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ABSTRACT

We take the end result of smoothed particle hydrodynamics (SPH) simulations of star forma-
tion which include feedback from photoionization and stellar winds and evolve them for a
further 10 Myr using N-body simulations. We compare the evolution of each simulation to a
control run without feedback, and to a run with photoionization feedback only. In common
with previous work, we find that the presence of feedback prevents the runaway growth of
massive stars, and the resulting star-forming regions are less dense, and preserve their initial
substructure for longer. The addition of stellar winds to the feedback produces only marginal
differences compared to the simulations with just photoionization feedback. We search for
mass segregation at different stages in the simulations; before feedback is switched on in the
SPH runs, at the end of the SPH runs (before N-body integration) and during the N-body
evolution. Whether a simulation is primordially mass segregated (i.e. before dynamical evo-
lution) depends extensively on how mass segregation is defined, and different methods for
measuring mass segregation give apparently contradictory results. Primordial mass segrega-
tion is also less common in the simulations when star formation occurs under the influence
of feedback. Further dynamical mass segregation can also take place during the subsequent
(gas-free) dynamical evolution. Taken together, our results suggest that extreme caution should
be exercised when interpreting the spatial distribution of massive stars relative to low-mass
stars in simulations.
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clusters and associations: general.

1 INTRODUCTION

Understanding how and where stars form is one of the central pillars
of astrophysics; star-forming regions either form bound clusters
(Lada & Lada 2003; Kruijssen 2012, and references therein) or
(more usually) disperse into the Galactic disc and they are also the
environment in which planetary systems are believed to form (e.g.
Haisch, Lada & Lada 2001).

Hydrodynamical simulations (e.g. Bonnell, Clark & Bate 2008;
Offner, Hansen & Krumholz 2009; Girichidis et al. 2011), radiation—
hydrodynamical simulations (e.g. Peters et al. 2010; Bate 2012;
Dale, Ercolano & Bonnell 2012; Hansen et al. 2012; Krumholz,
Klein & McKee 2012), and radiation—magnetohydrodynamic sim-
ulations (e.g. Myers et al. 2014) of star formation make predictions
for the outcome of star formation in dense, or clustered, environ-
ments. Ideally, we would like to compare the outcome of simulations
of star formation to observations of young star-forming regions
to search for similarities in stellar mass functions (Bonnell et al.
1997; Bate 2009; Krumholz et al. 2012), binary and multiplicity
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properties (Delgado-Donate et al. 2004; Goodwin, Whitworth &
Ward-Thompson 2004; Offner et al. 2010; Bate 2012), and in the
spatial distributions of stars (Schmeja & Klessen 2006; Girichidis
etal. 2012), including mass segregation (Moeckel & Bonnell 2009;
Maschberger & Clarke 2011; Kirk, Offner & Redmond 2014; Myers
et al. 2014).

One drawback of hydrodynamical simulations is that they do
not follow the full dynamical evolution of a star-forming region,
either until it forms a cluster, or disperses altogether. This can
be remedied slightly by evolving the simulation using a pure N-
body code (e.g. Moeckel & Bate 2010; Moeckel et al. 2012; Parker
& Dale 2013). Whilst this approach cannot accurately model the
gas left over from star formation, recent studies (e.g. Offner et al.
2009; Smith et al. 2011; Kruijssen et al. 2012) suggest that the
removal of gas does not strongly affect the subsequent evolution
of the cluster, due to high local star formation efficiencies (SFE).
For this reason, the classical picture of a cluster becoming unbound
following gas removal (Tutukov 1978; Lada, Margulis & Dearborn
1984; Goodwin & Bastian 2006) may not be valid.

In a previous paper (Parker & Dale 2013), we took the outcome
of five pairs of smoothed particle hydrodynamics (SPH) simula-
tions and evolved them forward in time using an N-body integrator.
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In each pair, one simulation formed stars under the influence of
photoionization feedback, and the other was a control run without
feedback. The differences in the SPH calculation were largely lim-
ited to differences in the mass functions; the run without feedback
formed fewer stars, but they had higher masses and higher stellar
densities. The runs with feedback were less dense, and as a result
the clusters that formed retained structure for longer, due to their
longer relaxation times (Parker & Dale 2013).

In this paper, we take recent simulations by Dale et al. (2014)
which include a further source of feedback — namely stellar winds
as well as photoionization feedback — and follow their dynamical
evolution for a further 10 Myr using N-body simulations. As in
Parker & Dale (2013), we determine the evolution of their spatial
distributions, local stellar density, and fraction of bound stars. We
also look for mass segregation, both before and during the subse-
quent N-body evolution. Recently, Kirk et al. (2014) and Myers
et al. (2014) have uncovered evidence for primordial mass segrega-
tion in their hydrodynamical and radiation—-magnetohydrodynamic
simulations, respectively — see also Maschberger & Clarke (2011)
who find a similar result in an analysis of the Bonnell et al. (2008)
simulation of star formation.

Observationally, mass segregation has been found in some young
star clusters (e.g. the Orion nebula Cluster — Hillenbrand &
Hartmann 1998; Allison et al. 2009a), but not in other regions,
including those that contain massive (>8 M) stars (Wright et al.
2014) and those that do not (Kirk & Myers 2011; Parker et al.
2011; Parker, Maschberger & Alves de Oliveira 2012). This begs
the question of whether mass segregation is likely to be a primordial
outcome of star formation (Bonnell & Davies 1998; Kirk et al. 2014;
Myers et al. 2014), whether it is dynamical (Allison et al. 2009b,
2010; Parker et al. 2014), or some combination of the two (Moeckel
& Bonnell 2009). If none, or very little, mass segregation occurs in
simulations of massive star formation, then the most likely scenario
is likely to be that it is a predominantly dynamical process.

The paper is organized as follows. In Section 2, we provide a de-
scription of the SPH simulations from Dale et al. (2012), Dale,

Mass segregation in star formation? 4279
Ercolano & Bonnell (2013), Dale et al. (2014), and the set-up
of the subsequent N-body simulations. We describe our results in
Section 3, we provide a discussion in Section 4, and we conclude
in Section 5.

2 INITIAL CONDITIONS

In Parker & Dale (2013), we used as our starting conditions the
results of SPH simulations of star formation in a parameter space
of molecular clouds presented in Dale et al. (2012, 2013). In these
simulations, the influence of photoionizing radiation from O-type
stars was included according to the algorithm presented in Dale,
Ercolano & Clarke (2007) and Dale et al. (2012). Dale et al. (2012,
2013) also present a control run of each simulation in which feed-
back was switched off. The SPH study has since been extended
to include momentum-driven stellar winds as described in Dale &
Bonnell (2008), in addition to photoionization. The simulations are
terminated after feedback from the O-type stars has been active for
3 Myr, since this is the time when these stars will begin to expire as
supernovae.

The principal results of the new SPH study are described in Dale
et al. (2014). In general, the additional influence of winds on top
of photoionization is modest, except at very early times, when the
winds aid the expanding H 1 regions in clearing dense gas from the
deep potential wells in which the O-stars are situated. Nevertheless,
there are differences in the numbers and distributions of stars formed
in the dual-feedback simulations when compared to the ionization-
only runs.

In Table 1, we summarize the results from the SPH studies,
including the simulations with stellar winds from the new study by
Dale et al. (2014). We list each simulation triplet; the run without
feedback first (‘a’), the run with photoionization feedback only (‘b’),
and the run with photoionization and stellar winds (‘c’). For each
triplet, we list the initial cloud virial ratio, o, cloud mass, Mjoud,
the number of stars formed at the end of each simulation, Ny, the
final stellar mass in the simulation, Mo, and the spatial structure

Table 1. A summary of the five different triplets of SPH simulations used as the input initial conditions of our N-body integrations.
The values in the columns are: the simulation number, the corresponding Run ID from Dale et al. (2012, hereafter D12), Dale et al.
(2013, hereafter D13), or Dale et al. (2014, hereafter D14), the type of feedback in the SPH simulation (none, photoionization only,

SPH

or photoionization and stellar winds), the paper reference, the initial virial ratio of the original clouds oj;" (to distinguish bound
from unbound clouds), the initial radius of the cloud in the SPH simulation (R¢jouq), the initial mass of the cloud (M joud), the number
of stars that have formed at the end of the SPH simulation (Nars), the mass of this star-forming region (Miegion), the Q-parameter in

the SPH simulation at the time feedback is initiated in the feedback runs (Q

SPH

it )» and the final Q-parameter in the SPH simulations

(Qpr.

Sim.no.  RunID Feedback Ref.  oSP  Reoud Meioud Nyars ~ Miegion Q5 OSPH
1(a) J None D12 0.7 Spc 10 000 M¢» 578 3207 Mgy 0.53 0.49
1(b) J Photoionization D12 0.7 5 pc 10 000 M 685 2205 Mg 0.53 0.60
1(c) J Photoionization + wind D14 0.7 5 pe 10 000 My 564 2186 M¢» 0.53 0.70
2(a) 1 None D12 0.7 10pc 10000 Mg, 186 1270 M 0.42 0.72
2(b) I Photoionization D12 0.7 10pc 10000 Mg, 168 805 Mg 0.42 0.38
2(c) 1 Photoionization + wind D14 0.7 10 pc 10000 M 132 766 Mo 0.42 0.49
3(a) UF None D13 2.3 10pc 30000 Mgy 66 1392 M 0.59 0.77
3(b) UF Photoionization D13 2.3 10pc 30000 Mg, 76 836 My 0.59 0.55
3(c) UF Photoionization + wind D14 2.3 10pc 30000 Mg, 93 841 Mg 0.59 0.49
4(a) UP None D13 2.3 25pc 10000 Mg, 340 2718 M 0.47 0.49
4(b) UpP Photoionization D13 2.3 25pc 10000 Mgy 346 1957 My 0.47 0.57
4(c) UP Photoionization + wind D14 2.3 25pc 10000 Mg 343 1926 M, 0.47 0.64
5(a) UQ None D13 2.3 Spc 10 000 M¢» 48 723 Mg 0.42 0.70
5(b) UuQ Photoionization D13 2.3 5 pc 10 000 M 80 648 My 0.42 0.46
5(c) UuQ Photoionization + wind D14 2.3 5 pe 10 000 My 77 594 M 0.42 0.45
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Table 2. A summary of the results of our N-body integrations. The values in the columns are: the simulation
number and corresponding Run ID from Dale et al. (2012), Dale et al. (2013), or Dale et al. (2014) (‘a’ corresponds
to the SPH run with no feedback switched on, ‘b’ corresponds to the SPH run with photoionization feedback,
and ‘¢’ corresponds to the run with both photoionization and stellar wind feedback), the initial mass of this star-
forming region before N-body integration (Mregjon,i), the final mass after 10 Myr of N-body integration (Myegionf),
the initial and final Q-parameters (Q; and Qy), initial and final median surface densities (X and Xy), and the

initial and final fractions of bound stars (fyound,i and fohound,f)-

Sim. no. Mregion.i Mregiun,f Qi (oF % P fbound,i fbound,f
J, 1(a) 3200 M@ 2531Mp 049 191 4518 stars pc~? 0.4 stars pc—2 0.96 0.57
TL1b) 2205Mg  1857Mi 0.60 1.89 141 stars pc> 2 stars pc > 0.90 0.77
J1c) 2186Mg 1879Mgp 070 150  Slstarspc™>  25starspc™>  0.84 071
L2@  1271Mg  751Mg 072 139  102starspc™>  03starspc™> 078 050
L2(b)  805Mg  640Mp 038 079  83starspc?  Odstarspc™> 074 034
I, 2(c) 766 Mo 591 M 0.49  0.60 7.2 stars pc 2 0.2 stars pc—2 0.50 0.33

UF, 3(a) 1392 Mg 410 Mg 0.77  1.01 6 stars pc2 0.01 stars pc 2 0.76 0.25

UF,3(b) 836Mg S51IMg 055 074 O6starspc™  0.0lstarspc™> 046 0.22

UF.3(c) 841Mg  608Mp 049 073  OS5starspc™  0.02starspc™ 044 0.15

UP.4(a) 2718Me 1765Mi 049 140 250starspc™ 0.2 stars pc™2 0.84 0.41

UP4(b) 1957Mg 1587M@ 057 127  24starspc™  O2starspc™ 073 0.44

UP, 4(c) 1926 M 1569Mp  0.64 101 16 stars pc—2 0.2 stars pc—2 0.73 0.27

UQ, 5(a) 723 M@ 337 Mp 0.70 093 6 stars pc‘2 0.02 stars pc‘2 0.71 0.31

UQ, 5(b) 648 M 435 Mg 046  0.72 2 stars pc’2 0.04 stars pc’2 0.56 0.30

UQ.5(c) 594Mg  408Mp 045 068  4starspc?  0.02starspc™ 051 0.17

as measured by the Q-parameter (Cartwright & Whitworth 2004)
at the point feedback was switched on, and at the end of the SPH
simulation.

2.1 N-body evolution

We take the final states of five triplets of simulations from Dale
et al. (2012), Dale et al. (2013), and Dale et al. (2014) and assume
that the combination of the first supernova and stellar winds instan-
taneously removes any remaining gas from both the feedback and
non-feedback simulations, and evolve the resulting gas-free systems
with an N-body code.

We evolve the clusters using the fourth-order Hermite-scheme in-
tegrator kira within the STARLAB environment (e.g. Portegies Zwart
et al. 1999, 2001). We take the masses, positions, and velocities
of the sink particles from the SPH simulations and place these di-
rectly into the N-body integrator. In the majority of the SPH runs,
the stars are in virial equilibrium, or slightly subvirial, at the end
of the simulation (i.e. the initial conditions for the N-body inte-
gration). However, the initial conditions for simulations UF, UP,
and UQ were globally unbound, so that one might expect the stars
and clusters formed to be in an unbound configuration. In fact,
some parts of the globally unbound clouds become bound due to
high-velocity gas flows colliding and radiating away kinetic energy,
which tends to occur in the dense areas of the clouds where most of
the stars form. Therefore, in practice, these unbound clouds form
stars that are roughly in virial equilibrium (with virial ratios ranging
from 0.4-0.7), apart from Run UF (with feedback), which is highly
supervirial, with a virial ratio of 1.9.

The simulation triplets are then evolved for 10 Myr, without
a background gas potential. The simulations contain several stars
with masses >20 M which are likely to evolve over the 10 Myr
duration of the N-body integration. For this reason, we use the SeBa
stellar evolution package in the sTARLAB environment (Portegies
Zwart & Verbunt 1996, 2012), which provides look-up tables for
the evolution of stars according to the time-dependent mass—radius
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relations in Eggleton, Fitchett & Tout (1989) and Tout et al. (1996).
Typically, SeBa updates the evolutionary status of stars on shorter
time-scales than the timestep in the kira integrator, although for
extremely close systems a lag of up to one timestep can occur.

3 RESULTS

In this section, we describe the N-body evolution of spatial structure,
local surface density, and the fraction of bound stars, before using
three different methods to search for mass segregation. A summary
of the evolution of structure, density, and bound fraction, as well as
the mass-loss due to stellar evolution, is presented in Table 2.

Dale et al. (2012, 2013) noted that the absence of feedback in
the SPH calculations results in a more top-heavy initial mass func-
tion, as the most massive stars do not have their growth regulated
by feedback. Photoionization feedback reduces the mass of the
star-forming region, and increases the number of stars formed. In
general, the addition of stellar winds slightly reduces the number of
stars compared to photoionization feedback alone, and also slightly
reduces the mass of the region (although there are exceptions, such
as Run UF). In all cases, the photoionization+wind models reduce
the initial stellar surface density with respect to the runs with pho-
toionization feedback only, and those with no feedback at all.

3.1 Evolution of spatial structure

We examine the evolution of the structure of the simulated regions
over the duration of the N-body integration, using the Q-parameter.
The Q-parameter was pioneered by Cartwright & Whitworth (2004)
and Cartwright (2009) and combines the normalized mean edge
length of the minimum spanning tree (MST) of all the stars in the
region, m, with the normalized correlation length between all stars
in the region, 5. The level of substructure is determined by the
following equation:

Q=

w.‘ 3

€]



Q parameter

Time (Myr)

Figure 1. Evolution of the Q-parameter for three of the five triplets of
simulations (we omit runs UP and UQ from the plot for clarity, but their
behaviour follows the same pattern). The boundary between a centrally con-
centrated, radially smooth distribution (Q > 0.8), and a substructured dis-
tribution (Q < 0.8) is shown by the dotted line. Simulations with feedback
are shown by the solid lines; those with ionization feedback only (presented
in Parker & Dale 2013) are shown by the thinner lines, and those with ioniza-
tion feedback and stellar winds are shown by the thicker lines. Simulations
with no feedback are shown by the dashed lines. The red lines are Runs J,
green lines are Runs I, dark blue lines are Runs UF. Runs with feedback
preserve structure for longer as the star-forming region evolves, and two
simulations with feedback (I and UF) remain substructured throughout.

A substructured association or region has Q < 0.8, whereas
a smooth, centrally concentrated cluster has Q > 0.8. The
QO-parameter has the advantage of being independent of the den-
sity of the star-forming region, and purely measures the level of
substructure present. The original formulation of the Q-parameter
assumes the region is spherical, but can be altered to take into ac-
count the effects of elongation (Bastian et al. 2009; Cartwright &
Whitworth 2009).

In Fig. 1 , we compare the evolution of the Q-parameter with
time in three of the five triplets of simulations (we omit Runs UP
and UQ from the plot for clarity). The simulations that formed
with feedback are shown by the solid lines; the simulations with
ionization feedback only that were presented in Parker & Dale
(2013) are shown by the thinner lines, and the simulations with both
ionization and stellar winds feedback are shown by the thicker lines.
The simulations that formed without feedback are shown by the
dashed lines. The colours correspond to the following simulations;
red — Run J, green — Run I, dark blue — Run UF. The simulations
not shown (Runs UP and UQ) behave in a very similar fashion.

The addition of the extra feedback mechanism (stellar winds)
does not alter the evolution of the Q-parameter significantly with
respect to the runs with ionization feedback only, and the results
are very similar to those reported in Parker & Dale (2013), namely
that star-forming regions which form without feedback lose their
structure faster than regions that form with feedback.

3.2 Surface densities

Parker & Dale (2013) noted that the regions that form without
feedback lose structure faster than their feedback-influenced coun-
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terparts due to their higher initial stellar densities. Without the reg-
ulating influence of feedback, regions form with slightly higher
initial densities and hence shorter local crossing times, which leads
to more interactions and the more rapid loss of substructure.

The difference in initial density between the runs with and with-
out feedback is readily apparent when examining the median local
surface density. We calculate the local stellar surface density fol-
lowing the prescription of Casertano & Hut (1985), modified to
account for the analysis in projection. For an individual star, the
local stellar surface density is given by

N-—1

L =—, @
Try

where ry is the distance to the Nth nearest neighbouring star (we
adopt N = 10 throughout this work; lower N values could bias X
to higher values due to binaries, and higher N values would remove
the ‘localness’ from the determination).

In Fig. 2, we show the evolution of the median stellar surface
density, S, again for the evolution of Runs J, I, and UF. When a
region is substructured, it is usually meaningless to define a ‘central’
or ‘core’ density, and Parker & Dale (2013) show that a much
better tracer of the true density of a region is the median stellar
surface density. The evolution of the runs that form without feedback
are shown by the dashed lines, the runs that form with ionization
feedback only are shown by the thin solid lines, and the runs that
form with ionization feedback and stellar winds (Dale et al. 2014)
are shown by the thick lines.

In all sets of simulations, the regions that form without feedback
have higher median densities than the simulations that form with
feedback. It is these higher densities that facilitate the erasure of
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Figure 2. Evolution of the median stellar surface density for three of the
five triplets of simulations (we omit runs UP and UQ from the plot for
clarity, but their behaviour follows the same pattern). Simulations with
feedback are shown by the solid lines; those with ionization feedback only
(presented in Parker & Dale 2013) are shown by the thinner lines, and those
with ionization feedback and stellar winds are shown by the thicker lines.
Simulations with no feedback are shown by the dashed lines. The red lines
are Runs J, green lines are Runs I, dark blue lines are Runs UF. Simulations
that formed with feedback all have lower initial densities than those that
form without feedback, but the subsequent evolution is non-uniform.
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substructure, as discussed in Parker & Dale (2013) and Parker et al.
(2014).

3.3 Bound/unbound stars

We track the number of stars that remain bound as a function of
time by calculating the kinetic and potential energies for each star,
as detailed in Baumgardt, Hut & Heggie (2002) and Kruijssen et al.
(2012). The potential energy of an individual star, V;, is given by

Gm;m;
v=oy o ®
iz U
where m; and m; are the masses of two stars and r;; is the distance
between them. The kinetic energy of a star, 7; is given thus:

T, = %m,-w,- —val’, “
where v; and v, are the velocity vectors of the star and the centre
of mass of the region, respectively. A star is bound if 7; + V; < 0.

In Fig. 3, we show the number fraction of stars that remain bound
over the N-body integration for three of the five sets of simulations.
Again, the simulations that formed with feedback are shown by the
solid lines; the simulations that include ionization feedback only
are shown by the thinner lines, and the simulations with ionization
and stellar winds are shown by the thicker lines. The simulations
that formed without feedback are shown by the dashed lines. The
colours correspond to the following simulations; red — Run J, green
— Run I, dark blue — Run UF.

Simulations that form without feedback have a higher fraction of
bound stars at the end of the SPH runs (possibly due to the higher
total mass), but the subsequent N-body evolution does not follow a
distinct evolutionary path. For example, in Run J without feedback,

1/ H

Bound fraction

0 |

0 5 10
Time (Myr)

Figure 3. Evolution of the number fraction of bound stars for three of the
five triplets of simulations (we omit runs UP and UQ from the plot for clarity,
but their behaviour follows the same pattern as runs UF). Simulations with
feedback are shown by the solid lines; those with ionization feedback only
(presented in Parker & Dale 2013) are shown by the thinner lines, and those
with ionization feedback and stellar winds are shown by the thicker lines.
Simulations with no feedback are shown by the dashed lines. The red lines
are Runs J, green lines are Runs I, and the dark blue lines are Runs UF.
There is no correlation between the evolution of the fraction of bound stars
and the initial conditions (i.e. feedback versus no feedback).

MNRAS 446, 4278-4290 (2015)

the final bound fraction of fyouna,s 1S lower than for the simulations
which include feedback. In the other runs, fiouna s tends to be higher
for the simulations without feedback. In the case of Run J, the
high initial stellar density (4518 stars pc~2) has led to subsequent
dynamical interactions unbinding a large fraction of the stars and
hence drastically lowered fiouna s compared to the simulations with
feedback.

3.4 Mass segregation

Defining mass segregation has become increasingly difficult due to
the many disparate methods which have been promoted in the recent
literature. As we will see, different methods which claim to measure
mass segregation may actually give very contradictory results.

Classically, mass segregation is a signature of the onset of energy
equipartition in star clusters, whereby the most massive stars have
slower velocities and hence sink to the centre (Spitzer 1969). In this
scenario, the cluster is dynamically old, centrally concentrated, and
hence has a well-defined radial profile. One can then take different
mass bins and compare the density profiles (e.g. Hillenbrand 1997;
Pinfield, Jameson & Hodgkin 1998), or look for variations in the
slope of the mass function (or luminosity function) with distance
from the cluster centre (Carpenter et al. 1997; de Grijs et al. 2002;
Gouliermis et al. 2004). A related method is to quantify the variation
of the ‘Spitzer radius’ — the rms distance of stars in a cluster around
the centre of mass — with luminosity (Gouliermis, de Grijs & Xin
2009).

These methods all require the definition of the cluster centre. This,
and the choice of binning can lead to complications and misinterpre-
tation in the data (Ascenso, Alves & Lago 2009). Furthermore, the
two main avenues of massive star formation — competitive accretion
(Zinnecker 1982; Bonnell, Bate & Zinnecker 1998) and monolithic
collapse (McKee & Tan 2003; Krumholz, McKee & Klein 2005) —
both predict that the most massive stars should be more centrally
located than the lower mass stars, so-called primordial mass seg-
regation. However, as star formation typically occurs in filaments
(e.g. Arzoumanian et al. 2011), which usually leads to a hierarchical
or substructured spatial distribution of stars, then it becomes almost
impossible to define the centre of a star-forming region in order to
quantify mass segregation.

In order to avoid the need for defining a centre, several meth-
ods have been proposed which compare MSTs of groups of stars
(Allison et al. 2009a) or local surface density around all stars
(Maschberger & Clarke 2011). Another recently proposed tech-
nique is to use an MST to define groups of stars, and then determine
whether the most massive stars are closer to the centre of the group
than the average stars (Kirk & Myers 2011; Kirk et al. 2014) — the
centre is defined as the median position of all stars in the group. We
use these three methods to search for (primordial) mass segregation
in the SPH simulations from Dale et al. (2012, 2013, 2014) and in
the subsequent N-body evolution (dynamical mass segregation).

3.4.1 Group segregation ratio, S2Gsr

First, we use the method of Kirk & Myers (2011) and Kirk et al.
(2014), in which an MST is constructed for the entire region (see
Fig. 4a). The cumulative distribution of all MST branch lengths is
then made (Fig. 4b). Two power-law slopes are then fitted to the
shortest lengths, and the longest lengths, and the intersection of these
slopes defines the boundary of subclustering, dye.x (Gutermuth et al.
2009). In Fig. 4(c), the MST of the region is shown, but we have
omitted the MST lengths greater than the critical length dpeqx-
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Figure 4. Mass segregation analysis of stellar groups (as in Kirk & Myers 2011 and Kirk et al. 2014) in the N-body simulation of Run I without feedback at
1 Myr. In panel (a), the MST of the entire star-forming region is shown. In panel (b), the distribution of MST branch lengths is shown, with the power-law fits
to the small branches (steep slope) and the long branches (shallow slope) as defined in Gutermuth et al. (2009), Kirk & Myers (2011), and Kirk et al. (2014).
The chosen break length dpreax (Which defines the groups) is the intersection of these two slopes. In panel (c), the MST lengths exceeding dpreak have been
removed, and there are 10 groups containing more than two stars (one is outside the field of view in the plot), and two groups containing more than 10 stars.
The 10 most massive stars in the entire simulation are shown by the blue circles, and the most massive star in each of the 10 groups is shown by a red triangle.
In panel (d), for each group we show the ratio of the most massive star to the median stellar mass versus the ratio of the distance from the group centre of the
most massive star to the group median. The red asterisk symbols are the groups containing 10 or more stars.

The location of the most massive star in each group is shown
by the red triangle, and we also show the locations of the 10 most
massive stars for the entire region by the large blue circles. We
then follow the method described in Kirk & Myers (2011) and Kirk
et al. (2014) and look for mass segregation within the groups. If the
position of the most massive star in the group ry,, is closer to the
central position than the median value for stars, ryeq, the subcluster
is said to be mass segregated. This is shown in Fig. 4(d), where we
plot the ratio of the highest mass to the median stellar mass in the
subcluster against the offset ratio, rmm/Fmed-

In Fig. 4(d), we also distinguish between groups with N > 2
stars, shown by the black crosses, and groups with N > 10 shown
by the red asterisks. According to the definition in Kirk & Myers
(2011) and Kirk et al. (2014), both subclusters with N > 10 are mass

segregated, because their offset ratios are less than unity. We define
a ‘group segregation ratio’, Qgsr, as

N, seg
Nep

QGSR =

, &)

where Ny, are the number of groups, and Ny is the number of
these groups that have an offset ratio less than unity. The snapshot
shown in Fig. 4 has Qgsg = 1 for groups with N > 10, i.e. all of
these groups are mass segregated.

3.4.2 Mass segregation ratio, Aysg

We then use the Aysg mass segregation ratio pioneered by Allison
et al. (2009a). We find the MST of the Nygsr stars in the chosen
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subset and compare this to the MST of sets of Nyst random stars
in the region. If the length of the MST of the chosen subset is
shorter than the average length of the MSTs for the random stars,
then the subset has a more concentrated distribution and is said to
be mass segregated. Conversely, if the MST length of the chosen
subset is longer than the average MST length, then the subset has
a less concentrated distribution, and is said to be inversely mass
segregated (see e.g. Parker et al. 2011). Alternatively, if the MST
length of the chosen subset is equal to the random MST length, we
can conclude that no mass segregation is present.

By taking the ratio of the average (mean) random MST length
to the subset MST length, a quantitative measure of the degree
of mass segregation (normal or inverse) can be obtained. We first
determine the subset MST length, [ypse. We then determine the
average length of sets of Nygsr random stars each time, (lyverage)-
There is a dispersion associated with the average length of random
MSTs, which is roughly Gaussian and can be quantified as the
standard deviation of the lengths (lyyerage) & T average- However, we
conservatively estimate the lower (upper) uncertainty as the MST
length which lies 1/6 (5/6) of the way through an ordered list of all
the random lengths (corresponding to a 66 per cent deviation from
the median value, (lierage))- This determination prevents a single
outlying object from heavily influencing the uncertainty. We can
now define the ‘mass segregation ratio’ (Aysg) as the ratio between
the average random MST pathlength and that of a chosen subset, or
mass range of objects:

4056 /Lsubs
M 5/6/Isubset

6

Amsr = / .
subset —01/6/lsubset
Ansr of ~ 1 shows that the stars in the chosen subset are distributed
in the same way as all the other stars, whereas Aysg > 1 indicates
mass segregation and Apsg < 1 indicates inverse mass segregation,
i.e. the chosen subset is more sparsely distributed than the other
stars.

In Fig. 5, we show Apysr as a function of the Nygr stars in the
subset for Run I without feedback after 1 Myr of evolution. The
four most massive stars are strongly mass segregated, and this also
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Figure 5. Mass segregation as defined by Apsr (Allison et al. 2009a) in the
N-body simulation of Run I without feedback at 1 Myr. Amsg = 1 (i.e. no
mass segregation) is indicated by the red horizontal line.
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Figure 6. The X-m plot (Maschberger & Clarke 2011) for the N-body
simulation of Run I without feedback at 1 Myr. The median surface density
in the region is 10 stars pc~2 and is shown by the dashed blue line. The
median surface density of the 10 most massive stars is 30 stars pc~2, as
shown by the solid red line.

extends to the 10 most massive stars, although the significance is
more marginal.

3.4.3 Local density ratio, ¥ pr

The local surface density of massive stars compared to the median
surface density of the full region was pioneered by Maschberger &
Clarke (2011) as a way of defining mass segregation but minimiz-
ing the effects of outliers in the distribution. In this definition, the
massive stars have no knowledge of each other, but if their surface
density distribution can be shown to be inconsistent with the me-
dian surface density distribution of the entire region (by means of a
Kolmogorov-Smirnov (KS)-test), then the region is said to be mass
segregated. In Fig. 6, we show X versus m for every star for Run I
without feedback after 1 Myr of N-body evolution.

Kiupper et al. (2011) and Parker et al. (2014) took the ratio of the
median surface density of the 10 most massive stars (the red line
in Fig. 6) to the region median (the blue dashed line in Fig. 6) to
define a ‘local surface density ratio’, X pr:

Esubsel
YR = —&—- @)
2an

The massive stars in this simulation have a higher median surface
density than the median value in the region (X1 pr = 3.08, and a
KS test returns a p-value of 1.35 x 1072 that the two subsets share
the same parent distribution).

3.4.4 Evolution over 10 Myr

We show the evolution of this simulation (Run I, no feedback) over
the full 10 Myr of N-body evolution in Fig. 7. According to all three
measures, this star-forming region has primordial mass segregation.
However, the most massive stars evolve and so the subset of the
10 most massive stars in the simulation is not constant. For this
reason, the primordial mass segregation disappears according to
Awnsr and ¥ pr, until dynamical evolution causes a ‘re-segregation’
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Figure 7. Temporal evolution of three separate measures of mass segregation for the N-body simulations of Run I without feedback; the fraction of groups
identified by dpreax Where the most massive star is nearer the centre of the group (Q2gsr, panel a), Amsr (panel b), and X pr (panel c). In panel (a), we show
the fraction of groups which have the most massive star closer to the group centre than the median for all groups with more than two stars by the thick black
line; and the fraction for groups with 10 or more stars by the thinner red line. The dashed grey line indicates Qgsg = 0.5, where half of the groups are mass
segregated according to this definition. In panel (b), Amsr is for the 10 most massive stars compared to the region average and Aysr = 1 (i.e. no preferred
spatial distribution) is shown by the solid horizontal red line. In panel (c), X1 pr is also for the 10 most massive stars compared to the region average and
Y1pr = 1 (no preferred surface density) is shown by the solid horizontal red line. If a KS test between the most massive stars and the full region returns a
p-value of more than 0.1 (i.e. the difference is not significant), we plot a filled red circle.
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Figure 8. Temporal evolution of three separate measures of mass segregation for the N-body simulations of Run I with both types of feedback; the fraction
of groups identified by dpreak Where the most massive star is nearer the centre of the group (Q2gsr, panel a), Amsr (panel b), and X pr (panel c). In panel (a),
we show the fraction of groups which have the most massive star closer to the group centre than the median for all groups with more than two stars by the
thick black line; and the fraction for groups with 10 or more stars by the thinner red line. The dashed grey line indicates Qgsr = 0.5, where half of the groups
are mass segregated according to this definition. In panel (b), Apsr is for the 10 most massive stars compared to the region average and Aysr = | (i.e. no
preferred spatial distribution) is shown by the solid horizontal red line. In panel (c), X1 pr is also for the 10 most massive stars compared to the region average
and X1 pr = | (no preferred surface density) is shown by the solid horizontal red line. If a KS test between the most massive stars and the full region returns a
p-value of more than 0.1 (i.e. the difference is not significant), we plot a filled red circle.

after 8 Myr. This is not apparent from the Qgsr, which is heavily 3.5.1 Q—Qgsr
dependent on the group definition, rather than the locations of the
most massive stars.

We then show the evolution of the same SPH simulation, but
this time with both ionization and wind feedback in Fig. 8. In this
simulation, there is no significant mass segregation according to
Apsr OF X1 pR, Whereas Qgsr does suggest the star-forming region

is mass segregated.

In Fig. 9, we show the Q parameter plotted against the group
mass segregation ratio Qgsgr for the simulations without feedback
(Fig. 9a) and those with ionization and stellar winds (Fig. 9b). We
show the data at 0, 2.5, 5, 7.5, and 10 Myr, and we also plot the
values from the SPH runs before feedback is switched on, apart
from Run UF, which does not contain enough stars at that stage for
there to be a group containing 10 or more stars. The colour scheme
is as follows; red — Runs J, green — Runs I, dark blue — Runs UF,
cyan — Runs UP, and magenta — Runs UQ. (Note that Runs I and UQ
both have Q = 0.42 and Qgsr = 1, so only the cyan star symbol is

3.5 Structure versus mass segregation visible in the plot.)

For a large set of purely N-body simulations, Parker et al. (2014)
showed that plotting spatial structure against mass segregation mea-
surements can distinguish between the initial conditions of star-
forming regions. In the following section, we show OQ—QgGsr,
Q—Awmsr, and then Q— X pr.

In this plot, Qgsg = 0.5 (half of the groups are mass segre-
gated) is shown by the vertical dashed line, and the boundary be-
tween a substructured and centrally concentrated spatial distribution
(Q = 0.8) is shown by the horizontal dashed line. Before the feed-
back mechanisms are switched on, all the groups have their most
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Figure 9. Spatial structure Q versus Qgsr. In panel (a), we show the evolution of all five star-forming regions which form without feedback and in panel
(b) we show the evolution of all five regions that form with ionization and stellar wind feedback. The red symbols are Runs J, green symbols are Runs I,
dark blue symbols are Runs UF, cyan symbols are Runs UP, and the magenta symbols are Runs UQ. In addition, we show the measurements from the SPH
simulations before feedback is switched on, apart from Run UF, which does not form enough stars to define distinct subgroups with N > 10. Also, Runs I and
UQ both have Q = 0.42 and Qgsr = 1, so only the cyan star symbol is visible in the plot. Qgsr = 0.5 (half of the groups are mass segregated) is shown by
the vertical dashed line, and the boundary between a substructured and centrally concentrated spatial distribution (Q = 0.8) is shown by the horizontal dashed

line.

massive member more centrally concentrated than the average star.
When no feedback is switched on (Fig. 9a), this behaviour carries
forward to the end of the SPH simulation (r = 0 Myr in the N-body
integration). As the regions (and the massive stars within them)
evolve, the mass segregation is gradually lost — so much so that
after 10 Myr only one simulation (UQ — the magenta triangle) has
QGSR > 0.5.

Conversely, in the simulations with photoionization and stellar
winds, feedback has wiped out the early primordial mass segrega-
tion in groups in three out of five simulations [the red (Run J), cyan
(Run UP) and magenta (Run UQ) plus signs]. However, the subse-
quent evolution of these regions leads to most simulations having
Qgsr > 0.5 —i.e. most of the groups are segregated in the sense
that their most massive member is closer to the group centre than
the average star.

3.52 O—Awsr

In Fig. 10, we show the Q parameter plotted against the mass seg-
regation ratio Aysg for the simulations without feedback (Fig. 10a)
and those with ionization and stellar winds (Fig. 10b).

As in Fig. 9, we show the data at 0, 2.5, 5, 7.5, and 10 Myr,
and we also plot the values from the SPH runs before feedback is
switched on. At this point in the SPH run, the number of stars that
have already formed can be rather low (<50) and we only plot the
SPH measurement for Runs J and UP, which already have enough
stars to make the determination of Aysg meaningful. The colour
scheme is as follows; red — Runs J, green — Runs I, dark blue — Runs
UF, cyan — Runs UP, and magenta — Runs UQ. The large symbols
indicate when Apsg deviates significantly from unity (i.e. mass
segregation or inverse mass segregation is present).

The example shown in Fig. 7(a) — Run I without feedback — is
shown by the green symbols in Fig. 10(a), and the corresponding
run with feedback (Fig. 8a) is shown by the green symbols in
Fig. 10(b).
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Primordial mass segregation as measured by Aysgr is found in
one simulation (Run I) out of five for the regions without feedback,
and in one of five simulations (Run J) with feedback (though not the
same simulation). Run J was not mass segregated before feedback
was switched on, with Aysg = 1.2 — the red star in Fig. 10(a).

Considering the runs that formed without feedback, in addition to
the behaviour of Run I which was shown in Fig. 7(a), over 10 Myr of
subsequent dynamical evolution Run J (the red symbols) fluctuates
between being significantly mass segregated (at 5 and 7.5 Myr), and
significantly inversely mass segregated (at 2.5 and 10 Myr). Run UF
(the dark blue symbols) dynamically mass segregates and remains so
over the full 10 Myr. Run UP (the cyan points) dynamically inversely
mass segregates after 2.5 Myr and Run UQ (the magenta points)
does not significantly mass segregate or inverse mass segregate
aside from a brief snapshot at 5 Myr.

The runs that form with feedback in general display no primordial
mass segregation. The one simulation that does show primordial
mass segregation (Run J) unsegregates, due to stellar evolution
— the 10 most massive stars at t = 0 Myr are not the same 10
most massive stars even after only 2.5 Myr. Run UF (the dark blue
symbols) dynamically mass segregates until after 7.5 Myr, when
dynamical interactions eject two massive stars and the cluster reverts
to being unsegregated after 10 Myr. Run UP (the cyan symbols) first
becomes inversely mass segregated, before dynamical interactions
lead to normal mass segregation.

3.5.3 Q_ELDR

In Fig. 11, we show the Q parameter plotted against the local
surface density ratio ¥jpg. Notably, in the simulations without
feedback (Fig. 11a), nearly all simulations show primordial mass
segregation at t = 0 Myr, whereas none are mass segregated before
feedback is switched on in the SPH runs (the star symbols clustered
around X;pr = 1 in both panels). The subsequent combination
of dynamical and stellar evolution generally erases this signature,
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Figure 10. Spatial structure Q versus Apmsr. In panel (a), we show the evolution of all five star-forming regions which form without feedback and in panel
(b) we show the evolution of all five regions that form with ionization and stellar wind feedback. The red symbols are Runs J, green symbols are Runs I,
dark blue symbols are Runs UF, cyan symbols are Runs UP, and the magenta symbols are Runs UQ. In addition, we show the measurements from the SPH
simulations before feedback is switched on (only Runs J and UP have enough stars at that stage to calculate Apsr). The larger symbols indicate where the
deviation of Aypsr from unity is significant. Apsr = 1 (no mass segregation) is shown by the vertical dashed line, and the boundary between a substructured
and centrally concentrated spatial distribution (Q = 0.8) is shown by the horizontal dashed line.
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Figure 11. Spatial structure Q versus X1 pr. In panel (a), we show the evolution of all five star-forming regions which form without feedback and in panel
(b) we show the evolution of all five regions that form with ionization and stellar wind feedback. The red symbols are Runs J, green symbols are Runs I,
dark blue symbols are Runs UF, cyan symbols are Runs UP, and the magenta symbols are Runs UQ. In addition, we show the measurements from the SPH
simulations before feedback is switched on. The larger symbols indicate where the deviation of X1 pr from unity is significant. ¥ pr = 1 (no mass segregation)
is shown by the vertical dashed line, and the boundary between a substructured and centrally concentrated spatial distribution (Q = 0.8) is shown by the
horizontal dashed line.

apart from several snapshots in Run J (the red symbols) and Run I
(the green symbols).

When feedback is included (Fig. 11b), no simulations have pri-
mordial mass segregation according to ¥ pg. Furthermore, follow-
ing dynamical evolution, only one simulation displays a ¥ pg ratio
that is significantly higher than unity — Run UP at 7.5 Myr.

The large fraction of simulations without feedback that display
a high ¥;pr at the end of the SPH calculation compared to the

simulations with feedback suggests that the absence of feedback
leads to higher stellar densities and hence enables the massive
stars to acquire a retinue of lower mass stars (as seen in pure N-
body simulations; Parker et al. 2014). However, once stellar evo-
lution is included, the massive stars lose so much mass (Parker
& Dale 2013) that the determination of ¥;pgr begins to include
stars with local densities comparable to the median value in the
region.
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4 DISCUSSION

We have expanded upon the work in Parker & Dale (2013) and
followed the dynamical evolution of five SPH simulations of star
formation which also include stellar winds, as well as photoioniza-
tion feedback, and compare them to control run simulations which
have feedback switched off. The inclusion of stellar winds does not
appreciably affect the formation of a region any more so than in
the simulations which only include photoionization as a feedback
source. The results are similar to those in Parker & Dale (2013); re-
gions which form under the influence of feedback have lower stellar
densities than those that do not. The systematically lower densities
raise the local crossing time in the regions, and this leads to the
regions retaining substructure far longer than the regions which are
not influenced by feedback.

We also look for mass segregation in both the non-
feedback, and the feedback-influenced star-forming regions. Re-
cent analyses of hydrodynamical simulations of star forma-
tion by Kirk et al. (2014) and Myers et al. (2014) have
claimed to find primordial mass segregation; the massive stars
segregate early on in the calculation and remain segregated
throughout.

As discussed in Parker et al. (2014) and Parker & Goodwin
(in preparation), different methods to search for mass segrega-
tion routinely produce apparently contradictory results, especially
for complex spatial distributions. For example, the Amsg ratio
(Allison et al. 2009a) measures the spatial distribution of a sub-
set of massive stars compared to random subsets, whereas the X pr
ratio (Kiipper et al. 2011; Maschberger & Clarke 2011; Parker
et al. 2014) measures the surface density around individual mas-
sive stars, and compares this to the surface density around average
stars. Finally, the method from Kirk & Myers (2011) and Kirk et al.
(2014), which we use to define a ‘group segregation ratio’ — Qgsg,
measures the distance of the most massive star from the centre
of a subcluster to the distance of the median mass star from the
centre.

Ansr provides information on the global spatial distribution of
massive stars, whereas X pr provides information on the local
density around those stars. As shown in Parker & Goodwin (in
preparation), the Qgsgr method sometimes reflects the local density
of massive stars, but is reliant on dividing up a star-forming re-
gion into individual groups. It is not clear whether this assumption
is valid; for example, in these simulations there is only one star
formation ‘event’ and the massive stars — and associated low-mass
stars — are not independent of each other.

This is apparent in Figs 7 and 8, where Aysg and Xy pr display
similar behaviour, whereas Qgsgr does not. More often than not,
Qgsr shows a region to be mass segregated on local scales when
the global distribution is consistent with a random distribution. We
therefore suggest that the claim of primordial mass segregation in
clusters by Kirk et al. (2014) has been influenced by the method
used to define mass segregation and does not reflect the true spatial
distribution from the outcome of star formation.

Furthermore, when we examine the results of several SPH sim-
ulations, we see primordial mass segregation in some, but not all,
simulations (either four in five, or two in five using Qgsr, one in five
using Apysr, and either none, or four in five using ¥; pr depending
on whether feedback was switched on or not). Interestingly, Myers
et al. (2014) find mass segregation according to X pr in their mag-
netohydrodynamical simulations of star formation which include
feedback, whereas we only see high X pr ratios in the simulations
without feedback.
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In order to compare our results to those of Myers et al., we
estimate the 1 pr ratio from their fig. 17! using their median cluster
values (the coloured lines in their fig. 17) and the median of the 10
most massive stars as shown in their figure (using all stars with
masses >1 M) gives almost identical results). In their control
(hydro only) run ¥ pg = 1.4, in their run with a ‘weak’ magnetic
field (X1pr = 4.4) and in their run with a ‘strong’ magnetic field
Y pr = 4.4. The presence of a magnetic field may have caused
mass segregation in this particular simulation, but the level of mass
segregation according to X pr does not increase with increasing
magnetic field. As we have seen with the simulations from Dale
etal. (2012,2013,2014), mass segregation can be random, and more
than one simulation is required to ascertain whether the addition of
extra physics is the root cause of a different spatial distribution for
the most massive stars.

Furthermore, the simulations of Myers et al. (2014) form some-
what smaller systems (‘clumps’) than the full cluster simulations
of Dale et al. (2012, 2013, 2014), and their feedback mechanisms
also differ (for example, they include protostellar outflows but no
photoionization feedback or stellar winds). It is possible that this
feedback is weaker in terms of regulating accretion flows, and hence
the calculations of Myers et al. (2014) may behave more like the
control runs from Dale et al. (2012, 2013, 2014), unless magnetic
fields are dominant in governing the spatial distribution of stars.
In either case, more simulations that include magnetic fields are
required to address this question.

This suggests that either the advent of mass segregation in simu-
lations of star formation is a random event, or that the prescriptions
of feedback for the initial conditions differ enough to produce sig-
nificantly different spatial distributions of stars.

In the SPH simulations of Dale et al. (2012, 2013, 2014), the
runs without feedback lead to the most massive stars attaining much
higher local densities than those with feedback. The reason for this
is probably that feedback from the O-stars essentially shuts down
accretion on to the main subclusters so they stop growing, both in the
sense of the stars they already have not acquiring more mass and in
the sense of them having nothing to make new stars with. Therefore,
the local SFE and thus local stellar density do not increase as much
in the feedback runs as they do in the control runs.

The initial conditions of the SPH runs (in terms of initial cloud
mass, density, and virial ratio) do not appear to influence whether
mass segregation occurs, and certainly not as much as the presence
(or absence) of feedback. If we consider the Q— A vsr plot (Fig. 10),
in the case without feedback (panel a) Run I is mass segregated, but
the more dense version of this simulation (Run J) is not. Conversely,
in the presence of feedback (panel b) Run I is not mass segregated,
whereas Run J is.

Whilst resolution tests were conducted on some of the SPH sim-
ulations presented in Dale et al. (2012), they were mainly directed
at showing that the convergence of global properties such as the
evolution of the SFE and global ionization fraction was adequate,
and did not include any of the simulations discussed here. The
principal effect of increasing the resolution in an SPH simulation
is to permit the formation of lower mass objects which otherwise
cannot be modelled. We did not find that the shape of the mass func-
tion (except at the lowest mass end), the total stellar mass, or the

! We believe there is an error in figs 16 and 17 in Myers et al. (2014), in that
the simulation run with the ‘strong’ magnetic field in their work is symbolled
and labelled as their control run simulation with no magnetic field, and vice
versa.



spatial distribution of stellar mass were substantially affected by the
simulation resolution.

We also found no evidence that feedback alters the stellar mass
function, so that increasing the simulation resolution would be likely
to affect the stellar content of the control and feedback hydrody-
namic simulations in very similar ways, by effectively extending
their mass functions to lower masses. In reality, some of this ad-
ditional fragmentation would be prevented by physics which is
not currently included in the SPH simulations, such as accretion
feedback.

The effect of the presence of an additional population of low-
mass stars on the outcome of the N-body simulations is not trivial to
quantify. It is very unlikely to qualitatively alter our results (one of
which is that it is not always possible to get a consensus from dif-
ferent algorithms on whether mass segregation is present in a single
data set), although it may alter the time-scales on which the mod-
elled stellar systems dynamically mass segregate or unsegregate.
The time-scale for mass segregation is related to the local cross-
ing time (i.e. local density) and the presence of more low-mass
stars would make the region more dense, reduce the crossing time
and hence make the region more likely to dynamically mass segre-
gate on faster time-scales. However, very dense clusters can eject
massive stars (sometimes dissolving the cluster entirely; Allison &
Goodwin 2011; Parker et al. 2014), so it is not clear whether the
‘missing’ low-mass stars in the SPH runs would affect the amount
of mass segregation measured.

During the subsequent dynamical evolution via N-body simula-
tions, mass segregation can be erased through dynamical interac-
tions or (more usually) mass-loss from stellar evolution, which has
the effect of changing the 10 most massive stars in the bin used to
define ELDR or AMSR-

Taken together, the above results suggest that mass segregation
need not be primordial, and conversely, that a high-mass cluster
which does not display mass segregation after a certain time may
have been mass segregated in the past, especially if it contains highly
evolved stars. The only limits we can place on mass segregation is
that if it is not observed in a low-mass region without evolved
stars (Parker et al. 2011, 2012), then it is unlikely that this region
was ever mass segregated. Models that explain mass segregation
of more massive clusters (such as the Orion nebula Cluster) via the
cool collapse of a star-forming region (Allison et al. 2010; Allison &
Goodwin 2011; Parker et al. 2014) are still as likely an explanation
for the observed mass segregation in these clusters, as opposed to
primordial mass segregation.

5 CONCLUSIONS

We have evolved five triplets of hydrodynamical simulations of
star formation from Dale et al. (2012, 2013, 2014) further in time
using the N-body method. The hydrodynamical simulations follow
the formation of a region with (a) no feedback, (b) photoionization
feedback only, and (c) photoionization feedback and stellar winds.

We have looked for differences in the spatial distribution of stars,
local density, and the fraction of bound stars. We have also used
three different methods used to quantify mass segregation — Aysr
(Allison et al. 2009a), ¥ pr (Maschberger & Clarke 2011; Parker
et al. 2014), and the group segregation ratio, Qgsg (Kirk & Myers
2011; Kirk et al. 2014).

In terms of the global evolution of the regions, our conclusions
are similar to those in Parker & Dale (2013), where we looked
for differences in simulations with no feedback, and simulations
with photoionization feedback only. The addition of stellar winds
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feedback has little effect above the photoionization feedback; the
star-forming regions subject to feedback form with lower densi-
ties and hence remain substructured for longer than the simulation
without feedback. Generally, the simulations that form with feed-
back contain fewer bound stars at the end of the N-body integration,
possibly due to the lower mass of the star-forming regions.

Using three different techniques to search for mass segregation
presents a rather confusing picture. When feedback is not switched
on, the regions are usually primordially mass segregated accord-
ing to Qgsr and X pr, whereas the Aysg measure does not usually
measure primordial mass segregation in the simulations. When feed-
back is switched on, all three measures show no preferential spatial
distribution for the most massive stars, suggesting that the inclusion
of more realistic physics in the hydrodynamical simulations sup-
presses primordial mass segregation, although more simulations
that include magnetic fields would be highly desirable, and could
potentially alter these conclusions.

When evolved for 10 Myr, some simulations dynamically mass
segregate. However, a combination of further dynamical evolution,
and stellar evolution of the most massive stars, can also cause some
regions to unsegregate, and sometimes re-segregate due to different
subsets of massive stars being included in the determination.

We conclude that extreme caution should be exercised when
interpreting mass segregation in the outcome of hydrodynamical
simulations of star formation. Different methods define mass seg-
regation in different ways, and dynamical and stellar evolution can
also affect searches for mass segregation. We note that several ob-
served low-mass regions do not display mass segregation, and based
on the results presented here, we suggest that mass segregation is
not always primordial.
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