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ABSTRACT

The dominant formation mechanism of brown dwarfs and planetary mass objects in
star-forming regions is presently uncertain. Do they form like stars, via the collapse
and fragmentation of cores in Giant Molecular clouds, or do they form like planets
in the discs around stars and are ejected via dynamical interactions? In this paper,
we quantify the spatial distribution of substellar objects in NGC 1333, in particular
focusing on planetary-mass objects that have been the target of recent deep imaging
observations. We find that these objects have a spatial distribution that is indistin-
guishable from the stars, and more massive brown dwarfs. We also analyse N-body
simulations and find that a population of ejected planets would have a significantly dif-
ferent spatial and kinematic distribution to stars, and brown dwarfs that also formed
through gravitational collapse and fragmentation. We therefore conclude that the low-
mass substellar objects in NGC 1333 formed more like stars than planets, although we
predict that a population of hitherto undetected ejected planetary mass objects may
be lurking in this, and other star-forming regions.
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planets — stars: kinematics and dynamics — open clusters and associations: individual:

2308.01335v1 [astro-ph.SR] 2 Aug 2023

arxXiv

NGC 1333 — methods: numerical

1 INTRODUCTION

Star and planet formation occur contemporaneously, yet
they are often treated as distinct or separate processes.
This simplification becomes unviable when assessing the
substellar population in star-forming regions. Observa-
tions show that there is one brown dwarf (m < 0.08 M)
for every ~2-7 H-burning stars in star-forming regions
(e.g. Barrado y Navascués et al. 2002; Andersen et al. 2008;
Geers et al. 2011; Muzi¢ et al. 2015; Pearson et al. 2020;
Kubiak et al. 2021), and most authors consider the brown
dwarf regime an extension of the same process that
formed stars with a continuous mass function into the
substellar regime (e.g. Chabrier et al. 2014), though see
Thies & Kroupa (2008).

The origin of free-floating planetary mass objects is even
less clear, especially as their masses are notoriously difficult
to determine (e.g. Baraffe et al. 2002; Feiden & Chaboyer
2012; Canty et al. 2013; Lueber et al. 2022), and the
mass range of these objects overlaps with brown dwarfs
(Esplin & Luhman 2017; Gagné et al. 2017; Lodieu et al.
2021). Therefore, a population of free-floating planets in a
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star-forming region may have simply formed “like stars”,
i.e. from the gravitational collapse and fragmentation of
Giant Molecular Clouds (e.g. Low & Lynden-Bell 1976;
Padoan & Nordlund 2004; Gahm et al. 2007; Haworth et al.
2015); or could instead be the result of planet—planet
scattering (e.g. Chatterjee et al. 2008; Boley et al. 2012;
Veras & Raymond 2012; Smullen et al. 2016), or direct en-
counters between two stars, leading to the ejection of
planets around one or both stars (Bonnell et al. 2001;
Parker & Quanz 2012; Daffern-Powell et al. 2022).

Recently, Scholz et al. (2022) used the numbers of free-
floating planets from simulations to predict how many such
objects could be observed with James Webb Space Tele-
scope. Following this, Scholz et al. (2023) performed deep
imaging on substellar objects in NGC 1333 to determine
whether these objects hosted discs. Scholz et al. (2023) es-
tablished that only one out of the six least massive PMOs in
NGC 1333 hosts a disc, leading them to speculate that these
objects may have formed more like planets, rather than like
stars.

Given the prospect of detailed high-resolution spectra
with JWST (e.g the NIRSpec instrument, Jakobsen et al.
2022), which will enable accurate mass and velocity deter-
minations of substellar objects, it is prescient to determine
what — if any — signatures in the spatial and kinematic distri-
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bution of substellar objects could be used to pinpoint their
physical origins.

Previous work has shown that if brown dwarfs are a con-
tinuous extension of star formation, we would not expect a
significantly different spatial distribution of the brown dwarf
population (Parker & Andersen 2014). However, a similar
analyses of the distribution of ejected planets has not been
performed.

In this paper, we exploit the likely complete census of
stars and brown dwarfs in the NGC 1333 star-forming re-
gion (Luhman et al. 2016) to calculate the spatial distri-
bution of brown dwarfs and planetary-mass objects, and
how this compares to the stars. We then calculate the
same metrics in N-body simulations whose initial conditions
were derived from a previous analysis of the spatial dis-
tribution of stars in NGC 1333 (Parker & Alves de Oliveira
2017). However, these simulations differ from those in
Parker & Alves de Oliveira (2017) in that — in addition to
a continuous IMF into the brown dwarf mass regime — they
contain substellar objects on orbits around stars, which may
be ejected from their host stellar system due to dynamical
encounters.

The paper is organised as follows. In Section 2 we de-
scribe the observational data we used to calculate the spatial
distributions of stars, brown dwarfs and planetary mass ob-
jects in NGC1333. In Section 3 we describe our methods
to measure the spatial distributions, and also to set-up the
N-body simulations. In Section 4 we present our results, in
Section 5 we provide a discussion, and we conclude in Sec-
tion 6.

2 OBSERVATIONAL DATA

We use the same dataset as in Parker & Alves de Oliveira
(2017), which in turn is based on the Luhman et al. (2016)
census of NGC 1333. Luhman et al. (2016) confirmed spec-
troscopically the membership of tens of brown dwarfs and
stars, resulting in a final sample of 203 stars.

Scholz et al. (2023) performed deep imaging on a sub-
set of 14 of the brown dwarfs from Luhman et al. (2016),
as well as an additional substellar object discovered by
Esplin & Luhman (2017). We add this object to our sam-
ple, and use the spectral types to estimate the masses of
stars earlier than MO using the temperature scale from
Schmidt-Kaler (1982), the scale from Luhman et al. (2003)
for sources between M0 and M9.5 and for L dwarfs we used
the scale from Lodieu et al. (2008).

The masses were derived in the same way as in
Parker & Alves de Oliveira (2017), assuming a distance of
235 pc to NGC 1333. Using this method, the masses of the
LO objects were set to 0.012 My, the L1 objects were set to
0.010 My and the L3 object was assigned a mass of 0.05 M
in our subsequent analysis. Note that our results are not
dependent on the exact mass values, but rather the rela-
tive masses, and we assume that the L-type objects are the
lowest mass members of NGC 1333.

We show the positions of the objects in the
Luhman et al. (2016) sample in Fig. 1. The 15 plane-
tary mass objects discussed in Scholz et al. (2023) are
shown by the blue symbols, with the new object from
Esplin & Luhman (2017) shown by the blue cross. The cen-
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Figure 1. Map of objects in NGC1333. The area within the dashed
lines is the ACIS-I field from Luhman et al. (2016), which is ob-
servationally complete. The 15 planetary-mass objects discussed
in Scholz et al. (2023) are shown in blue, with the object not in
the original Luhman et al. (2016) census shown by the blue cross
(Esplin & Luhman 2017).

sus of NGC 1333 is thought to be complete within the ACIS-I
field, as discussed in Luhman et al. (2016), and this is shown
within the dashed line.

3 METHODS

In this section we first describe our methods to quantify the
spatial and kinematic distributions of stars, brown dwarfs
and planetary mass objects, before describing the N-body
simulations with which we compare the observations.

3.1 Quantifying the spatial distributions of objects

There are multiple methods in the literature for quanti-
fying the spatial distribution of stars and substellar ob-
jects in star-forming regions (see Parker & Goodwin 2015;
Blaylock-Squibbs et al. 2022, for a discussion of the differ-
ent methods). We utilise two different techniques to quantify
the spatial distributions of stars, brown dwarfs and plane-
tary mass objects in the observed census of NGC 1333, and
our N-body simulations, Aygsg (Allison et al. 2009) and Z—m
(Maschberger & Clarke 2011).

An enormous amount of confusion abounds in the lit-
erature when assessing the advantages and disadvantages of
different techniques for quantifying spatial distributions, in-
cluding the amount of mass segregation, in a star-forming re-
gion. Often, misunderstandings and apparent contradictions
occur because mass segregation is often defined in different
ways.

For example, Aysg, which we will describe below, mea-
sures whether a subset of objects are closer together than
a randomly chosen subset. ¥ —m measures the relative local
surface densities of the objects in a chosen subset. Typi-
cally, a smooth, centrally concentrated and mass-segregated
star cluster will show mass segregation in both Aysg and
high surface densities of the most massive objects in £ — m.

MNRAS 000, 1-11 (2023)



However, in an association, with multiple groups, or nodes,
of stars, the massive stars may be as spread out as a ran-
domly chosen subset, yet they may be in areas of higher than
average surface density (and such behaviour often occurs in
associations due to dynamical evolution, Parker et al. 2014).

Amsr and £ — m measure different properties, but both
have the advantage that the subset of interest can be any
group of objects, as defined by the user. Often, we are in-
terested in the subset of the most massive stars, but in this
paper we are interested in planetary mass objects and brown
dwarfs. The strength of Aysg and X —m is that they are rel-
ative measures, and are not hamstrung by e.g. the absence
of massive stars, as erroneously asserted by Guszejnov et al.
(2022).

3.1.1 The Avsr mass segregation ratio

The mass segregation ratio, Aysr is calculated by construct-
ing a minimum spanning tree (MST), a graph of the short-
est possible path between a set of points, or nodes, where
there are no closed loops (Prim 1957). We construct an MST
between the chosen subset and calculate the length of this
MST, Lypser, which contains Nysr objects. We then calculate
the average MST length in the star-forming region by tak-
ing a set of 100 randomly chosen MSTs, each containing the
same number of objects as the chosen subset, and calculat-
ing the average MST length from this, (/ierage). We conser-
vatively estimate the lower (upper) uncertainty as being the
length that lies 1/6 (5/6) through an ordered list of the ran-
dom subset lengths, corresponding to a 66 per cent deviation
from the random length, (/yerage)- This is summarised in the
following equation:

+075/6/lsubs
<laverage> 3/6/ subset

l

(1)

Awmsr =
subset —oy /6 /Isupset

If a subset of objects is mass-segregated (i.e. closer together
than the average subset), then Aysg >> 1. If the objects
in the chosen subset are more spread our than the average
objects in the region (as might be expected for planetary-
mass objects or brown dwarfs) then Aysg << 1. If no mass
segregation is present, Aysg = 1.

There are two ways of determining Aysg to assess the
significance of any deviation from unity. The original method
in Allison et al. (2009) starts with the Nyst most massive ob-
jects, and then calculates Aygsg for successively larger Nyst
values. Allison et al. (2009) used this method to show that
the four most massive stars in the Orion Nebula Cluster
(i.e. the Trapezium system) are mass-segregated, but the
amount of mass segregation decreases with larger Nysr such
that when the Nyst = 20 most massive objects are consid-
ered, there is no mass segregation (by definition Aysg = 1
when Nysr includes all the stars in the region). This ver-
sion of Aysg has been used to quantify mass segregation
(or inverse mass segregation) of massive stars, brown dwarfs
and pre-stellar clumps/cores (Moeckel & Bonnell 2009a,b;
Olczak et al. 2011; Parker et al. 2011; Girichidis et al.
2012; Plunkett et al. 2018; Hetem & Gregorio-Hetem 2019;
Konyves et al. 2020; Morii et al. 2023). In this paper, we
will apply this method to the five least massive objects in
NGC 1333, and then add successively higher-mass objects to
Nyist-
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An  alternative  method, first proposed by
Parker et al. (2011) and since used by other groups
(e.g. Alfaro & Gonzélez 2016; Gonzdlez & Alfaro 2017;
Alfaro & Roméan-Zuniga 2018), keeps Nysr fixed and
instead slides through the dataset. For example, one can
start with the 10 least massive objects, calculate Apsg,
and then move to the 11 - 20 least massive objects, and so
on. This method is noisier than the original method, and
care must be taken to avoid over-interpreting significant
deviations from Apsg = 1, but it has the advantage that a
specific subset of objects in the middle of the mass range
can be examined in detail. This will be important later
when we analyse N-body simulations with a population of
planetary-mass objects that lie in the middle of a wider
mass distribution of substellar objects.

8.1.2 X —m relative surface densities

The £—m technique (Maschberger & Clarke 2011) quantifies
the relative surface density of objects in a star-forming re-
gion, and can then be used to determine whether a particular
mass range have higher or lower surface densities compared
to the region as a whole. For example, mass segregation of
the most massive stars might be apparent in higher-than-
average surface densities for these objects. Conversely, if sub-
stellar objects are preferentially ejected over low-mass stars,
then we might expect substellar objects to have lower-than
average surface densities.

The surface density of an object of mass m is calculated
using

= mry @
where ry is the distance to the N™ nearest neighbour to
the object of mass m (Casertano & Hut 1985). We adopt
N = 10, but the dependence of £ on the choice of N only
becomes important if the structure of the region changes
abruptly between different values of N. In practice, as long
as N is higher than e.g. 2 or 3, then the determination of
¥ is not biased by multiplicity (Kraus & Hillenbrand 2008)
and traces the typical local surface density of the stellar and
substellar systems.

Maschberger & Clarke (2011) showed that in simulated
star-forming regions where the most massive stars form in
the most dense regions, the massive stars have a significantly
(as determined by a two-sided KS test) higher surface den-
sities than the region as a whole. The method was further
utilised by Kiipper et al. (2011) and Parker et al. (2014),
who showed that high surface densities in the massive stars
can be used as a dynamical clock (in tandem with other
metrics including Apsg) to determine the initial conditions
of a star-forming region.

3.2 Velocity distributions

We do not have information on the velocities of the stars in
our observational sample, but we can make predictions for
the expected velocity distributions from our N-body simu-
lations. We construct two distributions. First, we take the
radial velocities, defined in the simulations as the compo-
nent of the velocity vector along the z-axis. Secondly, we
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produce a distribution of proper motion velocities u, where
we take the on-sky positions (i.e. in the xy-plane in the sim-
ulations) between snapshots (at 7, and #,,;) and then divide
the difference in position by the time interval, thus:

Pyitner = Pyt
= 3
b1 — Iy ( )

3.3 N-body simulations

In order to compare the observed spatial distributions of
substellar objects in NGC 1333 to models of brown dwarf
and planet formation, we use N-body simulations to simu-
late the dynamical evolution of this star-forming region. We
create populations of N = 150 stellar and substellar objects
by drawing masses from a Maschberger (2013) Initial Mass
Function (IMF) with a probability distribution of the form

e o)

In Eqn. 4 u = 0.2 Mg, is the scale parameter, or ‘peak’ of the
IMF (Bastian et al. 2010; Maschberger 2013), @ = 2.3 is the
Salpeter (1955) power-law exponent for higher mass stars,
and B = 1.4 describes the slope of the IMF for low-mass
objects. We randomly sample this distribution in the mass
range 0.001 — 50 Mg, such that we sample objects down to
the planetary mass regime.

We then create a separate population of planetary-mass
objects, which we place on an orbit around stellar mass
(0.08 < m/M; < 3) objects. These ‘planets’ have a mass of
10 My, (9.4x 107 Mg, which overlaps with the mass range of
the objects that form “like stars”), are assigned zero eccen-
tricity and inclination. In one set of simulations the planets
are all assigned a semimajor axis of 5au (to be on a Jupiter-
like orbit), and in another set of simulations the planets are
all assigned a semimajor axis of 30 au (to be on a Neptune-
like orbit). In a third set of simulations, the planets are again
all placed at 30 au, but have masses of 1 My, (9.4 % 1074 Mo,
which is slightly lower than the mass range of the objects
that form as stars).

We thus have a collection of systems, which are either
single stars, single brown dwarfs or star—planet systems.
We randomly distribute these systems within a fractal dis-
tribution (Goodwin & Whitworth 2004), which is designed
to mimic the filamentary and substructured stellar distri-
butions in both observed (Cartwright & Whitworth 2004;
Sanchez & Alfaro 2009; Hacar et al. 2013; Buckner et al.
2019) and simulated (Schmeja & Klessen 2006; Bate 2009)
star-forming regions. We refer the interested reader to
Daffern-Powell & Parker (2020) for a comprehensive de-
scription of the set-up of the fractal distributions, but briefly
summarise them here.

The fractals are constructed by placing a parent particle
at the centre of a cube, and then determining the probabil-
ity of that particle maturing and spawning further particles.
The probability of this occurring goes as 2°-P, where D is
the desired fractal dimension. For a smooth distribution, the
fractal dimension is D = 3.0 and so no further particles are
spawned. For a substructured distribution, D = 1.6, which
results in multiple generations of particles. The particles are
assigned a velocity drawn from a Gaussian distribution of
mean zero. The child particles inherent their parents’ veloc-

Table 1. A summary of the different initial conditions of our simu-
lated star-forming regions. The columns show the fractal dimen-
sion, D, the initial radius of the star-forming region, rr, the initial
median local stellar density as a result of D and rg, p, the mass of
the planets, m,, and the initial semimajor axis of the planets a,.
The final column indicates whether the simulation is shown in a
Figure in Section 4.2.

D TR p m, ap Fig.

1.6 0.5pc  10*Mgpc™ 10My, 30au Figs. 5, 6 and 7
1.6 0.5pc  10*Mgpc™ 1My, 30au Fig. 8

1.6 0.5pc  10*Mgpc™ 10My, 5au —

2.0 0.5pc  500Mgpc™ 10 My, 30au —

2.0 0.5pc 500Mgpc™ 1My, 30au —

ities, plus a small random offset that decreases with each
subsequent generation of particles.

We scale the velocities of the systems to a subvirial ratio
(@ =0.3, where a = T/|Q| and T and |Q| are the total kinetic
and potential energies, respectively, and a@ = 0.5 is virial
equilibrium).

In our simulations, we mainly adopt a highly substruc-
tured distribution (D = 1.6) with a radius rr = 0.5 pc, which
results in high stellar densities (~ 10* Mg pc™). These ini-
tial conditions are informed by earlier work to constrain the
initial conditions of NGC 1333 (Parker & Alves de Oliveira
2017), albeit towards the high end of the initial conditions
as constrained by Parker & Alves de Oliveira (2017). How-
ever, as we want to test whether the PMOs in NGC 1333
might be the result of ejection from systems, we adopt these
high densities as they more readily lead to the creation of a
separate population of free-floating planetary mass objects,
whose properties (spatial and velocity distribution) we can
compare with that of the brown dwarfs in the simulations.
However, we also ran sets of simulations with larger (1 pc)
radii and higher fractal dimensions (D = 2.0, which are less
substructured) resulting in densities of ~ 500 Mg pc™ and
found no differences to our main results, save for fewer stars
being ejected overall.

The simulations are evolved for 10Myr using
the kira package within the Starlab environment
(Portegies Zwart et al. 1999, 2001) and we analyse the
data at 1 and 3 Myr, which spans the likely mean age
range for this star-forming region. We do not include stellar
evolution in the simulations. We summarise the different
simulations in Table 1. In our analysis of the spatial and
velocity distributions in the N-body simulations, we exclude
any objects that are beyond a radius of 5pc, in order to
mimic an observer’s field of view.

4 RESULTS

We first show the results of the Aysg and ¥ — m analyses
of the observational data for NGC 1333 before describing
the similar analyses performed on N-body simulations with
substellar objects that form in the same way as stars, and
also substellar objects that were initially orbiting a star.

MNRAS 000, 1-11 (2023)
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We show the calculation of Aysgr for NGC 1333 in Fig. 2. In
panel (a) we show the calculation of Aysg for successively
larger values of Nyst, where progressively higher mass stars
are added to the determination of Aysr. The values for Aysr
are all consistent with unity, i.e. there is no preferential spa-
tial distribution for the substellar objects and in particular
we highlight that there is no difference in the spatial distri-
bution of the least massive PMOs discussed in Scholz et al.
(2023).

We then employ the ‘slide’ version of Aysg in panel (b).
As discussed in Section 3, this method is noisier, but allows
us to identify different spatial distributions of objects in a
narrow mass range (the horizontal ‘error’ bars in panel (b)
show the mass range that the value of Aygsg is associated
with). Again, we see no significant deviation from unity in
any mass range.

We next plot the local surface density around each
object X as a function of the object’s mass m in Fig. 3.
The various horizontal lines represent the median surface
densities of subsets of objects; the black dashed line is the
median surface density for all objects, the solid red line is
the most massive stars, the orange line is for brown dwarfs
(0.01 < m/Mg < 0.08) and the solid blue line is for the
planetary mass objects discussed in Scholz et al. (2023).
Two-sided KS tests between the different subsets and the
region as a whole produce high p-values, meaning we cannot
reject the hypothesis that all types of object share the same
underlying density distribution.

The absence of any difference in the spatial distribu-
tion of substellar objects is very similar to previous re-
sults obtained for NGC 1333 with a very similar dataset
(Parker & Alves de Oliveira 2017), but provides an inter-
esting null-result with which to compare our N-body sim-
ulations.

4.2 N-body simulations

We run 10 versions of the each simulation, where we alter
the random number seed that sets the masses, positions and
velocities. However, in the following we show the results for
a representative simulation, and if necessary discuss any dif-
ferences between the different runs.

In Fig. 4 we show the positions of stars (grey points),
brown dwarfs (orange triangles) and ejected planets (blue
squares) after 3 Myr of dynamical evolution (similar to the
age of NGC 1333). We also show the locations of the most
massive stars by the red diamond symbols. From inspection,
the planets and brown dwarfs appear more dispersed than
the stars, but we quantify this in the following analysis.

4.2.1 Mass segregation

We calculate the mass segregation ratio, Aysr, using both
the original method from Allison et al. (2009) and the slide
method from Parker et al. (2011). In the original determina-
tion of Aysr, we start with subsets of the lowest-mass objects
(which are brown dwarfs) and add progressively more mas-
sive objects to the sample. This is shown in Fig. 5(a). The

MNRAS 000, 1-11 (2023)
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least massive brown dwarfs are consistent with Aysg = 1, in-
dicating no mass segregation, before Aysg << 1 for slightly
more massive objects, which includes the planetary-mass ob-
jects.

We then calculate Aysg for discrete mass bins con-
taining ten objects, starting from the least massive subset
(Fig. 5(b)). The two least massive subsets contain brown
dwarfs drawn from the mass function and with identical ve-
locity and spatial distributions to the stars. These have Aysr
ratios consistent with unity.

The next subset (third bin from the left) contains plan-
etary mass objects that were orbiting stars but have been
ejected through dynamical encounters. They are signifi-
cantly more widely distributed than the other objects in
the star-forming region, with Amsg = 0.30%03]. This is an
extremely significant deviation from Apsg = 1. At higher
masses, but still within the brown dwarf regime, Aysg ~
1. The only other subset that deviates significantly from
Amsr = 1 are the most massive stars (the rightmost bin in

Fig. 5(a)).

4.2.2  Relative surface densities

In Fig. 6 we plot the local surface density, £ of each object
in the simulation snapshot, as a function of the mass of the
object. We then compare bins of different types of objects.
The median density of all objects in the star-forming region
is shown by the dashed black line; this is 93 stars pc™> at
3Myr. The median density of the brown dwarfs (all objects
with mass m < 0.08 M) is 43 stars pc™2, shown by the solid
orange line. As in most of our simulations, the most mas-
sive stars have attained higher than average surface densi-
ties (400 stars pc2, the solid red line). Finally, we show the
median surface density of ejected planets by the blue cross
(2starspc?).

We assess the significance of the differences in densities
between the subsets by using a KS test where we reject the
null hypothesis that two subsets share the same underlying
parent distribution if the p-value is less than 0.1.

The brown dwarfs do not have significantly lower
densities than the star-forming region as a whole (a KS
test returns a difference D = 0.18 with a p—value p = 0.11,
and so we cannot reject the hypothesis that that the brown
dwarfs share the same underlying density distribution as
the stars). Note that the brown dwarf subset contains
the ejected planetary-mass objects. If we take the ejected
planets as their own subset, we find that these do have
significantly lower densities than all of the objects in the
star-forming region, with a KS test returning a difference
D = 0.46 with an associated p-value p =2 x 1073,

Whilst measuring different things, both Aysg and X —m
show that substellar objects that formed around stars but
were then ejected are likely to have a significantly different
spatial distribution to substellar objects that formed like the
stars in the region.

4.2.8  Velocity distributions

We now compare the velocity distributions of the brown
dwarfs and ejected planets to the stars. In Fig. 7(a) we show
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Figure 2. Calculation of the spatial distribution of brown dwarfs and planetary mass objects in NGC 1333 with Amsr. Panel (a) shows the
results when calculating Aysr with the Nyst = 5 least massive objects, and then subsequently adding the next 10 least massive objects.
The mass of the highest mass object within the Nyst subset is indicated on the top horizontal axis. Panel (b) shows the calculation of
Awmsr for subsets of 10 objects, and moving through the data. In both panels, the error bars in the vertical direction indicate the 1/6 and
5/6 percentile values in the distribution of the randomly chosen MSTs. In panel (b) the ‘error’ bars in the horizontal direction show the
mass range for each calculation of Aysr. Amsr = 1, which indicates no mass segregation, is shown by the dashed grey line in both panels.
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Figure 3. X — m plot for NGC 1333. The surface density of each
object, X is plotted against its mass m. The median surface density
for the star-forming region is shown by the dashed black line, the
median surface density for the most massive stars is shown by
the solid red line. The median surface density for brown dwarfs
(0.01 < m/Mg < 0.08) is shown by the solid orange line, and the
median surface density for the planetary mass objects is shown by
the solid blue line. No mass regime/object type has significantly
different densities from the region as a whole.

the proper motions of the ejected planets (the blue line),
the brown dwarfs (the orange line), single stars (i.e. stars
without a planetary companion, the grey line) and all stars
(the black line). The free-floating planets clearly are mov-
ing at faster velocities (likely to be as a result of their ejec-
tion), whereas the brown dwarfs are moving at similar (albeit
slightly faster) velocities compared to the stars.

Conversely, the radial velocity distributions (Fig. 7(b))
are quite similar. The velocity dispersion for the ejected
planets is 0.49 kms™! (the blue line), whereas for single stars
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Figure 4. A plot of the positions of objects at 3 Myr in a represen-
tative simulation. Stars are shown by the grey points (the most
massive are shown by the red diamonds), and brown dwarfs are
shown by the orange triangles. The ejected planets are shown by
the blue squares.

(grey line) it is 0.30 kms™'. For all stars, the dispersion is
larger (0.54kms™!, the black line), but this is likely to be
inflated by the contribution from the planetary compan-
ions still orbiting the majority of stars (Gieles et al. 2010;
Cottaar et al. 2012).

4.2.4  Lower planetary masses

We repeat the above analysis, but this time for identical sim-
ulations, save for the planet masses, which are now 1My,
i.e. 9.4x107* Mg. This means that the planetary mass objects
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Figure 5. Calculation of the spatial distribution of brown dwarfs and planetary mass objects in our simulations with Apsr. Panel (a)
shows the results when calculating Aymsg with the Nyst = 5 least massive objects, and then subsequently adding the next 10 least massive
objects. Panel (b) shows the calculation of Aysr for subsets of 10 objects, and moving through the data. In both panels, the error bars
in the vertical direction indicate the 1/6 and 5/6 percentile values in the distribution of the randomly chosen MSTs. In panel (b) the
‘error’ bars in the horizontal direction show the mass range for each calculation of Amsr. Amsr = 1, which indicates no mass segregation,
is shown by the dashed grey line in both panels. The bin containing the ejected planetary-mass objects has a mass segregation ratio

Amsr = 0.35, and is centred on a mass value of 9.4 x 1073 M.
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Figure 6. £ — m for one of our simulations. The surface density of
each object, X is plotted against its mass m. The median surface
density for the star-forming region is shown by the dashed black
line, the median surface density for the most massive stars is
shown by the solid red line. The median surface density for brown
dwarfs (0.01 < m/Mg < 0.08) is shown by the solid orange line, and
the median surface density for the ejected planetary mass objects
(all of which are 10 Myyp, i.e. 9.4 X 1072Mp) is shown by the blue
cross. The planetary mass objects, which were ejected from stellar
systems, have significantly lower local surface densities, whereas
the brown dwarfs do not have significantly lower surface densities
than the region as a whole.

are slightly lower mass than the brown dwarfs that formed
like stars in the simulation.

In Fig. 8 we see that the signature of inverse mass segre-
gation of the ejected planetary-mass objects is more obvious
than when the planets have masses similar to (or higher
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than some of) the brown dwarfs. These simulations also dis-
play similar behaviour to the previous models in both the
Awmsr slide and X —m plots. There are 16 free-floating plane-
tary mass objects, more spatially distributed than the brown
dwarfs, and Fig. 8 shows that even when the bins are not
independent of one another, the difference in the Aysg mea-
surement disappears once a further 15-20 brown dwarfs are
included in the calculation.

Lowering the planetary companion masses has the effect
of lowering the binding energy of the system, which theo-
retically makes the system more susceptible to destruction.
However, Parker & Reggiani (2013) show for stellar binaries
that the companion mass ratio has very little influence on
whether the system will be destroyed, because the typical
interaction that breaks apart a system has an energy more
than ten times that of the binding energy of the system.
We therefore do not expect to see a significant difference
in the kinematic distributions of the ejected 1My, planets
compared to 10 My,, and this is the case for our simulations.

4.2.5 Closer planetary orbits

In one set of simulations, we placed the planets at 5au
around their host stars, rather than 30au. This difference
reduces the number of planets that are liberated from their
host stars (because the systems are dynamically ‘harder’ ac-
cording to the Heggie-Hills law, Heggie 1975; Hills 1975)
by a factor of two (similar to results previously reported
by Parker & Quanz 2012), but we find that the spatial and
kinematic distributions of these ejected planets are the same
as in those simulations where the planets are originally 30 au
from their host stars.
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Figure 7. Velocity distributions of stars, brown dwarfs and ejected planets in our simulations. The solid black lines are for all stars, the
grey lines are stars that no longer host planets. The orange lines are the velocity distributions for brown dwarfs, and the blue lines are
the ejected planets. Panel (a) shows the proper motion velocities, and panel (b) shows the radial velocities (the v, velocity component).
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Figure 8. Calculation of the spatial distribution of brown dwarfs
and planetary mass objects in our simulations with Apsr, where
the planetary mass objects are less massive than the brown dwarfs
(the planetary mass objects are all 1 My,p). We present the results
when calculating Apysr with the Nyist = 5 least massive objects,
and then subsequently adding the next 10 least massive objects.
As the least massive objects are ejected, they are significantly
more dispersed than the higher-mass brown dwarfs.

4.2.6  Lower stellar densities, less substructure

In the simulations where the stellar density is lower, we pro-
duce fewer free-floating planets, but again, the planets that
are liberated from their host stars have a different spatial
and kinematic distribution to the brown dwarfs.

5 DISCUSSION

We find no evidence that brown dwarfs or planetary mass
objects have a different spatial distribution to the stars in
NGC1333. However, in N-body simulations we show that

a population of planetary-mass objects created via ejection
from a bound orbit around a star would have a significantly
different spatial distribution to the stars, and also any brown
dwarfs that formed like stars, representing a continuous ex-
tension to the low-mass end of the IMF.

Our results should be prefaced by several caveats.

First, we may not be accurately representing the
initial conditions of NGC1333. In a previous study
(Parker & Alves de Oliveira 2017), we showed that
NGC1333 was likely initially quite dense, but in many
of the simulations we use here, clear mass segregation of
the most massive stars occurs, which is not observed in
NGC 1333. Therefore, our simulations may be too dense,
although reducing the initial stellar density would merely
reduce the number of free-floating planetary-mass objects,
thus unlikely to affect our conclusions.

Second, the simulations — by definition — assume in-
stantaneous star and planet formation. In reality, even the
shortest estimates suggest star formation takes up to 1 Myr
(Elmegreen 2000), and gas giants are likely to take just
as long to form (Alves et al. 2020; Segura-Cox et al. 2020).
However, what we sacrifice in realism in the simulations is
compensated for in the statistical significance we gain from
running multiple versions of the same simulations.

Third, our planetary ‘systems’ consist of just one planet,
placed at either 5 au (Jupiter’s location in the Solar System)
or 30au (Neptune’s location). Our fractal simulations are
unable to accommodate mult-planet systems, although this
is likely to change in the near future. Therefore, our sim-
ulations cannot account for planet—planet interactions once
the outer orbiting planet has been destabilised by an inter-
action with a star (Malmberg et al. 2007). Further planet—
planet interactions are more likely to produce even more
free-floating planets with different spatial distributions to
the brown dwarfs.

Additionally, our choice of initial semimajor axes
and other orbital parameters (zero eccentricity /inclination)
could affect the spatial and velocity distribution of the free-
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floating planets. In practice, our chosen initial orbital param-
eters likely straddle the median values for the semimajor axis
distributions (Forgan et al. 2015; Zheng et al. 2015), and as
such the population of free-floating planets represents the
average outcome of dynamical encounters in star-forming
regions (Daffern-Powell et al. 2022).

Finally, our simulations do not contain primordial stel-
lar /brown dwarf binaries (with the only binary systems be-
ing the star-planet systems). Binary systems would slightly
increase the number of destructive encounters due to the
slightly higher collisional cross section. If binary companions
were brown dwarfs, then systems broken up from encounters
could produce a population of brown dwarfs with a simi-
lar spatial distribution to the free-floating planets. The bi-
nary fraction for brown dwarf-brown dwarf systems is quite
low (~ 15 per cent, Burgasser et al. 2007), but brown dwarfs
could be companions to M-dwarfs, which have a higher bi-
nary fraction (up to 30 per cent, Ward-Duong et al. 2015).
We will investigate the effects of binarity on mass segrega-
tion more generally in a future paper.

We also reiterate that mass segregation (and inverse
mass segregation) can be a very transient phenomenon, in
that it can appear, then disappear, then reappear. This of-
ten happens when stars are ejected, and in several of our
simulations we see inverse mass segregation of the planetary
mass objects at e.g. 3 Myr, but not later after the PMOs
have been ejected (and hence discounted from the analy-
sis as an observer would only be able to trace them back
to the origin with e.g. Gaia, Schoettler et al. 2020). Whilst
the PMOs appear more spatially distributed than stars and
brown dwarfs in the majority of our simulation snapshots,
we cannot fully rule out the possibility that the PMOs in
NGC 1333 were previously more spread out, or will become
more spread out at later times.

Despite this, our analysis of the low-mass objects in
NGC 1333 indicates that these objects follow the spatial
distribution of the stars, whereas our simulations generally
show that the planetary mass objects that were ejected from
stellar systems would be more spread out, and also moving
with faster proper motion velocities, than stars and substel-
lar objects that formed like stars, i.e. from the collapse and
fragmentation of the host GMC.

This is even evident in the simulations in which the
planets that are ejected from orbits around stars have a
mass that overlaps with the brown dwarf mass regime. The
planetary-mass objects that are ejected always have a very
different spatial and kinematic distribution to those that
formed more like stars, irrespective of their initial mass or
semimajor axis.

Aside from these spatial and kinematic signatures, there
is not a clear diagnostic that can be used to distinguish be-
tween brown dwarf objects that formed like stars and objects
that formed like planets, but a more accurate determination
of their masses could help identify their formation mecha-
nism.

For solar metallicity GMCs, 1Mj,, planets are much
lower than the opacity limit for fragmentation (Rees 1976;
Whitworth & Stamatellos 2006; Bate 2014) and so would
probably be ejected planets (though see e.g. Boss 2001).
On the other hand, forming >10 My, planets by core ac-
cretion in a circumstellar disc is likely to be challeng-
ing (Bergez-Casalou et al. 2023; Helled 2023), and these
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objects (which encompass the PMOs found in NGC 1333
to date) probably form more like stars, although some
could form via disc fragmentation (e.g. Mayer et al. 2002;
Stamatellos & Whitworth 2009), depending on the physical
conditions in the disc (Meru & Bate 2012; Kratter & Lodato
2016).

The PMOs observed by Scholz et al. (2023) in
NGC 1333 are therefore likely to be the tail of the initial
mass function, and formed in the same way as stars, rather
than being the result of ejections from planetary systems.
Of course, there may be low- and planetary-mass objects
in NGC 1333 that have not yet been discovered, and we
would expect these to be preferentially found on the out-
skirts (where the observational completeness is lower). We
also note that whilst dynamical encounters produce around
10 free-floating planets in our simulations, these planets are
at relatively large distances from their host stars (30au).
For planets on smaller orbits (e.g. 5au) the number of free-
floating planets produced through dynamical encounters is
reduced by a factor of two.

Although none of the PMOs in NGC 1333 appear to
have formed as planets and then been ejected form their
host star, Zapatero Osorio et al. (2014) find evidence that
planetary-mass objects in the Pleiades open cluster appear
to be moving with faster proper motions than the stars.
As star clusters never reach complete energy equipartition
(Spitzer 1969; Trenti & van der Marel 2013; Parker et al.
2016; Spera et al. 2016), these objects are likely to be ejected
planets that are now free-floating in the cluster, rather than
objects that formed like stars that have susequently attained
higher velocities due to repeated interactions.

We therefore encourage further observational studies of
the substellar population in star-forming regions to both
characterise the substellar population and to determine
whether planetary-mass objects could be the result of dy-
namical encounters.

6 CONCLUSIONS

We have quantified the spatial distribution of the substellar
population of NGC 1333 to determine whether planetary-
mass objects have a different spatial distribution to stars.
We then analyse N-body simulations containing both brown
dwarfs that form in the same way as stars, and high-mass
planets originally orbiting stars, to compare their respective
spatial distributions. Our conclusions are the following.

(i) The brown dwarfs and planetary mass objects in
NGC 1333 follow the same spatial distribution as the stars
according to the Aysg mass segregation ratio, and the rela-
tive surface density metric X — m.

(ii) In N-body simulations planets are liberated from
their host stars and form a spatially distinct population from
the brown dwarfs, which were set up to form in the same way
as stars.

(iii) The difference between these populations can still
be discerned even if the mass ranges overlap, i.e. if the plan-
ets have a higher mass than some of the brown dwarfs.

(iv) The substellar objects observed in NGC 1333 are
therefore unlikely to be free-floating planets created as a
result of dynamical interactions, having previously orbited
stars. Rather, the PMOs in NGC 1333 likely formed in a
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similar way to the stellar, and higher-mass substellar popu-
lations.

(v) If there is a population of ejected free-floating plan-
ets in NGC 1333 (or in other star-forming regions), we would
expect to observe these objects on the outskirts of the re-
gion, where current observations are likely incomplete. As
such, observations with e.g. JWST NIRSpec will be crucial
to untangling the substellar populations in star-forming re-
gions.
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