early formation
of these systems, such as the core collapse (Fujii et al. 2012), the
formation and evolution of binary stars (e.g. Mapelli & Bressan
2013) and binary compact objects (e.g. Ziosi et al. 2014; Banerjee
2017; Fujii et al. 2017; Di Carlo et al. 2019) and the runaway
collision path for the formation of intermediate mass black holes
(Ebisuzaki et al. 2001; Portegies Zwart et al. 2004; Freitag et al.
2006). This could be done in the future, by either integrating such
more accurate methods in the hydrodynamical simulation (this
was recently attempted by Wall et al. 2019, but it is extremely
computationally challenging) or by using these simulations as initial
conditions of runs with direct N-body codes (as in the case of
Moeckel & Bate 2010; Moeckel et al. 2012; Parker & Dale 2013;
Fujii & Portegies Zwart 2016).

MNRAS 496, 49-59 (2020)
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Figure 11. Scatter plots for different regions in the M = 6 x 10* Mg (first row) and My = 10° Mg simulations (second row), at fsm = 3 Myr. The left,
central, and right columns show the three components of the velocity v’, (left), v/, (centre), and v/, (right) in the '~ plane, where 7' is the direction of the

angular momentum of the region.

5 SUMMARY AND CONCLUSIONS

We studied the evolution of fractality and rotation in embedded
star clusters, by means of SPH simulations of turbulent massive
molecular clouds with mass ranging from 10* to 10° Mg. The
formation of star clusters by gas fragmentation is modelled via sink
particles. In our analysis, we found that all the resulting star clusters,
at the early stages of their formation (1.5 #¢) have an extremely
high degree of fractality (D ~ 1.0—1.8, Q3p ~ 0.20—0.3). We also
showed that the degree of sub-structuring slightly decreases with
time at small scales, but it stays almost constant on large scales, on
timescales of the order of 1 — 2 #. Furthermore, we also show that
these substructures are often rotating and that rotation can persist
as long as the star cluster is embedded in its parent cloud, since
angular momentum is continuously fed by gas converging towards
the most massive stellar structures formed. The signature of rotation
can be even stronger, if we start from rotating molecular clouds (see
Li et al. 2017), which are not considered here, because we chose to
adopt a conservative approach.

Fractality and rotation could have a significant impact on the
evolution of the densest regions of young star clusters, by boosting
the local probability of two-body encounters. This should be taken
into account when studying dynamical processes believed to happen
at the very early formation of these systems. In future work, we will
thus focus on studying if and how fast rotation is erased by relaxation
processes, after gas removal.

ACKNOWLEDGEMENTS

AB, MM, and SR acknowledge financial support by the European
Research Council for the ERC Consolidator grant DEMOBLACK,
under contract no. 770017. MS acknowledges funding from the
European Union’s Horizon 2020 research and innovation pro-
gramme under the Marie-Sklodowska-Curie grant agreement No.

MNRAS 496, 49-59 (2020)

794393. We acknowledge the CINECA award HP10BQMOPE
under the ISCRA initiative and the CINECA-INFN agreement,
for the availability of high performance computing resources and
support.

REFERENCES

Banerjee S., 2017, MNRAS, 467, 524

Banerjee S., 2018a, MNRAS, 473, 909

Banerjee S., 2018b, MNRAS, 481, 5123

Bastian N., Lardo C., 2018, ARA&A, 56, 83

Bastian N, Gieles M., Ercolano B., Gutermuth R., 2009, MNRAS, 392, 868

Bate M. R., Bonnell I. A., Price N. M., 1995, MNRAS, 277, 362

Bate M. R., Clarke C. J., McCaughrean M. J., 1998, MNRAS, 297, 1163

Baumgardt H., Kroupa P., 2007, MNRAS, 380, 1589

Bekki K., Tsujimoto T., 2016, ApJ, 831, 70

Beuther H., Linz H., Henning T., 2013, A&A, 558, A81

Bianchini P., Varri A. L., Bertin G., Zocchi A., 2013, AplJ, 772, 67

Boley A. C., 2009, ApJ, 695, L53

Boley A. C., Hayfield T., Mayer L., Durisen R. H., 2010, Icarus, 207, 509

Bonnell 1. A., Bate M. R, Vine S. G., 2003, MNRAS, 343, 413

Bonnell I. A., Clark P, Bate M. R., 2008, MNRAS, 389, 1556

Burgers J. M., 1948, Adv. Appl. Mech., 1, 171

Cantat-Gaudin T. et al., 2019, A&A, 626, A17

Carretta E., Lucatello S., Gratton R. G., Bragaglia A., D’Orazi V., 2011,
A&A, 533, A69

Cartwright A., 2009, MNRAS, 400, 1427

Cartwright A., Whitworth A. P., 2004, MNRAS, 348, 589

Colgate S. A., 1967, ApJ, 150, 163

D’ Alessio P., Calvet N., Hartmann L., 2001, ApJ, 553, 321

Daffern-Powell E. C., Parker R. J., 2020, MNRAS, 493, 4925

Dale J. E., Ngoumou J., Ercolano B., Bonnell I. A., 2014, MNRAS, 442,
694

Dalgleish H. S., Longmore S. N., Peters T., Henshaw J. D., Veitch-Michaelis
J. L., Urquhart J. S., 2018, MNRAS, 478, 3530

de La Fuente Marcos R., de La Fuente Marcos C., 2006, A&A, 452, 163

1202 11dy B0 UO Jasn essIS Aq 6009G8S/6Y/1/961/910IME/SEIU/WOO"dNo-olWapede//:Ssdny WOy papeojumoq


http://dx.doi.org/10.1093/mnras/stw3392
http://dx.doi.org/10.1093/mnras/stx2347
http://dx.doi.org/10.1093/mnras/sty2608
http://dx.doi.org/10.1146/annurev-astro-081817-051839
http://dx.doi.org/10.1111/j.1365-2966.2008.14107.x
http://dx.doi.org/10.1093/mnras/277.2.362
http://dx.doi.org/10.1046/j.1365-8711.1998.01565.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12209.x
http://dx.doi.org/10.3847/0004-637X/831/1/70
http://dx.doi.org/10.1051/0004-6361/201321498
http://dx.doi.org/10.1088/0004-637X/772/1/67
http://dx.doi.org/10.1088/0004-637X/695/1/L53
http://dx.doi.org/10.1016/j.icarus.2010.01.015
http://dx.doi.org/10.1046/j.1365-8711.2003.06687.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13679.x
http://dx.doi.org/10.1016/S0065-2156(08)70100-5
http://dx.doi.org/10.1051/0004-6361/201834957
http://dx.doi.org/10.1111/j.1365-2966.2009.15540.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07360.x
http://dx.doi.org/10.1086/149319
http://dx.doi.org/ 10.1086/320655 
http://dx.doi.org/10.1093/mnras/staa575
http://dx.doi.org/10.1093/mnras/stu816
http://dx.doi.org/10.1093/mnras/sty1109
http://dx.doi.org/10.1051/0004-6361:20054552

Fractality and rotation in embedded star clusters 59

Di Carlo U. N., Giacobbo N., Mapelli M., Pasquato M., Spera M., Wang L.,
Haardt F., 2019, MNRAS, 487, 2947

Dib S., Henning T., 2019, A&A, 629, A135

Ebisuzaki T. et al., 2001, ApJ, 562, L19

Fabricius M. H. et al., 2014, ApJ, 787, L26

Freitag M., Giirkan M. A., Rasio F. A., 2006, MNRAS, 368, 141

Fujii M. S., Portegies Zwart S., 2016, ApJ, 817, 4

Fujii M. S., Saitoh T. R., Portegies Zwart S. F., 2012, ApJ, 753, 85

Fujii M. S., Tanikawa A., Makino J., 2017, PASJ, 69, 94

Galvan-Madrid R., Keto E., Zhang Q., Kurtz S., Rodriguez L. F., Ho P. T.
P., 2009, AplJ, 706, 1036

Gavagnin E., Mapelli M., Lake G., 2016, MNRAS, 461, 1276

Gavagnin E., Bleuler A., Rosdahl J., Teyssier R., 2017, MNRAS, 472,
4155

Geyer M. P., Burkert A., 2001, MNRAS, 323, 988

Giersz M., Leigh N., Hypki A., Liitzgendorf N., Askar A., 2015, MNRAS,
454, 3150

Girichidis P., Federrath C., Allison R., Banerjee R., Klessen R. S., 2012,
MNRAS, 420, 3264

Gratton R., Sneden C., Carretta E., 2004, ARA&A, 42, 385

Gratton R. G., Carretta E., Bragaglia A., 2012, A&AR, 20, 50

Hénault-Brunet V. et al., 2012, A&A, 545, L1

Ho P. T. P, Haschick A. D., 1986, ApJ, 304, 501

Judrez C., Liu H. B., Girart J. M., Palau A., Busquet G., Galvan-Madrid R.,
Hirano N., Lin Y., 2019, A&A, 621, A140

Kamann S. et al., 2018, MNRAS, 473, 5591

Kimpson T. O., Spera M., Mapelli M., Ziosi B. M., 2016, MNRAS, 463,
2443

Kuhn M. A., Hillenbrand L. A., Sills A., Feigelson E. D., Getman K. V.,
2019, Apl, 870, 32

Kumamoto J., Fujii M. S., Tanikawa A., 2019, MNRAS, 486, 3942

Kiipper A. H. W., Maschberger T., Kroupa P., Baumgardt H., 2011, MNRAS,
417, 2300

Lada C. J., Margulis M., Dearborn D., 1984, ApJ, 285, 141

Lee Y.-N., Hennebelle P., 2016, A&A, 591, A30

Li G.-X., Wyrowski F., Menten K., 2017, A&A, 598, A96

Li H., Vogelsberger M., Marinacci F., Gnedin O. Y., 2019, MNRAS, 487,
364

Liu H. B., Jiménez-Serra 1., Ho P. T. P, Chen H.-R., Zhang Q., Li Z.-Y.,
2012, Apl, 756, 10

Liu H. B. et al., 2019, ApJ, 871, 185

Lomax O., Whitworth A. P., Cartwright A., 2011, MNRAS, 412, 627

Mapelli M., 2016, MNRAS, 459, 3432

Mapelli M., 2017, MNRAS, 467, 3255

Mapelli M., Bressan A., 2013, MNRAS, 430, 3120

Marino A. F., Villanova S., Piotto G., Milone A. P, Momany Y., Bedin L.
R., Medling A. M., 2008, A&A, 490, 625

Maschberger T., Clarke C. J., Bonnell I. A., Kroupa P., 2010, MNRAS, 404,
1061

Mastrobuono-Battisti A., Perets H. B., 2016, ApJ, 823, 61

Mastrobuono-Battisti A., Khoperskov S., Di Matteo P., Haywood M., 2019,
A&A, 622, A86

Milone A. P. et al., 2010, ApJ, 709, 1183

Milone A. P. et al., 2020, MNRAS, 491, 515

Moeckel N., Bate M. R., 2010, MNRAS, 404, 721

Moeckel N., Holland C., Clarke C. J., Bonnell I. A., 2012, MNRAS, 425,
450

Pancino E., Galfo A., Ferraro F. R., Bellazzini M., 2007, ApJ, 661, L155

Parker R. J., 2014, MNRAS, 445, 4037

Parker R. J., Dale J. E., 2013, MNRAS, 432, 986

Parker R. J., Dale J. E., 2015, MNRAS, 451, 3664

Parker R. J., Meyer M. R., 2012, MNRAS, 427, 637

Perets H. B., Mastrobuono-Battisti A., 2014, ApJ, 784, L44

Portegies Zwart S. F., Baumgardt H., Hut P., Makino J., McMillan S. L. W.,
2004, Nature, 428, 724

Rigliaco E. et al., 2016, A&A, 588, A123

Sanchez N., Alfaro E. J., 2008, ApJS, 178, 1

Sanchez N., Alfaro E. J., 2009, ApJ, 696, 2086

Sanchez N., Alfaro E. J., 2010, in Ulla A., Manteiga M., eds, Lecture Notes
and Essays in Astrophysics, vol. 4, The Fractal Spatial Distribution of
Stars in Open Clusters and Stellar Associations. Térculo Press, Vigo,
Spain, p. 1

Sanchez N., Alfaro E. J., Elias F., Delgado A. J., Cabrera-Caiio J., 2007,
ApJ, 667,213

Schmeja S., Klessen R. S., 2004, A&A, 419, 405

Schmeja S., Klessen R. S., 2006, A&A, 449, 151

Trevifio-Morales S. P. et al., 2019, A&A, 629, A81

Tutukov A. V., 1978, A&A, 70, 57

van Leeuwen F,, Le Poole R. S., Reijns R. A., Freeman K. C., de Zeeuw P.
T., 2000, A&A, 360, 472

Vazquez-Semadeni E., Colin P, Gémez G. C., Ballesteros-Paredes J.,
Watson A. W., 2010, ApJ, 715, 1302

Wadsley J. W., Stadel J., Quinn T., 2004, New Astron., 9, 137

Wadsley J. W., Keller B. W., Quinn T. R., 2017, MNRAS, 471, 2357

Wall J. E., McMillan S. L. W., Mac Low M.-M., Klessen R. S., Portegies
Zwart S., 2019, ApJ, 887, 62

Zhang Q., Ho P. T. P, 1997, AplJ, 488, 241

Ziosi B. M., Mapelli M., Branchesi M., Tormen G., 2014, MNRAS, 441,
3703

This paper has been typeset from a TEX/IATEX file prepared by the author.

MNRAS 496, 49-59 (2020)

1202 11dy B0 UO Jasn essIS Aq 6009G8S/6Y/1/961/910IME/SEIU/WOO"dNo-olWapede//:Ssdny WOy papeojumoq


http://dx.doi.org/10.1093/mnras/stz1453
http://dx.doi.org/10.1051/0004-6361/201834080
http://dx.doi.org/10.1086/338118
http://dx.doi.org/10.1088/2041-8205/787/2/L26
http://dx.doi.org/10.1111/j.1365-2966.2006.10096.x
http://dx.doi.org/10.3847/0004-637X/817/1/4
http://dx.doi.org/10.1088/0004-637X/753/1/85
http://dx.doi.org/10.1093/pasj/psx108
http://dx.doi.org/10.1088/0004-637X/706/2/1036
http://dx.doi.org/10.1093/mnras/stw1397
http://dx.doi.org/10.1093/mnras/stx2222
http://dx.doi.org/10.1046/j.1365-8711.2001.04257.x
http://dx.doi.org/10.1093/mnras/stv2162
http://dx.doi.org/10.1111/j.1365-2966.2011.20250.x
http://dx.doi.org/10.1146/annurev.astro.42.053102.133945
http://dx.doi.org/ 10.1007/s00159-012-0050-3
http://dx.doi.org/10.1051/0004-6361/201219472
http://dx.doi.org/10.1086/164184
http://dx.doi.org/10.1051/0004-6361/201834173
http://dx.doi.org/10.1093/mnras/stx2719
http://dx.doi.org/10.1093/mnras/stw2085
http://dx.doi.org/10.3847/1538-4357/aaef8c
http://dx.doi.org/10.1093/mnras/stz1068
http://dx.doi.org/10.1111/j.1365-2966.2011.19412.x
http://dx.doi.org/10.1086/162485
http://dx.doi.org/10.1051/0004-6361/201527981
http://dx.doi.org/10.1051/0004-6361/201628251
http://dx.doi.org/10.1093/mnras/stz1271
http://dx.doi.org/10.1088/0004-637X/756/1/10
http://dx.doi.org/10.3847/1538-4357/aaf6b4
http://dx.doi.org/10.1111/j.1365-2966.2010.17935.x
http://dx.doi.org/10.1093/mnras/stw869
http://dx.doi.org/10.1093/mnras/stx304
http://dx.doi.org/10.1093/mnras/stt119
http://dx.doi.org/10.1051/0004-6361:200810389
http://dx.doi.org/10.1111/j.1365-2966.2010.16346.x
http://dx.doi.org/10.3847/0004-637X/823/1/61
http://dx.doi.org/10.1051/0004-6361/201834087
http://dx.doi.org/10.1088/0004-637X/709/2/1183
http://dx.doi.org/10.1093/mnras/stz2999
http://dx.doi.org/10.1111/j.1365-2966.2010.16347.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21494.x
http://dx.doi.org/10.1086/518959
http://dx.doi.org/10.1093/mnras/stu2054
http://dx.doi.org/10.1093/mnras/stt517
http://dx.doi.org/10.1093/mnras/stv1223
http://dx.doi.org/10.1111/j.1365-2966.2012.21851.x
http://dx.doi.org/10.1088/2041-8205/784/2/L44
http://dx.doi.org/10.1038/nature02448
http://dx.doi.org/10.1051/0004-6361/201527253
http://dx.doi.org/10.1086/589653
http://dx.doi.org/10.1088/0004-637X/696/2/2086
http://dx.doi.org/10.1086/520804
http://dx.doi.org/10.1051/0004-6361:20034375
http://dx.doi.org/10.1051/0004-6361:20054464
http://dx.doi.org/10.1051/0004-6361/201935260
http://dx.doi.org/10.1088/0004-637X/715/2/1302
http://dx.doi.org/10.1016/j.newast.2003.08.004
http://dx.doi.org/10.1093/mnras/stx1643
http://dx.doi.org/10.3847/1538-4357/ab4db1
http://dx.doi.org/10.1086/304667
http://dx.doi.org/10.1093/mnras/stu824

