. eprints@whiterose.ac.uk
= Whlte Rose https://eprints.whiterose.ac.uk

. o
Q\J) ReseCII'Ch On"ne Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/158838/

Version: Accepted Version

Article:

Wright, N.J. and Parker, R.J. (2019) Kinematic signatures of cluster formation from cool
collapse in the Lagoon Nebula cluster NGC 6530. Monthly Notices of the Royal
Astronomical Society, 489 (2). pp. 2694-2701. ISSN: 0035-8711

https://doi.org/10.1093/mnras/stz2303

This is a pre-copyedited, author-produced version of an article accepted for publication in
Monthly Notices of the Royal Astronomical Society following peer review. The version of
record [Nicholas J Wright, Richard J Parker, Kinematic signatures of cluster formation from
cool collapse in the Lagoon Nebula cluster NGC 6530, Monthly Notices of the Royal
Astronomical Society, Volume 489, Issue 2, October 2019, Pages 2694—-2701] is available
online at: https://doi.org/10.1093/mnras/stz2303.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ &, | University of

1 =
UNIVERSITY OF LEEDS Sh ffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1093/mnras/stz2303
https://eprints.whiterose.ac.uk/id/eprint/158838/
https://eprints.whiterose.ac.uk/

Mon. Not. R. Astron. Soc. 000, 000-000 (0000)

Printed 2 September 2019 (MN IATEX style file v2.2)

Kinematic signatures of cluster formation from cool
collapse in the Lagoon Nebula cluster NGC 6530

Nicholas J. Wright'* and Richard J. Parker?t

2 September 2019

1 Astrophysics Group, Keele University, Keele, ST5 5BG, UK
2 Department of Physics € Astronomy, The University of Sheffield, Hicks Building, Sheffield, S3 7TRH, UK

ABSTRACT

We examine the mass-dependence of the velocity dispersion of stars in the young
cluster NGC 6530 to better understand how it formed. Using a large sample of mem-
bers we find that the proper motion velocity dispersion increases with stellar mass.
While this trend is the opposite to that predicted if the cluster were developing energy
equipartition, it is in agreement with recent N-body simulations that find such a trend
develops because of the Spitzer instability. In these simulations the massive stars sink
to the centre of the cluster and form a self-gravitating system with a higher velocity
dispersion. If the cluster has formed by the cool collapse of an initially substructured
distribution then this occurs within 1-2 Myr, in agreement with our observations of
NGC 6530. We therefore conclude that NGC 6530 formed from much more extended
initial conditions and has since collapsed to form the cluster we see now. This cluster
formation model is inconsistent with the idea that all stars form in dense, compact
clusters and provides the first dynamical evidence that star clusters can form by hier-
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archical mergers between subclusters.

Key words: stars: formation - stars: kinematics and dynamics - open clusters and
associations: individual: NGC 6530

1 INTRODUCTION

How star clusters form is one of the fundamental and
outstanding questions in astrophysics. Young star clusters,
particularly the most massive clusters, are typically dense
and centrally concentrated, with a smooth radial distribu-
tion of stars (e.g., [Carpenter [2000; [Pfalzner 2009). This
is very different from the distribution of dense gas in
molecular clouds (Elmegr g@ﬂ um Rathborne et a Juﬁ
or very young stars in star-forming regions ;
|Gutermuth et all 2008), both of which show a hierarchical
and highly substructured spatial distribution. This implies
that either the initial conditions for dense and centrally-
concentrated star clusters are different to those observed
in nearby, low-mass star forming regions (i.e., such clusters
form monolithically and in-situ from a highly-concentrated

distribution of gas, e.g., [Banerjee & Kroups 12111_4])7 or that

clusters assemble by hierarchical mergers between subclus-

ters (Bonnell et alll2003; McMillan et alll2007;/Allison et all

* STFC Ernest Rutherford Fellow
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m; Vazquez-Semadeni et al] mﬂ), analogous to cold
gravitational collapse models for galaxy formation (e.g.,

m) Distinguishing between these scenarios is
important for understanding how clusters form, particularly

young, massive clusters (Longmore et all 2!!14_11).

The idea of star cluster formation by the merger of
smaller sub-clusters fits well in the current model of star
formation by turbulent fragmentation (Mac Low & Klessen
m) Supersonic turbulence within molecular clouds
leads to shocks that form filaments, dissipate energy
(Ostriker et al] m)ﬂj) and lead to star formation, with the
forming stars inheriting the subsonic motions of the gas from
which they formed ( ), as has been observed
(Walsh et all [2004; [Adams et all [2006; Kirk et all[2007). In
their hydrodynamic simulations, Bonnell et all (2003) found
that the forming stars were attracted by their mutual grav-
itational forces, falling towards each other and forming sub-
clusters that then merged to form a single cluster. Similar
simulations of subcluster mergers have been presented by
McMillan et all (2 dmj and |Allison et all (2 dﬂ)}j to explain
rapld dynamical mass segregation in young clusters, and by

- QZQl_H) to explain age spreads in
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Figure 1. Map of the spatial distribution of our kinematic sample
of young stellar objects (red) and our spatially-unbiased ‘struc-
tural’ sample of young stellar objects with M > 0.7 Mg, both

projected onto an inverted Ha image )

star clusters, while Longmore et al. (2014) consider hierar-

chical mergers as one of the possible mechanisms for the
formation of young massive clusters.

In this paper we present dynamical evidence that the
young cluster NGC 6530 formed by hierarchical mergers
from an initially substructured distribution. We find that
the velocity dispersion of stars in NGC 6530 increases with
stellar mass, a kinematic feature that recent N-body simu-
lations have shown is developed when an initially substruc-
tured distribution of young stars undergoes cool collapse to
form a single star cluster. In Section 2 we summarise the ob-
servational data used, in Section 3 we study how the velocity
dispersion varies as a function of stellar mass, quantifying
this in different ways. In Section 4 we compare our mea-
surements with the predictions of N-body simulations and
in Section 5 we discuss our results and their implications for
star formation and the early evolution of young clusters.

2 OBSERVATIONAL DATA USED

The kinematic sample of young stars used for this study was
compiled in|[Wright et all ([M) by combining spectroscopic
information (surface gravity indicators, lithium equivalent
widths and Ha emission) from the Gaia-ESO Survey (GES,
Gilmore et al! [2019; [Randich et all 2013) with X-ray and
infrared-based membership probabilities from [Broos et all
M) This results in a sample of ~2000 high-probability
members, of which ~900 have reliable astrometry from
Gaia ([Qamjbllalmra&mn_euﬂ [2016) data release 2 (DR2,
|Gaia Collaboration et al! [2018) that passed the data selec-
tion criteria outlined in |Arenou et al! (2018) and [Lindegren
M) for astrometric data. A parallax cut was then used
to exclude the 135 stars more than 20 from the median par-
allax of the sample (0.724 mas or 1.33 kpc), and a further
70 stars were removed as proper motion (PM) outliers (>3¢
from the median PM in either dimension), providing a sam-
ple of 691 highly-probable young stars in NGC 6530 with
PMs (for more details on the compilation of this sample we

refer the reader to [Wright. et all2019).

In the work that follows we use the full Gaia covari-
ance matrix when propagating uncertainties and consider all
uncertainties to follow a normal distribution
M) We only consider the PM velocity dispersion for this
study and not the radial velocity dispersion so as to limit
the influence of the mass-dependent binary fraction and the
impact unresolved binarity can have on radial velocity dis-
persions. Unresolved binaries are treated by Gaia as single
stars, and so if their binary motion is significant this will
lead to corrupt astrometry that might affect the measured
proper motions. However, this will also mean that the mea-
sured astrometry would not be fit well by the 5 parameter
astrometric model used by Gaia (e.g., [Arenou et. all [2Q15)
and the source would therefore be rejected by our astromet-
ric quality cuts.

In addition to this kinematic sample of young stars we
also compiled a more extensive sample of high-probability
young stars in NGC 6530 that will be used for a structural
study of the spatial distribution of young stars similar to
that performed by [Wright et all (IZ(M) This sample was
based on the sample of ~2000 high-probability members al-
ready compiled, but without the requirement that they had
reliable astrometry (though if a source did have a reliable
parallax this was still used to validate membership). This
provided a sample of ~1900 highly-probable young stars in
NGC 6530.

For both samples, stellar masses for all stars were
taken from [Wright et, all ([M), calculated from comparison
of the available photometry to Marigo et all (2017) stellar

isochrones. The stars in both samples have stellar masses
that vary from ~100 Mg for the O4V star HD 164794 down
to ~0.1 Mg for the faintest stars.

For the spatial sample, we note that X-ray observations
can have a spatially-varying sensitivity that can affect the
detection of low-mass stars (see e.g., Wright et all[2015) and
therefore bias studies of the spatial distribution of stars in
a star forming region or cluster. Wright et all (2019) esti-
mated that the mass function of highly-probable members
of NGC 6530 exhibited a turnover at around 0.7 Mg and we
use this as the estimated completeness limit of our sample,
removing all stars from our structural sample with masses
below this and leaving a sample of ~800 stars. The spatial
distribution of both samples are shown in Figure [II

3 RESULTS AND ANALYSIS

In this Section we study how the velocity dispersion in
NGC 6530 varies as a function of stellar mass. We explore
this by measuring the velocity dispersion binned by stellar
mass (Section Bl), by performing a global velocity disper-
sion fit with a mass-dependent term (Section B:2)), and by
calculating the ratio of velocity dispersions of high- and low-
mass stars (Section B3]). All of these methods show that
the high-mass stars are typically moving more rapidly than
the low-mass stars. While filtering the data on the Gaia
DR2 ‘astrometric excess noise’ quantity is not recommended
(Lindegren et al][M), we repeated all the analysis that fol-
lows with only those stars with an astrometric excess noise
of zero and found that our results did not change.

(© 0000 RAS, MNRAS 000, 000-000
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Figure 2. 2D PM velocity dispersion, osp, as a function of stellar
mass. Vertical error bars show the 1o uncertainty in the velocity
dispersions and the horizontal error bars show the full distribution
of stellar masses in each bin (bins span masses of 0.1-2.5, 2.5~
7.5, 7.5-20, and 20-100 M and contain 595, 79, 11 and 6 stars,
respectively). The red dashed line shows the best-fitting value of
n = —0.081 obtained by fitting the entire sample with a mass
dependent velocity distribution where o(m) = oo m™".

3.1 Velocity dispersion as a function of stellar
mass

To determine how the velocity dispersion varies as a func-
tion of stellar mass we divided our sample into subsets based
on mass and then calculated the PM velocity dispersion for
each. Due to the form of the initial mass function the vast
majority of our sample have very similar masses, within ap-
proximately 0.7-2.0 M. This means that dividing our full
sample into equally-sized sub-samples would not allow us to
accurately probe a wide range of stellar masses. Instead we
divided our sample by stellar mass into four differently-sized
samples that would allow us to probe how the velocity dis-
persion varies as a function of stellar mass. We note that
binning the sample in this way (or any way for that matter)
is not ideal, but is necessary for this approach.

We measure the velocity dispersion of stars in each
group using the inter-quartile range (IQR), an outlier-
resistant method for measuring the width of a distribution.
The IQR of a Gaussian distribution of velocities is related
to the velocity dispersion by o = 0.741 x IQR. We account
for the contribution of non-uniform PM uncertainties on
the velocity dispersion using the outlier-resistant method of
Ivezi¢ et all (2014), and determine the uncertainties on the
resulting velocity dispersions by bootstrapping. The velocity
dispersion was calculated for each PM dimension and then
combined to produce a 2D velocity dispersion, o2p.

Figure @ shows the 2D velocity dispersion as a func-
tion of stellar mass. There is a clear trend of increasing
velocity dispersion towards higher stellar masses, which is
particularly significant for the most massive stars. Varia-
tions in the position and width of the bins (and therefore of
the number stars in each bin), did not result in significant
changes to these results. Decreasing the number of stars in
each bin had the effect of increasing the uncertainty on the

© 0000 RAS, MNRAS 000, 000-000

measured velocity dispersion. Increasing the number of stars
decreased the uncertainty, but had the effect of blurring the
trend between mass and velocity, particularly at high mass
(for example if the number of stars in the highest-mass bin is
doubled then the mass range changes to 10-100 M and the
velocity dispersion drops by ~10%, approximately mid-way
between the previously two highest bins).

3.2 Global mass-dependent velocity dispersion fit

An alternative approach to measure the mass-dependence
of the velocity dispersion (and to avoid any complications
or biases arising from binning the data) is to fit a global
velocity dispersion model to the PM distributions with a
mass dependent term, such that

o(m)=0com™" (1)

where o is the velocity dispersion for stars of mass
m in a given dimension, o¢ is the velocity dispersion
for 1 Mg stars in that dimension, and 7 is the mass-
dependence of the velocity dispersion. This formulation fol-
lows|Trenti & van der Marel (2013), who fitted this function
to determine the level of energy equipartition in the system
(where n = 0 is no mass dependence on the velocity disper-
sion and n = 0.5 is full energy equipartition). While energy
equipartition actually involves the most massive stars mov-
ing slower than the less-massive stars, this formulation is
ideal for our needs.

We fit this model using Bayesian inference and use the
Markov-Chain Monte Carlo (MCMC) ensemble sampler em-
cee (Foreman-Mackey et all |2013) to sample the posterior
distribution, using the method of [Wright et all (2019). We
used 1000 walkers and 2000 iterations, with the first 1000 it-
erations used to explore the parameter space (the ‘burn-in’)
and the second 1000 iterations used to sample the poste-
rior distribution. We used the median value of the resulting
posterior distribution as the best fit, and the 16" and 84"
percentiles for the 1o uncertainties. The longest autocorre-
lation length of the walker chains was found to be ~120
iterations, resulting in ~8 independent samples per walker.

The best fit was n = —0.081£0.029, which implies with
2.8 o confidence that the more massive stars in NGC 6530
are moving faster than the low-mass stars. This relation-
ship between stellar mass and velocity dispersion is shown
in Figure[2] in broad agreement with the binned data shown
in that figure and confirming that the trend observed in Sec-
tion [3]is independent of the choice of bins. This is in con-
trast to [Wright et all (2016) who used this approach study-
ing the Cygnus OB2 association and found no dependence
of the velocity dispersion on stellar mass in their sample.

3.3 Velocity dispersion ratio for massive stars

To quantify the effect seen in Figure 2] and to facilitate re-
liable comparisons with simulations we divide the velocity
dispersion of the N most massive stars, omassive, With the
velocity dispersion of all stars in the sample, oan, to define
a ‘velocity dispersion ratio’, ovpr :

OVDR = Um;ssivc (2)
all



4 Wright et al.

Uncertainties for this quantity can be calculated, as in
Section B3] by bootstrapping. A value of this ratio signifi-
cantly above (below) 1.0 implies that the massive stars in
the region are moving significantly faster (slower) than the
low-mass stars. It can therefore be used to either quantify
trends such as those observed here, or in more dynamically
evolved groups, such as globular clusters, the development
of energy equipartition.

We measure the velocity dispersion ratio for our sam-
ple for different values of N (in steps of 5), exploring the
effects of varying this quantity. We find that for N < 30
the velocity dispersion ratio is always greater than 1.0 and
increases as N decreases. The significance of the measure-
ment broadly decreases as N decreases, implying that the
ratio increases faster than the uncertainty on the ratio in-
creases. The highest value of the ratio was found for N = 5,
where oyvpr = 2.02 £ 0.31, implying that the most massive
stars are moving, on average, twice as fast as the average
star with a confidence of ~3c. The velocity dispersion ratio
decreases for larger N, though the uncertainty initially de-
creases faster, such that for N = 15 the velocity dispersion
ratio is measured as ovpr = 1.56 £ 0.16, a significance of
3.50. For larger N the velocity dispersion ratio decreases,
while the uncertainty remains constant, and so the signifi-
cance of the measurement also drops.

3.4 Consideration of possible biases and
uncertainties

It is worth considering any possible biases or uncertainties
that could affect our results. The most important thing to
consider is whether over- or under-estimated PM uncertain-
ties could have significantly affected these results. Under-
estimated uncertainties will cause the inferred velocity dis-
persion to be over-estimated (and vice-versa). We have cal-
culated the extent to which the uncertainties need to be
over- or under-estimated for this to explain the observed
trend and find that this is incredibly unlikely. For the lowest-
mass stars (those in the 0.1-2.5 Mg bin), their uncertain-
ties would need to be over-estimated by ~0.6 mas yr~! to
bring their velocity dispersion to the level of the high-mass
stars, which is impossible since the rms PM uncertainty for
the low-mass stars is only 0.26 mas yr~!. For the highest-
mass stars (20-100 Mg) their uncertainties would need to
be under-estimated by a similar amount to bring their veloc-
ity dispersion down to the level of the lowest-mass stars, or
even under-estimated by ~0.5 mas yr~! to bring it down to
the level of the next-highest bin (7.5-20 Mg, ), which is a fac-
tor 15 larger than the rms PM uncertainty of the high-mass
stars (0.03 mas yr™1).

Another possibility is that our sample is incomplete in
some way that biases the velocity distribution of the sample,
e.g., due to obscuration of low-mass stars with large veloc-
ities in the HiI region that the stars are projected against,
though this is hard to quantify and would also have to be a
large effect to explain these observations.

4 COMPARISON WITH N-BODY
SIMULATIONS

In this section we compare our findings with the predictions
of N-body simulations to explore how the observed kine-
matic trend could have arisen and how it might constrain
the initial conditions or past evolution of the region.

We use the N-body simulations presented by
Parker et al.  (2014) and subsequently studied by
Parker & Wright (2016). These simulations are discussed in
detail in the first of those papers, but we summarise their
properties here. The regions simulated have 1500 members
drawn from a |[Maschberger (2013) initial mass function
with @ = 2.3 and 8 = 1.4, which results in a total mass of
~500 M. The simulations are run from nine sets of initial
conditions representing all combinations of three levels
of initial physical substructure (with fractal dimensions
D = 1.6, 2.0 and 3.0, in order of decreasing substructure)
and three levels of initial virial ratio (awir = T/|Q| = 0.3,
0.5, and 1.5, referred to as ‘cool’, ‘virial’, and ’hot’, re-
spectively). For each set of initial conditions an ensemble
of 20 simulations are run with different random number
seeds used to initialise the positions, masses and velocities
of the stars. The simulations are run for 10 Myr using
the STARLAB package (Portegies Zwart et all [1999) with
the positions and velocities of stars outputted at 0.1 Myr
intervals for analysis.

4.1 Velocity dispersion ratio

Parker & Wright (2016) analysed the kinematics of stars in
the simulations of [Parker et all (2014). One of their notable
findings was that in regions undergoing cool collapse (i.e.,
those starting from substructured initial conditions, D =
1.6 — 2.0, and cool or virial kinematics, avir = 0.3 —0.5), the
most massive stars had higher velocity dispersions than the
low-mass stars after ~1-2 Myr of dynamical evolution. This
was the case for both the 10 most-massive stars, which they
argued may have kinematically ‘decoupled’ from the other
stars, and for all intermediate mass stars (1-5 Mg).

Parker & Wright (2016) found that this inflated veloc-
ity dispersion did not seem to be due to the high-mass stars
being in close binary systems (which would increase their
velocity dispersion in an N-body simulation if they were con-
sidered individually), as the majority of massive stars in the
simulation did not end up in close binary systems. We re-
mind the reader that while the high-mass stars in NGC 6530
may be in close binaries, our use of PMs instead of radial
velocities means that the measured velocities are not instan-
taneous measures but are integrated over time, erasing the
majority of binary motions.

To compare our results with these simulations we cal-
culate the velocity dispersion ratio outlined in Section [3.3]
every 0.1 Myr in each of the simulations, using N = 15 as
a balance that provides a reasonably-sized sample to calcu-
late the velocity dispersion of the most massive stars, with-
out going too far down the mass spectrum that the signal
is diluted. We limit the stars analysed at each time-step to
those within 2 half-mass radii of the centre of each region so
that the N-body simulations (which follow the evolution of
all stars) mimic the observations (that are spatially limited
to the main concentration of stars).

© 0000 RAS, MNRAS 000, 000-000
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Figure 3. Evolution of the velocity dispersion ratio, oypgr with N = 15, for stars within 2 half-mass radii of the centre of each region.
Each panel shows the median oypgr value from 20 simulations with identical initial conditions (black dots) at 0.1 Myr time-steps, with
the error bars showing the 16th and 84th percentile values of the oypgr values at that time-step. The three rows show initial conditions
with a ‘cool’ initial viral state (avi; = 0.3, top), a ‘virial’ ratio (ayi; = 0.5, middle), and a ‘warm’ initial virial state (ayi; = 1.5, bottom).
The three columns show initial conditions with a high level of initial substructure (D = 1.6, left), a medium level of initial substructure
(D = 2.0, centre), and no initial substructure (D = 3.0, right). The red dot shows the measured value of oypgr = 1.55+0.16 for N = 15

2013).

for our NGC 6530 sample at an assumed age of 2 Myr

Figure [B] shows how the velocity dispersion ratio, ovpr
(Eq. B)), varies with time for various initial conditions. The
ratio starts around 0.8-1.0, and with the exception of the
warm initial conditions without substructure (owir = 1.5,
D = 3.0), the ratio increases over time. The rate of increase
of the velocity dispersion ratio is higher for simulations with
more initial substructure and for simulations that start with
‘cool’ or ‘virial’ velocities. In the simulations with highly-
substructured initial conditions (D = 1.6) that undergo a
cool collapse (avir = 0.3 and 0.5), the velocity dispersion ra-
tio increases quickly in the first few Myrs before flattening
off to a level of 1.3—-1.5. A slightly similar effect is seen in
the partially-substructured simulation that undergoes cool
collapse (awir = 0.3, D = 2.0), though the initial increase in
the velocity dispersion ratio is less pronounced and is around
1.0-1.2 after 10 Myr. For the remaining simulations (with
the exception of those with warm initial conditions without
substructure) the velocity dispersion ratio increases much
more slowly over the duration of the simulations, reaching
approximately 1.0-1.1 after 10 Myr. In summary, and in

© 0000 RAS, MNRAS 000, 000-000

agreement with [Parker & Wrightl (lZQl_d)7 the velocity dis-

persion ratio increases quickly for simulations undergoing
cool collapse, while the ratio increases much more slowly for
regions that dynamically evolve slower.

Comparing our measurement of the velocity dispersion
ratio in NGC 6530 at an age of 2 My ) with
the simulations shown in Figure Bl shows that our observa-
tions are only consistent with simulations that undergo a
cool collapse (avir = 0.3 or 0.5) from an initially highly-
substructured distribution (D = 1.6). For all other ini-
tial conditions the velocity dispersion ratio does not reach
such levels by an age of 2 Myr, and only for a few sets
of initial conditions (e.g., the partially-substructured dis-
tributions that undergo cool collapse, where D = 2.0 and
avir = 0.3) does it reach such a level within 10 Myr.

1 Note that some more recent studies have derived a younger age
for NGC 6530 of 1-2 Myr (e.g., [201d), which

only accentuates the results of our comparison with simulations.
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Figure 4. Evolution of the m (mbar) and § (sbar) quantities that constitute the parameter Q@ = m/3, for all stars within 2 half-mass
radii of the centre of each region. For each set of initial conditions we show the values from 20 realisations of the same simulation, and
plot values at 0 Myr (before dynamical evolution, plus symbols), at 2 Myr (the estimated age of NGC 6530, open circles), and at 5 Myr
(cross symbols). The red dot shows the measured values of m = 0.29 and § = 0.32 for NGC 6530.

4.2 Structural and kinematic diagnostics

In previous studies (e.g., [Parker et all [2014; [Wright et all
2014) we have found that structural diagnostics can also
provide insights into the initial conditions of star form-
ing regions, clusters and associations. For example, the
Q@ parameter (Cartwright & Whitworth 2004) can be used
to quantify the amount of spatial structure in a region
by generating a minimum spanning tree (MST) from the
2-dimensional distribution of stars on the plane of the
sky (Cartwright & Whitworth [2004; |Cartwright [2009). The
() parameter is calculated from the ratio of the nor-
malised mean edge length, m, and the normalised mean
separation between stars, 5, as @ = m/5. Values of
@ < 0.8 indicate a substructured distribution (such as

seen in young star-forming regions or OB associations,
Cartwright & Whitworth [2004; [Wright et al) [2014), while
values of @) > 0.8 are associated with smooth, centrally con-
centrated distributions such as clusters (Parker et all|2014).
In some cases the values of m and 5 can also be useful for
understanding the structure of a region.

Figure [ shows how the simulations evolve from the dif-
ferent initial conditions in the m—s diagram, using only stars
within 2 half-mass radii of the cluster centres. At ¢ = 0 Myr
(the initial conditions) the distribution in the diagram is
only dependent on the initial structure (set by the D param-
eter). Smoothly distributed groups (D = 3.0) start around
(m,5) = (0.6,0.8) and over time evolve towards lower val-
ues of m and 3, with the evolution more enhanced for ‘warm’

(© 0000 RAS, MNRAS 000, 000-000



Kinematic signatures of cool collapse in NGC 6530 7

initial conditions (awir = 1.5) compared to the ‘virial’ and
‘cool’ initial conditions (awir = 0.3 or 0.5). Substructured
groups (D = 1.6 or 2.0) start around (m,5) = (0.3,0.7),
with a larger spread, and evolve towards larger values of m
and smaller values of 5. This evolution is more pronounced
for ‘cool’ and ‘virial’ initial conditions (awir = 0.3 or 0.5)
than for ‘warm’ initial conditions (avir = 1.5), which show
very little increases in m, though s does still decrease.

For NGC 6530, using our spatially-unbiased structural
sample, we measure values of m = 0.29, 5 = 0.32, and there-
fore @ = 0.96. This value of @ suggests NGC 6530 is cen-
trally concentrated and not substructured, which is consis-
tent with the observed spatial distribution of sources that
shows a clear, central cluster and a radial decrease in the
density of sources. Figure [4] shows how these measurements
compare to the results of N-body simulations. These struc-
tural measurements are consistent with N-body simulations
that undergone cool collapse from an initially substructured
distributed (D = 1.6 and awir = 0.3 or 0.5), as well as some
of the initially ‘warm’ simulations (awir = 1.5), though these
are ruled out by the comparison with the velocity dispersion
ratio (Section [LT]).

Taking the results of the structural and kinematic di-
agnostics together suggests that NGC 6530 must have un-
dergone a cool collapse (with an initial ‘cool’ velocity dis-
persion, avir = 0.3 or 0.5) from an initially more dispersed
and substructured spatial distribution (D = 1.6) that likely
represents its initial formation state.

5 DISCUSSION

We have found strong evidence that the PM velocity disper-
sion of stars in NGC 6530 increases with stellar mass; the
most massive stars moving faster than the low-mass stars.
Since this was calculated from PMs and not from radial
velocities this cannot be due to inflation of the velocity dis-
persion from instantaneous velocity measurements for stars
in binary systems. We therefore conclude that this signal is
real and consider possible explanations for it.

An increase of velocity dispersion with stellar mass is
the opposite signature to that expected if energy equiparti-
tion were being developed (i.e., if two-body encounters were
driving the system towards a thermal velocity dispersion,
Spitzer 1969). Energy equipartition has long been consid-
ered to be the dynamical process behind mass segregation,
the apparent over-concentration of the most massive stars
in the cluster centre (e.g., Hillenbrand et all|1998).

However, recent N-body simulations have shown that
the most massive stars in a system are not necessarily mov-
ing slower than their low-mass counterparts and can even ob-
tain higher velocities than the low-mass stars (Parker et all
2016; ISpera et all [2016; [Webb & Vesperini 2017). This is
thought to happen as a consequence of the mass segregation
that leads to the Spitzer instability (Spitzen|1969), wherein
a stellar system composed of two populations of stars with
significantly different masses is prevented from achieving en-
ergy equipartition because the massive stars cannot trans-
fer enough energy to the low-mass stars and instead kine-
matically decouple from them to form a self-gravitating sys-
tem within the cluster (Allison & Goodwin 2011]). This sub-
system is more centrally concentrated than that of the other
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stars, and since velocity dispersion decreases with increas-
ing distance from the centre of the cluster, the massive stars
achieve a higher velocity dispersion than the low-mass stars
(Webb & Vesperini [2017). This central system relaxes by
ejecting one or more of the massive stars from the centre
through close encounters (Allison & Goodwin [2011), which
can reduce the observed level of mass segregation.

Spera et all (2016) also found that the velocity disper-
sion of the most massive stars (> 20 Mg ) tended to be higher
than the velocity dispersion of the less-massive stars. In their
simulations, which start from a centrally-concentrated dis-
tribution, this velocity dispersion signature occurred after
approximately 30 Myrs, whereas [Parker & Wright (2016)
find that, in simulations where the stellar system under-
goes some degree of violent relaxation, the most massive
stars can obtain higher velocities than the low mass stars
within 1-2 Myr (see their Figure 6 panels (a) and (d) and
our Figure[3). This timescale is close to the age of the Lagoon
Nebula population and so this picture is consistent with our
observations.

These results suggest that the NGC 6530 cluster must
have formed from an initially substructured spatial and kine-
matic distribution that underwent a cool collapse, acceler-
ating the dynamical processes responsible for the Spitzer
instability. From the N-body simulations presented by
Parker & Wright (2016) and [Spera et al! (2016) this pro-
vides the only explanation for the elevated velocity disper-
sion for the most massive stars in the cluster. The lack of
significant kinematic substructure (Wright et all|2019) can
be explained if the cluster has undergone rapid mixing fol-
lowing its collapse. Since such a collapse is more likely to
have been asymmetric than perfectly symmetric then this
would lead to an asymmetric balance of velocities that, post-
collapse and bounce, could explain the asymmetric expan-
sion pattern currently observed across the Lagoon Nebula
(Wright et all|2019).

The wider implications for this result are particu-
larly interesting, especially if this is a common forma-
tion mechanism for young clusters (Bonnell et al! [2003;
Vizquez-Semadeni et all 12017). The question of how star
clusters form has significant ramifications for models of high-
and low-mass star formation and the origin of the cluster-
ing of stars. NGC 6530 contains many massive O-type stars
that must have formed in a pre-collapse substructured dis-
tribution or possibly have accreted additional mass during
the collapse process. Close encounters between stars would
be more common during the cool collapse of the cluster,
which can lead to the truncating of circumstellar discs and
the hardening of existing binaries. [Bonnell et all (2003) es-
timate that at least a third of all stars, and most massive
stars, could undergo such disruptive interactions during the
cool collapse of the cluster. Furthermore, while NGC 6530
is an order of magnitude less massive than some of the mas-
sive star clusters in our Galaxy, such as Westerlund 1 or
NGC 3603, it may provide an indication of how such massive
young clusters could form (Longmore et all [2014). Similar
studies of such clusters may elucidate this matter further.
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6 CONCLUSIONS

We have studied the mass-dependence of the velocity dis-
persion of stars in the young cluster NGC 6530 and shown
that the PM velocity dispersion increases with stellar mass.
We show this by fitting the velocity dispersion in different
mass bins, by performing a global velocity dispersion fit with
a mass-dependent free parameter, and by measuring a new
kinematic diagnostic, the velocity dispersion ratio, ovpr. All
of these methods show that the velocity dispersion is higher
for the most massive stars in the cluster (2 20 M) than it
is for less-massive stars.

This trend of increasing velocity dispersion with stel-
lar mass is the opposite to that predicted for the develop-
ment of energy equipartition through two-body encounters.
It is however consistent with recent N-body simulations that
show such a phenomena can be developed over time due
to the Spitzer instability in which the massive stars sink
to the centre of a cluster and form a self-gravitating sys-
tem with a higher velocity dispersion. While this kinematic
trend can take several tens of Myr to develop in a normal
cluster, if the cluster formed by the cool collapse of an ini-
tially substructured distribution it can be achieved in only
1-2 Myr (Parker & Wright 12016). We therefore conclude
that NGC 6530 formed from much more extended initial
conditions and has since collapsed to form the cluster we
see now.
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