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ABSTRACT

Understanding how the birthplace of stars affects planet-forming discs is important for a
comprehensive theory of planet formation. Most stars are born in dense star-forming regions
where the external influence of other stars, particularly the most massive stars, will affect
the survival and enrichment of their planet-forming discs. Simulations suggest that stellar
dynamics play a central role in regulating how external feedback affects discs, but comparing
models to observations requires an estimate of the initial stellar density in star-forming regions.
Structural analyses constrain the amount of dynamical evolution a star-forming region has
experienced; regions that maintain substructure and do not show mass segregation are likely
dynamically young, and therefore close to their birth density. In this paper, we present
a structural analysis of two clusters in the Carina Nebula, Tr14 and Tr16. We show that
neither cluster shows evidence for mass segregation or a centrally concentrated morphology,
suggesting that both regions are dynamically young. This allows us to compare to simulations
from Nicholson et al., who predict disc survival rates in star-forming regions of different
initial densities. The surviving disc fractions in Tr14 and Trl16 are consistent with their
predictions (both are ~10 per cent), supporting a growing body of evidence that the star-
forming environment plays an important role in the survival and enrichment of protoplanetary
discs.

Key words: protoplanetary discs—stars: kinematics and dynamics—stars: pre-main-
sequence —open clusters and associations: general.

massive than the Orion Nebula Cluster (ONC), the prototypical

1 INTRODUCTION . . .
high-mass star-forming region.

Most stars do not form in isolation; instead they form in aggregates
of a few to many stars where feedback from nearby cluster members
may alter their formation and evolution. Efforts to dissect the role of
the star formation environment tend to focus on nearby regions (d
< 1 kpc) where individual sources can most readily be resolved and
studied. These regions are predominantly forming low-mass stars.
However, fossil evidence in Solar system meteorites suggests that at
least one dying high-mass star enriched the proto-solar nebula/disc,
providing the short-lived radioisotopes that play an important role
in the geochemical evolution of terrestrial planets (e.g. Cameron &
Truran 1977; Grimm & McSween 1993; Hester et al. 2004).
Moreover, observations suggest a cluster mass function dN/dM ~
M~? (Lada & Lada 2003; Chandar 2009; Fall, Krumholz & Matzner
2010), which implies that >1/2 of all stars form in clusters more
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Different theories for the formation of high-mass stars predict
distinct cluster architectures. Under competitive accretion, high-
mass stars form in the deepest part of the gravitational potential
well, aided by high gas densities that enhance accretion rates (e.g.
Bonnell et al. 2001). However, feedback from these same massive
stars may erase any observable difference in the spatial distribution
(Parker & Dale 2017). For example, we wouldn’t necessarily
expect competitive accretion to give primordial mass segregation
(Bonnell & Davies 1998). Turbulent core models (e.g. McKee &
Tan 2003) describe a formation pathway more analogous to that
developed for isolated low-mass stars; high-mass stars [and their
host (sub)clusters] form from high-density clumps in substructured,
hierarchical clouds (Kruijssen 2012). Both formation scenarios
predict a high degree of initial spatial substructure, but this can
rapidly evolve into a more centrally concentrated morphology via
rapid dynamical evolution in regions with high stellar densities,
smoothing initially clumpy distributions and fostering mass seg-
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regation (e.g. Allison et al. 2009, 2010; Yu, de Grijs & Chen
2011; Parker et al. 2014). Alternatively, a star-forming region could
form in a smooth, very dense configuration and rapidly evolve
into a less dense association due to residual gas expulsion (e.g.
Tutukov 1978; Lada, Margulis & Dearborn 1984; Goodwin 1997;
Goodwin & Bastian 2006; Baumgardt & Kroupa 2007), although
it is currently unclear how this would result in the spatial and
kinematic substructure observed in stellar associations (Wright
et al. 2014, 2016; Ward & Kruijssen 2018). Dynamical processing
does not create or enhance substructure, so its persistence may
be taken as evidence for dynamical youth (Scally & Clarke 2002;
Goodwin & Whitworth 2004; Parker & Meyer 2012; Parker et al.
2014).

Motivated by the observed composition of our own Solar system,
Adams & Laughlin (2001) estimated the size of the Sun’s birth
cluster, arguing for an aggregate with N ~ 2000 % 1100 stars. Most
star-forming regions in the immediate vicinity of the Sun are less
populous, with only N &~ 300-1000 members. In these small star-
forming regions, tidal effects and external irradiation from other
members may not play a significant role in shaping the nascent
planetary systems (e.g. Adams et al. 2004, 2006). The key parameter
is the median local stellar density — a high local density can lead
to the creation of free-floating planets and orbital disruption even
if the total number of stars is low (Parker & Quanz 2012). Such
small star-forming regions may not include stars massive enough to
produce short-lived radioisotopes within the lifetime of discs and
planet formation (though see Elmegreen 2006; Parker & Goodwin
2007, who argue that the only limit to the mass of a star that can form
is the mass of the cloud itself), meaning that enrichment may only
occur in more massive star-forming regions (Nicholson & Parker
2017 show that if low-mass star-forming regions can form massive
stars, then radioisotopic enrichment is possible).

If we impose a limit on the mass of the most massive star that
can form in a given region (Weidner & Kroupa 2006), then a star-
forming region with a few thousand stars will only produce one
or two stars >20Mg. By way of example, a ~25Mg, star lives
for ~7.5 Myr, longer than the dissipation time for the majority of
protoplanetary discs around low-mass stars (Haisch, Lada & Lada
2001; Richert et al. 2018). Higher-mass stars, typically found in
more populous star-forming regions, evolve faster and may produce
radioisotopes more efficiently in the later stages of their pre-
supernova evolution, providing earlier enrichment (Knoedlseder
et al. 1996; Voss et al. 2012).

While mass-loss from evolved high-mass stars will pollute the
cluster environment, it is unclear what fraction of protostellar discs
will be enriched. Prior to their explosive deaths, high-mass stars
will also bathe the cluster with energetic radiation that will rapidly
photoevaporate the gas component of planet-forming discs around
low-mass stars (e.g. Storzer & Hollenbach 1999; Scally & Clarke
2001; Adams et al. 2004; Fatuzzo & Adams 2008; Mann & Williams
2010; Mann et al. 2014; Haworth et al. 2018; Winter et al. 2018;
Nicholson et al. 2019). Never the less, planets are prevalent (e.g.
Dressing & Charbonneau 2013), with terrestrial planets mostly
likely to be found around low-mass stars (e.g. Howard et al.
2012; Mulders, Pascucci & Apai 2015). Those enriched with
short-lived radioisotopes from dying high-mass stars may have
conditions more favourable for habitability (see e.g. Lugaro, Ott &
Kereszturi 2018). Understanding the role of the cluster environment
is thus an essential part of a comprehensive theory of planet
formation.

Recent work from Lichtenberg, Parker & Meyer (2016) and
Nicholson et al. (2019) suggests that stellar dynamics in the natal
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cluster play a central role in the survival and enrichment of planet-
forming discs. In high-density regions, rapid dynamical evolution
brings low-mass stars close to the high-mass stars where their
discs are quickly destroyed. Lower density environments evolve
more slowly, allowing low-mass stars to spend more time at
a safe distance from the destructive radiation of the high-mass
stars.

The Gaia revolution is underway (e.g. Gaia Collaboration 2018),
providing parallaxes and proper motions of billions of stars and
reinvigorating dynamical studies of young open clusters (e.g.
Damiani et al. 2017a; Franciosini et al. 2018; Roccatagliata et al.
2018). At the distance of the typical high-mass star-forming region
(Z2kpc), Gaia measurements are most reliable for the brightest,
and therefore highest mass, cluster members (e.g. Kuhn et al. 2019).
Most radial velocity surveys target modestly sized clusters in the
solar neighbourhood (e.g. Firész et al. 2008; Tobin et al. 2009;
Cottaar et al. 2015; Foster et al. 2015; Da Rio et al. 2017), with
only a few studies targeting high-mass regions (e.g. Damiani et al.
2017b; Karnath et al. 2019). As a result, few constraints exist for
truly high-mass regions (e.g. Wright et al. 2014, 2016).

In the absence of comprehensive kinematic studies of high-
mass star-forming regions, statistical diagnostics provide insight
into the formation pathway and dynamical state of young clusters.
A variety of approaches to estimate structure, morphology, and
clustering have been proposed (e.g. Cartwright & Whitworth 2004;
Allison et al. 2009; Maschberger & Clarke 2011; Kuhn et al.
2014; Buckner et al. 2019). These metrics provide a framework
for comparing an ensemble of clusters, useful to constrain their
probable formation and evolution pathways (e.g. Kuhn et al. 2014,
2015). For individual clusters, structure diagnostics, especially
when combined with density estimates, provide strong constraints
on the dynamical history of the cluster (Parker & Meyer 2012;
Parker 2014; Parker et al. 2014). This is of particular interest
for high-mass clusters as simulations suggest that their dynamics
determine the integrated feedback affecting planet-forming discs
around nearby low-mass stars, and thus dictate their survival and
enrichment.

In this paper, we consider the central clusters of the Carina
Nebula, Tr14 and Tr16. These clusters sample the two archetypal
morphologies produced by theories of high-mass star formation —
centrally concentrated and hierarchical, respectively. Both clusters
are likely at the same distance (Turner & Moffat 1980; Walborn
1995; Smith 2006a; Hur, Sung & Bessell 2012), and close enough
to feasibly observe both low- and high-mass stars (Smith 2006b;
Huretal. 2012). Tr14 appears to be centrally concentrated (Ascenso
et al. 2007; Sana et al. 2010; Kuhn et al. 2014) and a few authors
report tentative evidence for mass segregation (e.g. Sana et al. 2010;
Buckner et al. 2019; although see Ascenso et al. 2007). In contrast,
Trl6 is hierarchical, with considerable substructure and no clear
cluster centre (e.g. Wolk et al. 2011; Kuhn et al. 2014). The total
stellar content and average densities of the two clusters are similar
(seee.g. table 7in Wolk et al. 2011). However, stellar densities in the
centrally concentrated core of Tr14 are an order of magnitude higher
than in Tr16 (Ascenso et al. 2007; Sana et al. 2010), which has no
clear cluster centre. Multiple age indicators suggest that Tr16 is
slightly older than Tr14 (~3 Myr, compared with ~1 Myr for Tr14;
see e.g. Walborn 1995; Preibisch et al. 2011b; Getman et al. 2014).
Together, Tr14 and Tr16 sample the key cluster morphologies to test
the role of cluster dynamics in the disc survival prior to the onset of
the supernova era.

We quantify substructure and mass segregation in these two clus-
ters in order to estimate their dynamical histories. This allows us to
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estimate the impact of external feedback on the planet-forming discs
around nearby low-mass stars by comparing numerical simulations
from Nicholson et al. (2019) with the surviving disc fraction in
the two clusters from Preibisch et al. (2011a). In doing so, we
constrain the role of cluster density in determining the destiny of
protoplanetary discs within them.

2 POINT SOURCE CATALOGUES

We combine point source catalogues in the literature to perform the
structural analysis of Carina. Our primary focus is the two central
clusters, Tr14 and Tr16; however, we include observations of the
larger star-forming complex in order to compare the structure of
the entire region to that determined in the clusters. We compile
multiple surveys to maximize spatial coverage of Carina and to
sample a broader range of stellar masses. We use the K-band
magnitude as a proxy for mass, selecting the near-infrared (near-
IR) filter to minimize the effects of uneven extinction in Tr14 and
Tr16. In tests of synthetic clusters with and without extinction,
Parker, Maschberger & Alves de Oliveira (2012) found that mass
segregation diagnostics recover strong signals of mass segregation,
but the statistical significance is somewhat reduced in the presence
of extinction.

For a census of O- and B-type stars in Carina, we use the list of
known Carina members and new spectroscopic confirmations from
Alexander et al. (2016). To provide sources with a broad range
of masses in and around Tr14 and Tr16, we use the photometric
study of Hur et al. (2012). Those authors identify cluster members
using a combination of proper motions, spectral types, reddening
characteristics, X-ray emission, and near-IR excess. For both of
these catalogues, we cross-match with 2MASS (Skrutskie et al.
2006) to obtain K mags for each source. We include stars in Tr14
detected with AO-assisted observations by Sana et al. (2010), who
identify cluster members in the high-density core of Tr14 based on
their position in near-IR colour space. We also use two IR catalogues
of young stellar objects (YSOs) that cover the larger Carina star-
forming region produced as part of the Chandra Carina Complex
Project (Townsley etal. 2011). First, we use the near-IR point source
catalogue from Preibisch et al. (2011a), who used associated X-ray
emission to distinguish young cluster members from background
contaminants with similar IR colours. Second, we include candidate
intermediate-mass Y SOs identified by Povich et al. (2011) based on
their IR spectral energy distributions (SEDs). In total, this provides
a catalogue of 9236 point sources distributed over ~1.5° x 2.5°
(see Fig. 1).

Each of these surveys covers a different footprint, providing
uneven sensitivity and spatial coverage. To ensure that this does
not alter the results of the structural analysis, we repeat the analysis
using only the X-ray-selected sample of low-mass stars from Kuhn
etal. (2014). We cross-match the Kuhn et al. (2014) catalogue with
the near-IR data from Preibisch et al. (2011a) to provide K mags. We
compare the distribution of low-mass stars with the O- and B-type
stars from Alexander et al. (2016). This provides a slightly smaller
sample of ~1300 objects in each cluster.

3 STRUCTURE DIAGNOSTICS

In this section we apply three different diagnostics for quantifying
the spatial structure of star-forming regions to the full Carina
region, as well as the Tr14 and Tr16 clusters individually. We first
briefly describe each of the diagnostics before applying them to the
observational data.

MNRAS 486, 4354-4364 (2019)

3.1 Description of diagnostics

3.1.1 The Q-parameter

The Q-parameter (Cartwright & Whitworth 2004; Cartwright 2009;
Lomax, Whitworth & Cartwright 2011; Jaffa, Whitworth & Lomax
2017) quantifies whether a star-forming region has a substructured
or smooth morphology by comparing the mean edge length of a
minimum spanning tree connecting all of the points, 72, with the
mean edge length of a complete graph of the distribution, §:

o=" (1)

N

/m is normalized by the following factor, which depends on the
number of stars in the distribution, &V, and the area A:

VNA
N-1 @
The area, A, is the area of a circle with radius R centred on the region
in question, and where R is the radius of the region’s outermost star
from the centre. § is then normalized to the radius R of this circle
(and so Q is a dimensionless ratio). Parker (2018) shows that this
is the most robust normalization technique when determining Q.
In two dimensions, @ < 0.8 indicates a substructured morphol-
ogy, whereas @ > 0.8 indicates a smooth, centrally concentrated
distribution.

3.1.2 The Aysg mass segregation ratio

The mass segregation ratio, Aysr (Allison et al. 2009), provides
a quantitative measure of mass segregation by comparing the
minimum spanning tree length of randomly chosen subsets of stars
in a star-forming region with the length of a minimum spanning tree
of a chosen subset. In this case, we are interested in the high-mass
stars, but Aysg can be adapted to any subset of interest.

Asr is defined as

laVel‘a ]
Amsr = Haverge) 3)

s
lmassive

where (lyverage) 1 the average edge length of the minimum spanning
tree of many subsets of randomly chosen stars and /j,give 1S the
typical distance between high-mass stars.

The Apsr ratio is determined for subsets of the Nyt most
massive (or brightest — see below) stars. The initial choice for the
number of stars in the subset is Nyst = 4; Amsr 18 calculated for
this number of stars, increasing in increments of six stars until the
number of stars in the subset is equal to the total number of stars in
the data set (and for this number of stars Aysg = 1 by definition).
If a region is significantly mass segregated, then Aysg >>1, and
numerical experiments show that values above 2 are generally not
produced by random chance (Parker & Goodwin 2015).

The determination of Aysg requires no assumptions about the
centre of a star-forming region, or its morphology, and is a single
metric that may be used to measure mass segregation in the full
region, as well as in Tr14 and Tr16. The technique can be applied
to any scalar quantity; usually this is stellar mass, but for our data
set the K-band magnitudes are more reliable and we will use those
in our analysis as a proxy for mass.

3.1.3 Relative local surface density of the most massive stars

Maschberger & Clarke (2011) introduced another method to quan-
tify the relative spatial distribution of massive stars by comparing
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Figure 1. Structural analysis of the entire data set. Panel (a) shows the subregions in the following figures. The largest red outline box is Trumpler 14; the
small red box within this is a zoom-in of the densest part of Trumpler 14; the orange outline box is Trumpler 16. In panel (b) we show the Cartwright (2009)
plot, which plots the 7/ and § components used to calculate the Q-parameter against each other. The datum for the entire Carina region is shown by the solid
black triangle, and for reference we show 100 realizations each of synthetic star-forming regions with various fractal dimensions, D (from a high degree of
substructure [D = 1.6] to smooth [D = 3.0] — indicated as F1.6-F3.0 in panel b), or centrally concentrated regions with different density profiles (uniform
[n ] to very centrally concentrated [n r~29] — indicated as R0.0-R2.9 in panel b, as well as a Plummer profile). In panel (c) we show the Apsr ratio as a
function of the Nyst brightest stars. The K-band magnitude of the least bright object enclosed in a sample of Nyst stars is indicated on the top axis. AMsr =
1 (no mass segregation) is shown by the dashed red line. In panel (d) we show the surface density X for each star as a function of its K-band magnitude. The
median surface density for the Carina region is shown by the blue dashed line, and the median surface density for the ten brightest (OB) stars is shown by the

solid red line.

the local surface density, X, around each star as a function of stellar
mass.

Following Casertano & Hut (1985) we compute the local surface
density, X, by determining the distance d, to the nth nearest
neighbour, such that

n—1

s="""
wd?

“

The choice of n is somewhat arbitrary. Care must be taken to avoid
low values of n that would introduce a bias due to enhancements in

local density from binary or high-order multiple systems; similarly a
high value of n would wash out the effects of density enhancements
inherent in a substructured star-forming region. We adopt n = 10
throughout this work (see also Parker et al. 2014).
Following Parker et al. (2014), we compute the local surface
density ratio
2o
21DR s

&)

which compares the local surface density of the 10 most massive
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stars in the star-forming region, ¥,, with the local surface density
of all stars in the cluster, 3. This method was designed to compare
surface density and mass, but we will use K-band magnitudes instead
of mass.

To gauge the significance of any difference between the median
surface density of the subset of interest and the median surface
density of the entire region, we perform a Kolmogorov—Smirnov
(KS) test between the two populations and reject the null hypothesis
that they share the same underlying parent distribution if the KS test
returns a p-value < 0.01.

¥ pr measures whether a high-mass star resides in a higher-
than-average-density location within a star-forming region, and is
distinct from the Aysg mass segregation ratio, which measures the
relative positions of the high-mass stars compared to those of low-
mass stars. It is possible for a star-forming region to display a high
Y pr ratio, but a low Aysgr ratio, and vice versa (see Parker &
Goodwin 2015).

3.2 The full Carina region

If we consider the full Carina region (Fig. 1a), for the spatial
distribution we measure m = 0.26 and 5§ = 0.33, giving Q = 0.79.
If we place this datum on the Cartwright (2009) m — § plot (Fig. 1b),
we see that the morphology of the region is not consistent with
a simple geometry. In this figure we show 100 realizations each
of fractal distributions where we increase the fractal dimension
from D = 1.6 (highly substructured) to D = 3.0 (smooth). We also
show 100 realizations each of centrally concentrated clusters with
morphologies described by a density profile of the form n o ¢,
where we increase the degree of central concentration from uniform
(e = 0) to significantly concentrated (¢ = 2.9). We also show
clusters with a Plummer (1911) profile.

The neutral value for Q for the entire Carina complex can be
explained if the star-forming region is transitioning from a fractal
distribution to a centrally concentrated cluster, but in this case is
more likely to be due to the superposition of different structures
within the same field of view (Parker & Meyer 2012; Parker & Dale
2015).

A plot of the mass segregation ratio, Aysgr, against the Nyst
subset of the brightest stars (Fig. 1c) displays no deviation from
Awmsr = 1, suggesting that the region is not mass segregated.

Similarly, the stars with the brightest K-band magnitudes in the
full sample are not found in regions of higher than average surface
density (Fig. 1d). This plot readily shows the three different density
regimes in the data set'; a diffuse component with density ¥ ~
0.1 stars pc 2, an average component for the star-forming region that
has ¥ ~ 10 — 100 stars pc~2 and a dense component (due to the dif-
ferent subclusters) that has 3 ~ 100 — 1000 stars pc~2, consistent
with other estimates (see table 7 in Wolk et al. 2011). The median
surface density for the entire region is ¥, ~ 9 stars pc™2, and the
10 brightest stars have a median density of $10 = 7 stars pcfz. A
KS test between the two populations returns a p-value of 0.67 that
they share the same underlying parent distribution. We therefore
conclude that the most massive stars in Carina are not found in

I'The origin of different density regimes in star-forming regions is a subject
of much debate. Larson (1995) suggests they trace different scales of star
formation, from core fragmentation on sub-pc scales to clustering on pc
scales to diffuse star formation on larger scales. Alternatively, it may simply
indicate the dynamical evolution of multiscale star formation (Kraus &
Hillenbrand 2008; Kruijssen 2012).
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locations with different stellar surface densities to the average
stars.

3.3 Tr14

We now focus on the subscluster Tr14, and analyse two different
data sets. The first is our compilation of sources, and the second is
the data set from Kuhn et al. (2014), which was also analysed by
Buckner et al. (2019).

3.3.1 Compilation data

In Fig. 2 we show the results for the Tr14 subcluster, focusing on the
area defined by the larger red outline box in Fig. 1(a). A zoomed-in
view of this area is shown in Fig. 2(a). The 10 brightest stars are
shown by the red triangles; note that several of these systems are
massive binaries and the points are superimposed. We also note that
the contrast between the central region and the surrounding outskirts
reflects differing spatial coverage and depths of the surveys used
to make the combined catalogue; however, we have reanalysed the
central region, and used the independent data set from Kuhn et al.
(2014) and our results are very similar (see Section 3.3.2).

We calculate a Q-parameter of 0.94 for Tr14, where m = 0.28
and§ = 0.30. Taken inisolation, @ = 0.94 would suggest a smooth,
centrally concentrated morphology. However, in Fig. 2(b) we show
the location of this datum on the Cartwright (2009) m — 5 plot,
which shows that the observational data is not consistent with
a simple centrally concentrated morphology. It may reflect the
superposition of two different distributions (Parker & Dale 2015),
or it could represent a mid-point in the dynamical evolution of a
substructured spatial distribution to a smoother one (as dynamics
always erase substructure; Scally & Clarke 2002; Goodwin &
Whitworth 2004; Parker et al. 2014).

The Apmsgr mass segregation ratio as a function of the Nysr stars
in the chosen subset is shown in Fig. 2(c). Whilst several of the
data points lie slightly above Apsg = 1, none of them fulfill the
additional criterion that Apsg > 2, which was suggested by Parker &
Goodwin (2015) to alleviate ‘significant’ deviations from unity that
can be caused by random chance. We therefore posit that the full
region is not mass segregated.

The surface density of every star in the sample is plotted against
K-band magnitude in Fig. 2(d). Due to the bimodal nature of the
data coverage for Tr14, the central region appears to have a higher
density (X ~ 500 stars pc~2) and the outer areas have a much lower
density (X ~ tens stars pc2).

The median density for the full Trl4 sample is Sa =
229 stars pc 2, whereas the 10 most massive stars have a lower
density (£ = 67 stars pc~2). However, a KS test between the two
distributions returns D = 0.16 and a p-value = 0.9 that they share
the same underlying parent distribution. The reason for this is that
the massive stars are distributed over a wide range of stellar surface
densities (e.g. the star above the median sits in an area of local
surface density of 276 stars pc~2).

In summary, the massive or brightest stars in our Tr14 sample
are not spatially distributed differently to the average stars in this
(sub)cluster. Using a new clustering algorithm, Buckner etal. (2019)
find that the brightest stars in Tr14 are more clustered than lower-
mass stars, using the data set in Kuhn et al. (2014), whereas we find
no evidence of preferential clustering of the most massive stars. We
test whether this is due to our adoption of different samples in the
following subsection.
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Figure 2. Structural analysis of the Trumpler 14 data set. In panel (a) the brightest stars are shown by the red points. In panel (b) we show the Cartwright
(2009) plot, which plots the 7 and § components used to calculate the Q-parameter against each other. The datum for Tr14 is shown by the solid black triangle,
and for reference we show 100 realizations each of synthetic star-forming regions with various fractal dimensions, D (from a high degree of substructure [D =
1.6] to smooth [D = 3.0] — indicated as F1.6-F3.0 in panel b), or centrally concentrated regions with different density profiles (uniform [n ] to very
centrally concentrated [n o r~29] — indicated as R0.0-R2.9 in panel b, as well as a Plummer profile). In panel (c) we show the Apsr ratio as a function of
the Nyist brightest stars. The K-band magnitude of the least bright object enclosed in a sample of Nyist stars is indicated on the top axis. Apsr = 1 (no mass
segregation) is shown by the dashed red line. In panel (d) we show the surface density X for each star as a function of its K-band magnitude. The median
surface density for the Carina region is shown by the blue dashed line, and the median surface density for the 10 brightest (OB) stars is shown by the solid red
line.

3.3.2 Kuhn et al. (2014) data Apnsr as a function of the Nyst stars in the sample in panel (b). As
in the compilation sample (Fig. 2c) there is some deviation from
Apsr = 1 for the brightest 60 stars (though not for the brightest
four stars; see the leftmost data point in panel b).

Despite the very different samples, the overall shape of the
distribution of Aysg is very similar between the two samples. The
slightly elevated Aygsr ratio (1 < Apsg < 2) can be caused by
stochastic populating of a random spatial distribution (Parker &
Goodwin 2015) and may not indicate a truly different spatial
distribution for the most massive stars. It is possible that this type of

In order to test whether our results are dependent on the uneven
sensitivity and spatial coverage of the catalogues we combine to
sample the stellar distribution, we apply Q, Amsr, and Xy pr using
only the catalogue of low-mass point sources from Kuhn et al.
(2014) and high-mass stars from Alexander et al. (2016).

In Fig. 3 we show the positions of the brightest stars with respect
to the other stars (panel a). Again, several of these are in binary
systems. We repeat our calculation for the mass segregation ratio

MNRAS 486, 4354-4364 (2019)
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Figure 3. Structural analysis of Tr14 using the data set defined in Kuhn et al. (2014). In panel (a) the brightest stars are shown by the red points. In panel
(b) we show the Aysr ratio as a function of the NMyst brightest stars. The K-band magnitude of the least bright object enclosed in a sample of Nyst stars
is indicated on the top axis. Amsr = | (no mass segregation) is shown by the dashed red line. In panel (c) we show the surface density ¥ for each star as a
function of its K-band magnitude. The median surface density for the Carina region is shown by the blue dashed line, and the median surface density for the

10 brightest (OB) stars is shown by the solid red line.

phenomena is responsible for the spatial clustering of the massive
stars determined by Buckner et al. (2019).

3.4 Trile

In Fig. 4 we present our compilation data for Tr16. The positions
of the 10 brightest stars are shown by the red triangles in panel (a),
some of which are in close binary systems.

The Cartwright & Whitworth (2004) O-parameter is Q = 0.83,
where the mean branch length of the minimum spanning tree is
m = 0.43 and the mean length of the complete graph is § = 0.53.
These values are shown in the Cartwright (2009) plot in panel (b).
Unlike for the full Carina region, or Tr14, this Q-parameter is close
to an idealized fractal geometry, with a small amount of spatial
substructure. However, the Q-parameter is only really powerful at
distinguishing between a smooth or a substructured distribution;
Lomax, Bates & Whitworth (2018) finds that it cannot be reliably
used to trace the transition between these regimes, nor can it be
used to infer the initial spatial distribution of a star-forming region.
It can, however, be used as a proxy for the amount of dynamical
evolution that has occurred in a star-forming region.

We show the mass segregation ratio Aysg as a function of the
NysT most massive stars in a chosen subset in Fig. 4(c). As with
Tr14, the four most massive objects are not distributed differently to
low-mass stars, but the next 50 stars show a marginally significant
deviation from unity. As discussed above, that Aysg < 2 for all
subsets means that this distribution may be consistent with a random
distribution.

Finally, we show the local surface density around each star against
the K-band magnitude of the star in Fig. 4(d). The median surface
density of the 10 brightest stars is 10 = 9stars pc*Z, whereas the
median surface density for the full sample is £,; = 7 stars pc=2. We
therefore conclude that the brightest stars in Tr16 are not in areas
of higher than average surface density.

4 LIMITED DYNAMICAL EVOLUTION IN
TR14 AND TR16

The evolution of cluster density with time has a huge effect on
the fate of protoplanetary discs by regulating the intensity of
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the incident photoevaporative flux (Nicholson et al. 2019). Direct
comparison with simulations is difficult if the cluster density has
evolved significantly since formation, as the dynamical history is
difficult to reconstruct. Fortunately, structural analyses provide a
way to constrain the dynamical history of the cluster.

The metric used to define mass segregation in this paper (Amsg;
see Section 3.1.2) suggests no mass segregation in either Tr14 or
Tr16. Using a different statistical analysis, Buckner et al. (2019) find
evidence for mass segregation in Tr14 and Tr15, an older cluster
located near the north-east edge of the larger Carina star-forming
region. Different methods for measuring mass segregation often
produce different and sometimes contradictory results (Parker &
Goodwin 2015). For clusters with smooth radial profiles and well-
defined mass segregation like Trl5 (Wang et al. 2011), most
metrics agree. Regions with more (or ambiguous) substructure
have more variation in local density measures, producing more
statistical fluctuations in mass segregation estimators. In addition,
the relatively small number of high-mass stars, even in rich clusters
like Tr14 and Tr16, tends to exacerbate this sensitivity to statistical
fluctuations. Never the less, contradictory conclusions on mass
segregation in Trl4 in the literature (Ascenso et al. 2007; Sana
et al. 2010; Buckner et al. 2019) are consistent with our finding of
weak or absent mass segregation, especially given that a low-level
signature of mass segregation can be produced by random chance.
In addition, many of the brightest objects in our samples are in
binary systems with other OB stars. Therefore, the OB systems are
not mass segregated, but a modest mass segregation signal may
occur due to binarity in the sample (Maschberger & Clarke 2011).

We argue that the absence of mass segregation is evidence that
both Tr14 and Tr16 are dynamically young. More dynamical pro-
cessing would lead to more mass segregation and a smoother cluster
profile. However, the Q-parameter is also inconclusive, suggesting
that stars have not settled into a smooth radial distribution. Together,
these metrics suggest a region that is dynamically young, with a
density that is not significantly different from its primordial density
(Parker & Meyer 2012).

Little evidence for mass segregation, coupled with an inconclu-
sive Q-parameter, suggests that the cluster densities in Tr14 and
Tr16 have been relatively consistent over time. Assuming that
the current density reflects the primordial density allows us to
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Figure 4. Structural analysis of the Trumpler 16 data set. In panel (a) the brightest stars are shown by the red points. In panel (b) we show the Cartwright
(2009) plot, which plots the 7 and § components used to calculate the Q-parameter against each other. The datum for Tr14 is shown by the solid black triangle,
and for reference we show 100 realizations each of synthetic star-forming regions with various fractal dimensions, D (from a high degree of substructure [D =
1.6] to smooth [D = 3.0] — indicated as F1.6-F3.0 in panel b), or centrally concentrated regions with different density profiles (uniform [n ] to very

centrally concentrated [n oc r~2°] —

indicated as R0.0-R2.9 in panel b, as well as a Plummer profile). In panel (c) we show the Aysr ratio as a function of

the Nyist brightest stars. The K-band magnitude of the least bright object enclosed in a sample of Nyist stars is indicated on the top axis. Apsr = 1 (no mass
segregation) is shown by the dashed red line. In panel (d) we show the surface density X for each star as a function of its K-band magnitude. The median
surface density for the Carina region is shown by the blue dashed line, and the median surface density for the 10 brightest (OB) stars is shown by the solid red

line.

compare to simulations of cluster evolution — and protoplanetary
disc destruction — for clusters of a given density. In the next section,
we compare the predicted fraction of surviving protoplanetary discs
to the observed percentage of disc-bearing near-IR excess sources
in each cluster.

5 PROTOPLANETARY DISC SURVIVAL

As exoplanet surveys increase the number of known terrestrial and
potentially habitable planets, there is growing urgency to develop

a comprehensive understanding of planet formation. Environment
is a key dimension, as observations and numerical simulations
suggest that the local ecology significantly impacts the survival and
enrichment of planet-forming discs. Many authors have considered
the role of the cluster environment in disc survival and planet
formation (e.g. Adams et al. 2004, 2006; Clarke 2007; Winter et al.
2018). Despite this, most detailed work on the impact of feedback
on planet-forming discs comes from the ONC (e.g. O’dell & Wen
1994; Johnstone, Hollenbach & Bally 1998; Throop & Bally 2005;
Mann & Williams 2010; Mann et al. 2014; Eisner et al. 2018).

MNRAS 486, 4354-4364 (2019)
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In the following discussion, we assume that all stars will form a
disc as part of their evolution given the overwhelming evidence for
flattened, rotating structures seen around stars of all masses during
their early evolution (e.g. Williams & Cieza 2011; Johnston et al.
2015; Beltran & de Wit 2016; Maud et al. 2018). Metallicity may
play an important role in the chemistry and sedimentation in the
disc and the fraction of metals in the disc may evolve as gas is
photoevaporated, increasing the dust-to-gas ratio (e.g. Throop &
Bally 2005). While interesting, these effects are not the focus of
our study. Instead, we use an empirical measurement (the near-
IR excess) to identify sources that still have (hot) circumstellar
dust. We compare this to models that take photoevaporation rates,
surface density profiles, and disc masses from recent results in the
literature. At lower metallicity, the impact of ionizing feedback
may be enhanced as the gas is less able to self-shield, accelerating
disc destruction. A thorough analysis of this possibility is beyond
the scope of the paper, and we assume that the main factor in
determining disc evolution is the cluster density and radiation field.

Preibisch et al. (2011a) report near-IR colours and magnitudes
for thousands of X-ray-emitting YSOs in Carina, probing to the
X-ray detection limit of ~0.5-1 Mg,. Relatively few sources meet
their criteria for near-IR excess emission that indicates the presence
of a circumstellar disc. Derived disc fractions are similar in Tr14
(9.7 £ 0.8 percent) and Tr16 (6.9 + 1.2 percent). In both cases,
these fractions are lower than those measured in small nearby
clusters of similar age (see Preibisch et al. 2011b).

A few studies have found a spatial trend in the distribution of IR-
excess sources, with a higher fraction detected at larger distances
from the high-mass stars (e.g. Balog et al. 2007; Guarcello et al.
2007; although see Roccatagliata et al. 2011 and Busquet et al.
2019). Disc masses, estimated from millimetre continuum emission,
also appear to be higher in sources located farther from the high-
mass stars (e.g. Mann & Williams 2010; Mann et al. 2014; Ansdell
etal. 2017; Eisner et al. 2018). However, Richert et al. (2015) argue
that there is no evidence for a spatial stratification in a sample of six
high-mass star-forming regions. Instead, they argue that both disc-
bearing and disc-less sources appear under abundant, suggesting an
observational bias.

We show the distribution of low-mass stars with a near-IR excess
from Preibisch et al. (2011a) in Fig. 5. There is no obvious spatial
structure in the distribution of IR-excess sources, in agreement with
the findings of Richert et al. (2015) for Carina. To quantify this, we
compare the projected radial distribution of stars with and without an
IR excess in each cluster. A KS test comparing the two populations
returns the same probability (p = 0.68) for both clusters, suggesting
no spatial dependence in the disc distribution.

In fact, it is not clear that we should expect a structured
distribution of disc-bearing sources. Both clusters have multiple
high-mass stars distributed throughout the clusters (neither cluster
is mass segregated; see Section 4). More importantly, clusters are
not static and the separation between high- and low-mass stars is
not constant. A star whose disc has been evaporated will not stay
in the same place for long, and will dynamically mix with stars
that retain some or all of their discs. Therefore, we do not expect a
strong correlation between disc mass and distance from any ionizing
sources (i.e. massive stars).

Furthermore, observations that do show a dependence of disc
mass on distance from the massive stars are by definition two-
dimensional projections of a three-dimensional distribution. Parker
et al. (in preparation) show that projection effects will significantly
hamper any interpretation of the spatial distributions of stars with
and without discs.
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Figure 5. Top: The distribution of near-IR-excess (disc-bearing) sources
(red crosses; data from Preibisch et al. 2011a) is shown compared to all
point sources used in this analysis (black dots). High-mass stars are denoted
with blue stars. Middle: histograms comparing the radial distribution of stars
in Trl4 (grey) with the distribution of IR-excess sources (black outline).
Bottom: histograms comparing the radial distribution of stars and IR-excess
sources in Tr16.

Most studies on the destruction of protoplanetary discs agree
that far-ultraviolet (FUV) photoevaporation is the dominant factor
in this destruction process (Storzer & Hollenbach 1999; Scally &
Clarke 2001; Adams et al. 2004; Haworth et al. 2018; Winter et al.
2018; Nicholson et al. 2019). FUV leads to photoevaporative mass-
loss rates of the order of 0.2Mg Myr~! (Scally & Clarke 2001;
Nicholson et al. 2019), implying that a 1 M, star with a disc that is
initially 10 per cent of its mass could expect to lose the gas content
from this disc on time-scales of 0.5 Myr.
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The crossing time in a star-forming region is the time taken for
a star to traverse the spatial extent of the region, and it is used as a
proxy to estimate how much dynamical evolution has taken place.
If the age of the star-forming region exceeds the crossing time by a
factor of several, then the region is likely to be dynamically old, and
the stars will be dynamically mixed. Dense star-forming regions
(>10% stars pc—3) have crossing times of order 0.1 Myr, whereas
low-density regions (<10 stars pc=3) will have crossing times of
order several Myr.

Given the lack of strong correlation between near-IR excess and
the spatial distribution of stars in Carina, it is tempting to conclude
that the region is dynamically old and the discs have been destroyed
by the ambient radiation field. However, the statistical diagnostics
we apply to Tr14 and Tr16 do not indicate mass segregation or
highly substructured clusters. We take this as evidence that the
cluster density has not evolved significantly since birth, allowing
us to compare to numerical simulations that predict disc survival
rates. Nicholson et al. (2019) predict that a cluster with a density
~10 stars pc~ will have a remaining disc fraction of ~10 per cent
after ~3 Myr. For higher densities, ~100 stars pc~2, discs will be
dissipated faster, with ~10 percent remaining after ~1-2 Myr.
We note that these disc fractions are remarkably similar to what
Preibisch et al. (2011a) report for Tr16 and Trl4, respectively,
assuming that both clusters represent a single-age population. In
reality, most star-forming regions show some evidence for age
spreads, although we note that stars that are significantly older
or younger tend to be in spatially distinct portions of the larger
star-forming complex (see e.g. Smith & Brooks 2008; Getman et al.
2014).

Only surviving protoplanetary discs will be enriched with the
radioactive isotopes synthesized and ejected during the deaths of the
highest-mass cluster members. Lichtenberg et al. (2016) estimated
the enrichment distribution and radiogenic heating from 2°Al in
high-mass stellar clusters and found a broad distribution of expected
values, including those consistent with the calculated heat budget
for the interior of the Earth. Their simulated star-forming regions
were at least an order of magnitude more dense (1000 stars pc—>)
than the present-day value for either cluster in Carina, preventing a
direct comparison with their derived enrichment levels. Nicholson &
Parker (2017) performed simulations of lower-density star-forming
regions of comparable density to Carina in order to determine the
number of stars that could be enriched; however, Nicholson &
Parker (2017) did not perform the full internal heating calculations
and it remains an open question as to whether these low-density
clusters could produce the observed levels of 2°Al

While we cannot compare directly with simulations of disc
enrichment, we note two potential benefits for low-mass stars born
in high-mass clusters like Tr14 and Tr16. Compared to smaller
regions, both Tr14 and Trl6 have higher-mass stars that will
explode as supernovae earlier, possibly before the destruction of
the remaining discs. More importantly, more massive stars (M
> 25My) synthesize and eject 2°Al during their pre-supernova
evolution (Limongi & Chieffi 2006), enriching the local interstellar
medium earlier (~3 Myr) than supernovae (Voss et al. 2009).

Observations of the 1.8 MeV decay line of 2Al show that it
correlates with OB associations (Knoedlseder et al. 1996). The
derived abundance in the Carina region exceeds that which can
plausibly be produced by supernovae alone, strongly suggesting
additional enrichment from winds (Voss et al. 2012). The estimated
mass of 2°Al currently in Carina is 0.004-0.009 M, corresponding
to a mass fraction of ~107°-10~% (using the mass of gas and
dust from Preibisch et al. 2012). The lower bound of this estimate

Dynamics determine disc survival — 4363

overlaps with the high end of the Galactic average estimate from
Lugaro et al. (2018). At the high end, the abundance in Carina is an
order of magnitude higher than the Galactic average, and thus much
closer to the value inferred for the early Solar system (see Jacobsen
et al. 2008; Lugaro et al. 2018).

6 CONCLUSIONS

Stars and planets often form in the context of a larger clustered en-
vironment where feedback from nearby high-mass stars will affect
the survival and enrichment of planet-forming discs, particularly
around low-mass stars. The dynamical evolution of the cluster
plays a critical role by regulating the amount of time that low-
mass stars spend subject to disc-destroying ionizing radiation. We
present a structural analysis to constrain the dynamical histories of
Tr14 and Tr16, two high-mass clusters in the Carina Nebula. Neither
cluster shows evidence for mass segregation and the Q-parameter, a
diagnostic for substructure, is inconclusive. We take this as evidence
for limited dynamical evolution in both clusters. This allows us to
compare to the disc fractions predicted to survive in clusters of these
densities by Nicholson et al. (2019). The predicted surviving disc
fractions are ~10 percent, remarkably similar to those reported
in Tr14 and Tr16 by Preibisch et al. (2011a), providing further
evidence of the important role of the cluster environment in shaping
planet-forming discs.
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