+ &5 &

Keele

UNIVERSITY

This work is protected by copyright and other intellectual property rights and
duplication or sale of all or part is not permitted, except that material may be

duplicated by you for research, private study, criticism/review or educational

purposes. Electronic or print copies are for your own personal, non-commercial
use and shall not be passed to any other individual. No quotation may be
published without proper acknowledgement. For any other use, or to quote
extensively from the work, permission must be obtained from the copyright
holder/s.


https://www.keele.ac.uk/library/specialcollections/

The structure and dynamics of the
Vela OB2 association

Joseph Armstrong

Doctor of Philosophy

Department of Physics, Keele University

December 2021






Abstract

This thesis presents studies of the structure and dynamics of the Vela OB2 associa-
tion. OB associations are sparse, gravitationally unbound groups of young stars, vital
for studying the formation and early evolution of stars and star-forming regions, and
the formation of the Galactic field population. The majority of stars in our Galaxy
and others form in associations or clusters, ranging in size from hundreds of stars
to tens of thousands, but only a small fraction of these groups are dense enough
to remain together for a long time (Lada & Lada 2003). OB associations represent
the transitional phase of these groups between formation from turbulent molecular
clouds to dispersion into the Galactic field. And it is in these early stages of a star’s
life that their subsequent evolution is determined and in which they form planetary
systems.

We used Gaia DR1 and 2MASS photometry to trace the wide-scale population
of YSOs (young stellar objects) across Vela OB2, using the GES (Gaia ESO Survey)
sample of the v Vel cluster as a basis. We plot a YSO density map and select targets
for two observing runs, complementing it with Gaia DR2 photometry and astrometry
for the second observing run. The spectra were used to obtain radial velocities (RVs)
and Lithium equivalent-widths (EW(Li)s), the latter used to confirm the youth of our
targets. We used the first set of spectra to study the A and B populations identified
by Jeffries et al. (2014), expanding on their sample. We investigated the kinematics
of the two groups and found that while the v Vel cluster (population A) did not
show expansion, the wider Vela OB2 sources (population B) does show significant
evidence for expansion.

The second set of spectra provided a sample of ~400 YSOs across Vela OB2
with 3D spatial and kinematic data. We identify significant substructure and sepa-

rate the sample into six groups, including the Vela OB2 association and three open
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clusters. We find significant evidence of expansion in the association with a kine-
matic age of 13-23 Myr, in good agreement with literature ages of 15-20 Myr. We
also trace back the motion of the association and the clusters, constraining their
arrangement at formation. Finally, we identified a number of candidate runaways
stars, and show that by using RV and age estimates for the stars we can rule out the

majority of these as runaways from known clusters.
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1 Introduction

This chapter introduces the concepts of star cluster and association formation and
evolution and the processes behind them. In order to understand where star clusters
and associations come from we must understand how individual stars are formed,
their origins in giant molecular clouds, their early evolution and environment. To un-
derstand how clusters and associations evolve we must understand how their member
stars interact with each other and their environment, and have sufficient knowledge

of the techniques needed to analyse the structure and kinematics of these groups.

1.1 Star Formation

1.1.1 Molecular Clouds

To understand how star clusters form and evolve, we must give some context re-
garding their birthplaces, namely Giant Molecular Clouds (GMCs). GMCs are vast
complexes of molecular gas (predominantly Hs), which can be as large as hundreds of
parsecs across and can have masses anywhere in the range ~ 10* — 106 M. Rather
than having uniform density or a smooth density gradient, they have been found
to be substructured in filaments (Fig. 1.1), sheets and clumps (Williams, Blitz &
McKee 2000). The internal motions of the molecular gas within a GMC are driven
by turbulence, often as the result of feedback mechanisms from stars, and are kept

from overall gravitational collapse by thermal and magnetic pressure.



Figure 1.1: The B211 filament in the Taurus molecular cloud running left to right
across the image. Striations tracing the magnetic field of the cloud perpendicular to
the main filament are visible, as well as bright dots indicating newly formed stars.
This image spans about 2x5 degrees (10x25 pc) and combines Herschel bands at
160 pm (blue), 250 pum (green) and 500 pm (red). Credit: ESA/Herschel.



1.1.2 Formation Of Stars

The densest regions of molecular clouds fragment and produce prestellar cores, and
it is when gravity in these cores becomes sufficient to overpower internal pressure
that they begin to collapse and heat up. The Jeans mass, the critical mass required
for gravity to overcome internal pressure, for a molecular cloud of radius R is given

as
3kT

o (1.1)

where m is the average mass of a particle in the cloud, T is the absolute temperature,

My

G is the gravitational constant and k is Boltzmann’s constant. Magnetic fields can
also contribute to the internal pressure inhibiting collapse, up to about 30% of the
thermal pressure support (McKee & Tan 2003). When a dense core exceeds this
critical mass and begins to collapse it will continue to accrete molecular gas and as it
heats up it will produce infrared radiation. Such an object is known as a protostar.
Infalling molecular gas impacts the star in a shock-front, which heats up incoming
material further. Young objects that are not yet hot enough to ignite hydrogen
are known as “pre main-sequence” stars. Their luminosity comes from the release
of gravitational potential energy as they collapse and contract, rather than fusion
reactions, and so, as they accrete material and heat up, their mass and luminosity
change until joining the main-sequence. This evolution can be modelled and illus-
trated diagramatically (Fig. 1.2). Eventually the protostar will become hot enough
to burn deuterium and drive convection. Depending on its mass, this phase may be
short lived before the star ignites hydrogen and for the most massive stars (> 10M,,),
hydrogen burning begins while material is still infalling. When a star begins fusing
hydrogen in its core it enters the main-sequence and its mass and luminosity remain
stable until it starts to run out of fuel in the core.

Star formation occurs within GMCs preferentially along filaments and the

regions of highest density, where filaments converge (known as hubs), are where



+4 ] | I
+3 [ -]
+2 - —
-
~
%
:"l +1 —
[m)]
S
=
E o |
E \1n5w
=
-1 10° ] .
7
Y 107 yr |
\ 108 yr
=3 | | | | |
4.4 4.2 4 3.8 3.6 3.4

Temperature log (T)  (K)

Figure 1.2: An illustration of PMS evolutionary tracks (blue) and isochrones (red) in
temperature vs luminosity (Stahler & Palla 2008). A PMS star of a given mass ( My
given in blue) will move along an evolutionary track as it ages until it reaches the
zero age main-sequence (ZAMS, in black). A PMS star of a given age will be located
at a point on the relevant isochrone depending on its mass. These evolutionary
models are only approximations however, and the apparent position of a star on an
observational HR diagram may vary due to binarity, variability or accretion.



high-mass stars are thought to form (Schneider et al. 2012). Gas and dust are fun-
nelled along these filaments into dense regions that contract and fragment, creating
prestellar cores which eventually form young stars. Since many cores can form and
fragment in hub-filament systems, stars will form from these cores often hundreds at a
time within ~10 pc scales. In this proximity the young stars can form gravitationally

bound groups called star clusters.

1.1.3 The Initial Mass Function

The single most important factor in determining a star’s evolution in the future is
it’s mass at formation or ‘initial’ mass. While a single star’s initial mass may be
determined by a complex combination of physical variables, such as molecular gas
density, proximity to other stars during formation, tidal forces etc. the distribution
of masses in a population of stars has been found to follow a functional form. The
functional form of this distribution is what is known as a population’s initial mass
function (IMF), and has been found to be surprisingly universal both in the solar
neighbourhood and beyond (Lee et al. 2020). Since its introduction by Salpeter
(1955) there have been numerous studies determining cluster IMFs from luminosity
functions (Massey 2003), and many proposed functional forms have been put forward
as information on stellar populations have improved (Salpeter 1955; Miller & Scalo
1979; Kroupa 2002; Maschberger 2013). For an illustration of a modern IMF see
figure 1.3.

A key feature of a stellar population that results from its IMF is the ratio of
high- to low- mass stars. The vast majority of stars formed in a population will have
masses of the range 0.1 — 1M, and the most massive O-type stars (> 10M) occur
with a rarity of a few in a thousand.

In Salpeter (1955), the IMF is modelled in the form of a power-law. However,
Miller & Scalo (1979) concluded that the power-law form did not accurately describe
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2010).



the distribution of lower mass stars and suggested that a logarithmic-normal form

was a better fit.

dlog§(log(M))

= —(1+log(M 1.2
e = = (14 log(a) (1.2
where M is stellar mass, where
dn
{(log(M)) = dlog(M) (1.3)

and where n is stellar number density.

The log-normal form was also given theoretical justification by Zinnecker
(1984), who argued that if star formation is indeed a complex combination of in-
dependent physical variables (or can be approximated as such), then the Central
Limit Theorem, which says that the normalised sum of independent random vari-
ables tends toward a normal distribution, can be applied to stellar populations and
the mass distribution is normal in logarithmic scale. Studies since have indicated
that the form of the IMF may not necessarily be continuous over the whole range
of masses, discontinuities may arise at mass values where different physical mecha-
nisms in star formation become more or less prevalent over others, introducing extra

complexity to models.

1.1.4 Feedback

Feedback is the name of the process by which stars affect their environment. Feed-
back processes include supernovae from the most massive stars, as well as stellar
winds, ionisation, radiation pressure, jets and molecular outflows. It is thought that
feedback processes are responsible for the dispersal of gas which brings star formation
to an end and determines the final masses of forming stars, influencing the dynamics
of young clusters by shaping the residual gas and thus the local gravitational poten-

tial and eroding protoplanetary disks, which influences the development of planetary



systems.

Here we outline some of the main types of feedback:

Photoionization - Energetic photons (> 13.6 eV) emitted by massive stars dissociate
molecular hydrogen and ionize HI into Hi1, creating a HiI region around the
star that expands as the process continues. The outer edge of this HII region
is called the ionization front, and its expansion slows as the volume of the
region increases. A shell of compressed matter is produced outside of the
ionization front. In the situation where a HII region expands to the edge of

the molecular cloud the pressurised gas can burst out in a champagne flow.

Winds - For highly luminous stars (O and post-main-sequence OB types) radiation
pressure at the surface of the star is strong enough to overcome gravity and
lifts the outer layers away as stellar winds. The winds are then accelerated

outward into the local environment.

Radiation pressure - Photons emitted by stars transfer energy and momentum to the
material of the surrounding cloud. Krumholz & Matzner (2009) find that for
very massive star clusters, radiation pressure can overtake ionisation as the

dominant mechanism in the initial expansion of HII regions.

Jets - Sometimes, as a result of interaction between a star and its accretion disc, a
magnetic field is produced which ejects outflows above and below the rotation
axis of the star. Jet velocities can reach ~ 100 kms™—! and produce bowshocks
that spread out into the surrounding environment. Frank et al. (2014) discuss

how jets and outflows drive turbulence in the surrounding cloud.

Supernovae - After a few Myrs the most massive stars reach the end of their lives
and explode as supernovae. This leads to the release of an immense amount

of energy as well as the ejection of the remaining outer layers of the star. The



resulting shock impacts the surrounding cloud and creates a dense, expanding

shell.

Many of these types of feedback only or predominantly occur from massive O- and
B-type stars, which means that, although they are the least numerous, they have the
greatest effect on the local environment and thus the greatest effect on the evolution
of their cluster.

Calculations by Whitworth (1979) predict that a GMC can be dispersed by
massive stars if as little as 4% of the gas forms stars following a field star IMF. The
ionization and dispersal of gas in the molecular cloud due to feedback can bring star
formation in that region to an end. Dale, Ercolano & Bonnell (2013) compare the ef-
fects of stellar winds and ionization, and conclude from their simulations that stellar
winds have a much smaller effect on sweeping away gas than photoionization, and
that photoionization can be almost solely responsible for reducing the star formation

efficiency’ (SFE), hindering further star formation.

1.1.5 Residual gas expulsion

The typical star formation efficiency across a GMC is less than 10%, i.e, less than
10% of the material in a GMC will go into newly forming stars (Clark et al. 2005),
and on the scale of a cluster there is a strong dependence on the initial energy of
gas in the region (Clark, Bonnell & Klessen 2008). For an embedded cluster held
together by the combined gravitational potential of both stars and gas (in virial equi-
librium, see section 1.2.3), the gas will contribute the majority of the binding mass.

So once excess gas begins to be expelled from the cluster, either driven out by stellar

IStar formation efficiency is essentially the proportion of molecular gas in a star forming region
that is used in the formation of new stars.
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winds or by the first supernovae, a large amount of mass is lost from the system,
often throwing the cluster out of virial equilibrium and thus the cluster is likely to
become unbound (Bastian & Goodwin 2006), though the cluster core may remain
bound (Kroupa, Aarseth & Hurley 2001). This process is known as "residual gas
expulsion” and has been a popular hypothesis used to explain the ”infant mortality”
phenomena, that there are a greater number of young clusters observed than old
and so many must die young. The difference in numbers of young and old clusters
has been observed in both Galactic clusters (Lada & Lada 2003) and extragalactic
(Bastian et al. 2005; Fall, Chandar & Whitmore 2005).

1.1.6 Triggering

Feedback may not necessarily cause star formation to cease. Elmegreen & Lada
(1977) proposed a chain reaction-like mechanism for star formation where feedback
from a group of newly formed stars creates an ionizing shock front, which compresses
material elsewhere in the molecular cloud and triggers further star formation. This
new group of stars can begin the process over again in a chain reaction, until the
cloud is dispersed and a complex of stars is left.

This model can explain the variety of ages and kinematics seen in large groups
of stars, such as OB associations (see Section 1.3.1), as via a triggered formation
scenario small subgroups will be formed in bursts. However, according to Dale,
Ercolano & Bonnell (2013), feedback likely disrupts star formation to a greater extent

than it contributes.
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1.2 Star Clusters

Star clusters are groups of stars which have been formed in close proximity within
the same parent molecular cloud in a relatively short amount of time, and which are
bound together by their mutual gravity. Their motion relative to each other is pre-
dominantly determined by their mutual gravitational attraction, but relative to the
wider environment their group motion is typically much larger. These clusters are
traditionally thought to form inside the dense cores of GMCs (Lada & Lada 2003),
though recent investigations have uncovered more complex structures within GMCs
and have found that interstellar filaments play a crucial role in star formation (André
et al. 2014). Analyses of the structure of gas clouds in the Taurus region (Hacar &
Tafalla 2011; Hacar et al. 2013) have indicated that dense star forming cores are
produced when velocity-coherent filaments of sufficient mass fragment. Hacar et al.
(2016) looked at radial velocities of newly formed stars in the Orion A cloud and
found striking similarity between the kinematics and spatial structure of the young
stars and the dense cores of the gas cloud, suggesting that groups of stars inherit
their structure from their parental gas.

In their earliest stages (< 2 - 3 Myrs) clusters are embedded in their parent
GMC, hence the term ‘embedded cluster’, and are obscured by interstellar dust,
which made observing the early stages of star and cluster formation a difficult en-
deavour until the advent of infrared astronomy. After a few Myrs clusters will have
either depleted or dispersed all their molecular gas by feedback processes and star
formation will finish.

Clusters are often referred to in the literature as one of four main types:

Embedded clusters - Clusters up to a few Myrs in age which are still enveloped in
the molecular gas of their parent cloud (Fig 1.4a) and are thus best observed
in the infrared. Only the most massive cluster members will evolve onto the

main sequence in this time, while less massive members will still be pre-main
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sequence stars. Star formation may continue during this stage until the gas

surrounding the cluster is dispersed by feedback (see section 1.1.4)

Exposed young clusters - Clusters where the molecular gas in their immediate vicin-
ity has been dispersed, allowing the cluster to be observed in the visible (Fig
1.4b). These clusters are still associated with their parent cloud and have
begun to evolve dynamically. Because of their youth, it is difficult to tell
whether clusters this young are gravitationally bound based simply on their

existence, and measurements of velocity are often needed.

Open clusters - Clusters no longer associated with molecular gas and are of an age
(typically > 10 Myrs but can be up to 10* Myrs) at which the members have
experienced significant dynamical interactions for it to be clear that they are
in virial equilibrium (Fig 1.4c). If the cluster was not in virial equilibrium

then it would have started to disperse by this point in time.

Globular clusters - Much older objects than the previous types (many Gyrs old),
these clusters tend to exist in the halos of galaxies on elliptical orbits around
the galactic centres. They are made up of hundreds of thousands of old
stars, are much more massive than most open clusters and have become

dynamically relaxed, hence their spherical or ’globular’ shape (Fig 1.4d).

The evolution of a cluster depends heavily on whether it is gravitationally
bound or not. For a cluster to be bound, the gravitational attraction between the
member stars and molecular gas within the cluster must be greater than the internal
kinetic energy of the cluster, i.e the cluster has negative total energy. Though it
is still possible for individual stars to escape as runaways via binary interactions, a
bound cluster will not disperse unless disturbed by external forces. When a cluster’s
total energy is positive, i.e its internal kinetic energy is greater than its gravitational

potential energy, the cluster will expand, weakening the gravitational attraction fur-
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Figure 1.4: Top left : The embedded cluster RCW 38 (< 1 Myr) in the Vela constel-
lation. Image Credit: ESO. Top right : The young cluster NGC 6231 (~ 3 Myrs) in
the constellation of Scorpius. Image Credit: NASA / CXC / University of Valparaiso
/ M. Kuhn et al / WISE / JPL. Bottom left : The star cluster NGC 299, an open
cluster aged ~ 25 Myrs in the Small Magellanic Cloud. Image Credit: NASA / ESA
/ Hubble. Bottom right : The Messier 80 globular cluster. Credit: Hubble Space
Telescope / NASA.
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ther until the cluster has eventually dissipated. The majority (> 90%; Lada & Lada
2003) of young or embedded clusters do not survive to become bound open clusters.
This is because clusters can lose up to ~ 80% of their members following gas ex-
pulsion (Lada, Margulis & Dearborn 1984; Kroupa 2002) so only the most massive

embedded clusters subsequently remain bound.

1.2.1 Cluster structure

Since stars form in the densest regions of their parent GMCs, and the GMCs are
themselves highly substructured in sheets, filaments and cores, it is not surprising
that newly formed stars have been found to be distributed with similar substruc-
ture (Larson 1995; Cartwright & Whitworth 2004; Sénchez & Alfaro 2009; André
et al. 2010) and exhibit fractal patterns, i.e the structures are self-similar on a range
of scales. In order to assess this substructure a number of statistical measures have
been developed, one in particular is the Q parameter (Cartwright & Whitworth 2004)
which quantifies and distinguishes between fractal substructure and smooth radial
density gradients. Parker et al. (2014) test the QQ parameter on the results of a series
of N-body simulations and observed that a region with Q < 0.8 must be dynamically
young, since it is not well mixed enough to have erased its original substructure,
while a region with Q > 1.5 has evolved toward a smooth radial profile. Wright
et al. (2014) applied this parameter to the Cygnus OB2 association and measured
Q= 0.34, which despite possible biases strongly indicates that the region is highly
substructured and has been since its formation. That being said there are examples
of young clusters (~1 Myr) with smooth radial profiles, such as the Orion Nebula
Cluster and 1C348 (Hillenbrand & Hartmann 1998; Cartwright & Whitworth 2004).

It has been shown that young clusters can erase their substructure within a few

crossing times (Scally & Clarke 2002; Goodwin & Whitworth 2004). Gravitational
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interactions between stars leads to the transfer of kinetic energy, and the cluster re-
laxes into a smooth distribution. Kinetic energy can also be removed from the cluster
via dynamical ejections. This leads to a simple hypothesis that if all star forming
regions are born with considerable physical substructure, those that are bound will
undergo rapid mixing to erase this structure, while those that are unbound will ex-
pand but preserve their substructure. The rate at which young clusters will erase
their substructure depends on their velocity dispersions, the higher the velocity dis-
persion the longer the substructure will be preserved (Goodwin & Whitworth 2004).
Therefore it is possible for the structure of clusters of the same age to evolve at
different rates, depending on their boundedness. But for older open clusters and

globular clusters their initial structure will have long since been erased.

1.2.2 Mass segregation

In older open and globular clusters, mass segregation has been observed for a long
time (Elmegreen et al. 2000) and is thought to be a consequence of energy equipar-
tition, i.e. where as the cluster evolves and the member stars interact and transfer
energy through two-body encounters, the kinetic energy of stars becomes more equal
(v x ﬁ> and thus massive stars have smaller velocities. With smaller velocities,
such stars are expected to sink towards the centres of the cluster’s gravitational po-
tential well, thereby becoming more concentrated.

Bonnell & Davies (1998) calculated that dynamical mass segregation would
need to take place over a cluster relaxation time, which can be written as
(v2)3/2

tp=—t L
: 15.4G?*mplnA

(1.4)

where p is the local density, (v?) the average square velocity of cluster members, m

the mean stellar mass and A = 0.4N for a homogenous distribution of equal mass
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stars (Spitzer 1987). The relaxation time can be interpreted as the time required
for stars in a cluster to have undergone sufficient two-body interactions to have
achieved energy equipartition. Therefore, if mass segregation is a consequence of en-
ergy equipartition, mass segregation should not be seen in clusters younger than the
relaxation time of the cluster. If massive stars were found to be located preferentially
towards the center of a young cluster then their mass segregation must be primordial
(due to the star formation process) and not dynamical. However, later studies have
challenged this theory. Allison et al. (2009) have shown that mass segregation of the
most massive stars can take place on very short timescales, given dynamically cool
initial conditions. The study by Wright et al. (2014) concluded that the Cygnus OB2
association is not mass segregated despite being highly substructured, indicating that
the star formation process does not always produce mass segregation. Ascenso, Alves
& Lago (2009) also argue that observations of mass segregation can be explained by

incompleteness due to crowding in the cores of clusters.

1.2.3 The Virial Theorem

Originally presented in 1870 by Rudolf Clausius in a lecture titled ’On A Mechanical
Theorem Applicable To Heat’, the virial theorem describes a relationship between
time-averaged kinetic and potential energies for a stable mechanical system of N
particles, systems found in thermodynamics, quantum mechanics, and astrophysics.
The theorem can be applied to star clusters and molecular clouds to assess their
dynamical state, namely, whether they are gravitationally bound or unbound.
Within a system of bodies moving in a gravitational field, the distances between
the bodies changes, changing the gravitational force they apply on each other and
thus changing their energies and speeds. However, after a sufficient time has passed

for many of these changes to occur, the distribution of speeds within the whole sys-
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tem reaches an equilibrium, where a change in speed of one body is accompanied by
a change elsewhere, maintaining the distribution. We say a system in such a state is

dynamically relaxed.

The expression of the virial theorem for a dynamically relaxed mechanical

system with kinetic energy K and potential energy U is
0=2(K)+ (U) (1.5)

In the literature, it is also presented in forms with the system’s total energy F =
K+U,
E=—(K)=(U)/2 (1.6)

from which can be inferred the interesting consequence that a system in virial equi-
librium must have negative total energy.

We now look at applying this theorem specifically to a group of stars. If we
approximate the cluster as a uniform density sphere of radius R, and assume the
movements of stars are random and thus the averages of the velocity components are

isotropic, the virial theorem gives us

(1.7)

where (v?) is the average square radial velocity of the stars and G is the gravitational
constant. This form is known as the virial mass equation. It allows us to estimate
a cluster’s total mass using only the cluster radius R and average square velocity in
one dimension. The average of radial velocities (v,) can be determined from a sample
of stars in the cluster. Essentially, we are determining the mass from the effect of
gravitational attractions on the stars’ internal motions, so as the motions, and thus
(v?) increase, so does the virial mass.

This method is not without its limitations, however.
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o To apply this method we have to assume that the system is dynamically

relaxed, but we cannot be sure based on any observations we can make.
We expect that multiple body systems will tend to a steady state over one
dynamical timescale, so this assumption becomes more reasonable the greater

the age of the system in question.

The virial/gravitational radius R (or r,) of a system is not directly measur-
able, but is usually derived from the half-mass radius rj, where r,/R ~ 0.5
(Binney & Tremaine 1998). In Spitzer (1987), it is shown that the virial

theorem gives

GM?

Th

U~ —0.4 (1.8)

for a system with spherical symmetry.

Even then, in order to measure a radius, it is necessary to define a centre. To
calculate the most intuitive centre, the cluster’s centre of mass, we require
knowledge, or further assumptions, about the masses of the individual stars
and their 3D positions. However, our knowledge is often unsatisfactory for
computing an accurate centre of mass, so other estimators have also been
developed to suit the available data. A cluster’s luminosity density can be
used to derive a centre, though this is still made difficult due to observational

effects such as crowding.

The form for potential energy U assumes that the cluster can be approxi-
mated as spherical and of uniform density. We would expect in most cases
that cluster density increases towards the centre rather than being uniform.
The virial mass equation can be modified for the application of different den-
sity models. In Zwart, McMillan & Gieles (2010) and Gieles, Sana & Zwart
(2010), it is explained how the virial mass may be expressed as

2
o-dynreff

M =n e

(1.9)
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where 1 = % is a parameter that depends on the density profile of the

system, ngn = %(122) is the system’s velocity dispersion assuming symmetry
and 7.sf is the effective radius (half-light radius). The value of n depends
upon the parameters of the density profile. In a Plummer (1911) profile
n ~ 10, for an Elson, Fall & Freeman (1987) (EFF) profile, the value of 5
drops sharply for shallow density profiles n < 9, and is very sensitive to the
effect of mass segregation. The King profiles (King 1962; King 1966), though

different in shape to EFF, produce similar n ~ 9.

1.3 OB Associations

OB associations are groups of young stars that are associated by a common mo-
tion through space (Ambartsumian 1947). They were initially identified only by the
brightest and most massive O and B-type member stars, hence ‘OB’ association. As
early as 1914, (Kapteyn 1914) had mapped out the distribution of "helium stars’
(now obsolete synonym for B-type star) in the Galactic plane, which Eddington
(1914) also discussed, and Kapteyn (1918) then commented on the grouping of such
stars around the Orion nebula. But it was not until Ambartsumian (1947) that the
term ’association’ was first coined. Such associations typically span a much larger
volume in space than open clusters, tens or hundreds of parsecs across, so Ambart-
sumian (1955) realised that these groups had typical densities < 0.1Mg pc™3, less
than the density for which a cluster is stable against disruption from Galactic tidal
forces. He realised that this implied that associations had to be young objects, less
than a few tens of Myrs old and thus considerably younger than the Galaxy. This
was one of the first demonstrations that star formation is still occuring in the present
epoch. This hypothesis was supported by the discovery by Blaauw (1952) of the ex-

pansion of the Perseus OB2 association.
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In his review, Blaauw (1964) described the knowledge of faint-star membership
as being 7 in a most unsatisfactory state”. This is due mostly to the nature of associ-
ations, having low density and being spread across large areas of sky, which makes it
very difficult to identify faint members against the galactic background. Also, at this
time, kinematic data was limited and so stars were considered association members
based on luminosity position rather than motion or parallax.

The Hipparcos census (1989-1993) (Perryman et al. 1997) provided high preci-
sion positions and proper motions for over 90 000 stars, which allowed fresh investi-
gation of nearby associations (see Fig. 1.5), and in particular, studies which aimed
to identify which stars are members of which associations,e.g (de Zeeuw et al. 1999),
and the associations’ distances. However, these are only the most massive members
and a small fraction of the total stellar population, assuming it follows a classic IMF.
Pre-Gaia, much was unknown about the population of low-mass stars in associations.
To what extent do their positions and velocities correlate with those of the OB stars,
how do they evolve, and which processes are responsible for this evolution? These

are all questions that hopefully can be addressed with Gaia data.

1.3.1 Origins of associations

Because Ambartsumian (1947) realised that associations are not dense enough to
resist disruption from galactic tidal forces, associations are thought to be gravita-
tionally unbound and many hypotheses have since been proposed to explain their
origins. In a following paper Ambartsumian (1955) suggested that associations were
formed from the expanding, disintegrated remains of massive, dense bodies. A sim-
ilar hypothesis was put forward by Opik (1953) who proposed that the expanding
shell of a supernova explosion could compress dust to create an association of stars,

and then Oort (1954) suggested the same could happen with an expanding HII region
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Figure 1.5: Pre-Hipparcos positions, projected onto the galactic plane, of OB as-
sociations within 1.5 kpc of the sun (de Zeeuw et al. 1999). The size of the outer
circles is proportional to their projected dimensions, while the size of the central dots
indicates the number N of stars with luminosity > My ~ 5 mag (Humphreys 1978).
The distribution of small dots indicates the Gould Belt.
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rather than a supernova. The common idea behind these theories being that, since
associations are expanding groups of stars, they must have formed from expanding
clouds of gas, so the question is what phenomena produces the expanding motion?

The rejection of a need for associations to form from unbound clouds was first
considered by von Hoerner (1968) who proposed that the massive O and B type stars
would sweep away the interstellar dust around them, and from this loss of mass, the
newly formed stars would become gravitationally unbound and the group would begin
to expand. This theory of residual gas expulsion was first explored mathematically
by Tutukov (1978) and then Hills (1980), who estimated that the loss of as little as
10 - 15% of a young cluster’s mass by gas expulsion would be sufficient to unbind it.
Duerr, Imhoff & Lada (1982) provided support for this scenario in their study of the
A Ori OB and T association, which is located in a Hil region surrounded by a shell of
dust. They concluded that the massive stars had indeed swept away the remaining
dust and left a unbound group of stars. N-body simulations have been used to study
the degree to which the SFE and the size of the cluster affects how likely the cluster
is to remain bound after gas expulsion (Kroupa, Aarseth & Hurley 2001; Fellhauer
& Kroupa 2005; Pfalzner & Kaczmarek 2013). Such models predict that, unless the
SFE of a cluster is relatively high (> 0.3), they will become unbound and radially
disperse.

At the time of the review by Lada & Lada (2003) evidence was such that the
expansion of young clusters via gas expulsion offered the best explanation for how
stars formed and dispersed into the field population, and that OB associations were
a midway stage in this evolution where stars still retained their group motion but
were unbound and dispersed over a greater volume. However, studies making use of
the recently released Gaia astrometric data have produced evidence that questions
this theory. Wright & Mamajek (2018) analysed the dynamics of the Scorpius-
Centaurus OB2 association and found that it did not display the radial expansion

pattern expected if the association had been formed as a more compact cluster (or
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clusters). Rather, they concluded that the association was most likely formed in
multiple highly-substructured subgroups, across the area that it now occupies, and
in multiple star forming events, as evidenced by the age distribution found by Pecaut
& Mamajek (2016). Ward & Kruijssen (2018) examine kinematic parameters of 18
nearby association with > 100 identified members each and concluded that none of
these associations showed signs of having began as dense clusters. The results of
these more recent kinematic studies suggest that associations are made up of many
substructured groups that share an associated motion, and that their substructure
indicates they could not have formed as single dense clusters.

Bressert et al. (2010) investigated the environments YSOs in the solar neigh-
bourhood form in and found that they exist in groups of a wide range of densities.
Only a small fraction were found to have formed in dense clusters. This lead to
the hypothesis that associations are made up of a continuous distribution of stars
at both low and high density, such that high-density regions collapse to form bound
clusters while low-density regions disperse as the wider, unbound population of the
association (Kruijssen 2012). This, along with the evidence that groups of stars form
with substructure (Larson 1995; Cartwright & Whitworth 2004; Sanchez & Alfaro
2009; André et al. 2010), questions the older monolithic cluster formation model.

This evidence perhaps better supports a triggered formation scenario, which
would explains why subgroups of star complexes are found to be of different ages
(Blaauw 1964), and accounts for star formation within the core of the cloud, not
only at the edge and offers a mechanism by which associations may be produced from
gravitationally bound GMCs (Elmegreen & Lada 1977; Blitz & Thaddeus 1980).

Triggered star formation has gained recent interest thanks to new studies of OB
associations. Krause et al. (2018) analysed the interstellar medium (ISM) around the
Sco-Cen OB2 association and suggest a formation mechanism where a supperbubble
of hot gas created by feedback from new stars in one region triggers the collapse of

a dense cloud elsewhere, in a “surround and squash” scenario, creating the multiple
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subgroups of different ages apparent in the association.
The hypotheses for the origins of associations can be split into two main cate-

gories;

Expanding clusters - The majority of stars are born in clusters embedded within
molecular clouds, but most of these, Lada & Lada (2003) claim as many as
~ 90 — 95%, become unbound following residual gas expulsion and expand
radially. The common motion of the association is inherited from the early

stage spent as a gravitationally bound cluster.

Born across unbound GMCs - Unbound, turbulent GMCs form stars in subgroups
among sheets and filaments of gas compressed by turbulence with initial
spacing larger than that typical of embedded clusters (Clark et al. 2005). The
OB association would thus form initially spread over a large volume and is
gravitationally unbound to begin with, rather than having expanded from a
smaller volume, and the common motion of the association is inherited from

the motion of the GMC itself as well any spatial and kinematic substructure.

These two possible origins can be distinguished observationally by looking for evi-
dence of expansion in an association. If an association is expanding radially from a
central point with an expansion timescale consistent with the age of the population,
it would suggest that it was formed as a dense cluster. Such expansion would be
expected to be isotropic (Baumgardt & Kroupa 2007). If the expansion trends do
not trace back to a dense configuration within the lifetime of the population, or the
trends are significantly anisotropic, it would indicate that the population initially

formed with structure over a large volume.
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1.3.2 Determining membership of OB associations

A star’s membership of an association can be determined by how well its motion
correlates with the motion of other members. Even though OB associations are
thought to be gravitationally unbound, their internal motions are of the order of

only a few kms™!

, much smaller than the group velocity through space, and so the
proper motion of the group’s members on the plane of the sky will seem to converge
to a point (Jones 1971; De Bruijne 1999; de Zeeuw et al. 1999). Because of this, the
‘convergent point method’ was the classical technique for determining association
membership, before astrometric data became more precise. Once a convergent point
is determined, a membership probability for a star can be calculated from how close
a star’s motion will bring it to the convergent point. This method does not eliminate
contaminants, however, as non-members with a small velocity component tangen-
tial to the direction toward the convergent point can have a significant membership
probability. It is useful to compare membership probabilities produced by multiple
methods.

Another method of producing membership probabilities is the so-called ‘Spaghetti
method’ (Hoogerwerf & Aguilar 1999; de Zeeuw et al. 1999) which uses positions,
parallaxes and proper motions to construct cylinders (spaghetti) of membership prob-
ability in 3D velocity space for each star. The intersection of these cylinders will be
the group velocity. The cylinder’s axis is oriented in the line-of-sight direction, since
it is the direction in which we have no velocity information (radial velocity). Once

we have made spaghetti for all our membership candidates, we construct a sphere of

RS - V Uzznt + U%@edian (110)

where 0,,c4ian is the median error of the tangential velocities and oy, is the internal

radius

velocity dispersion. The fraction of a spaghetti that lies within this sphere is the
star’s membership probability.
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The membership lists of OB associations studied in de Zeeuw et al. (1999) are
produced by intersecting membership lists using each of the above methods on stars
either previously classified as O or B type or later-type stars at the right distance to
belong to an association. Early-type stars are rarer than late-type stars and so the
field star contamination rate is considerably lower.

With the huge improvements to precision of kinematic data available from new
surveys such as Gaia, recent studies have been able to effectively select members by
defining areas in proper motion space combined with parallax cuts (Damiani et al.
2019), or by using agglomerative clustering algorithms to allocate stars with similar

kinematics into groups (Cantat-Gaudin et al. 2019c).

1.4 Confirming youth in stars

Young stars which have yet to converge onto the main sequence exhibit some different
properties than main-sequence stars, some of which can be identified photometrically
or spectroscopically. These properties are especially useful for separating young

cluster members from older stars in the background.

Surface gravity indicators - Surface gravity is a useful way of separating giants from
cluster main sequence and pre-main sequence stars. Since giants are greatly
inflated, their surfaces are much further from their center of gravity, hence ex-
perience a smaller surface gravity. Damiani et al. (2014) uses a gravity index
derived from the flux ratio between low-g and high-g features in the 6750-
6780 A region, which is used to distinguish between giants, main-sequence

and PMS stars.

Surface Lithium abundance - Despite composing only a tiny fraction of the inter-

stellar medium, lithium can be observed in stellar atmospheres, using in
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particular the Li I absorption line at 6708 A. Low-mass (< 1.2Mg ) PMS
stars are not hot enough to burn their lithium until they begin to contract
onto the main-sequence, at which point surface lithium begins to deplete at a
rate dependent on its mass. Therefore the presence of lithium can be used as
an identifier of youth in PMS stars. Some studies of young clusters (Jeffries
et al. 2014; Sacco et al. 2017) have used a large EW(Li) as their principal

criterion for finding young low-mass cluster or association members.

X-ray luminosity - Due to magnetic activity in low-mass PMS stars, their X-rays are
10! —10* times more luminous than those of main sequence stars (Preibisch &
Feigelson 2005). This makes X-ray observations especially useful for separat-
ing young cluster members from backgrounds of older field stars e.g (Wright
& Drake 2009). Modern X-ray observatories have a small field of view how-
ever, and therefore are not well suited to wide-area studies of nearby OB

associations.

Colour magnitude diagrams - Since PMS stars are more luminous for their effec-
tive temperature than main-sequence stars, in a plot of colour versus abso-
lute magnitude they will appear in a different place. An isochrone can be
placed alongside stellar populations on colour-magnitude diagrams (CMDs)
to show where PMS stars of a given age are likely to be found. For stars
undergoing pre-main sequence contraction, their luminosity changes rapidly,
meaning their CMD location is potentially a precise indicator of age. How-
ever, plotting with observed (apparent) magnitudes means bright, distant
stars can be located in the same place on a diagram as nearer, fainter stars.
With distance information one can calculate absolute magnitudes, which sep-
arates different types of stars more effectively. There are also many other
physical factors that influence luminosity / magnitude and effective temper-

ature / colour, including binarity, extinction, non-uniform reddening and the
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presence of disks and accretion, all of which need to be considered when esti-
mating stellar ages from isochronal position. Also, multiple models do exist
(Baraffe et al. 1998; Siess, Dufour & Forestini 2000; Tognelli, Prada Moroni
& Degl’'Innocenti 2011; Baraffe et al. 2015) and vary in their treatment of

opacity, atmospheres, etc.

Variability - PMS stars are also known to exhibit photometric variability, i.e. their
brightness varies during the PMS stage of their evolution. This variabil-
ity can be due to a number of reasons. T Tauri stars (TTSs), low-mass
(< 2M©®) PMS stars which exhibit variability, can be split into two classes;
classical TTSs which accrete material from their circumstellar disks, causing
variability, and weak-line TTSs which do not show signs of accretion but
whose variability is due to a non-uniform distribution of spots on their sur-
face (Herbst et al. 1994; Bhardwaj et al. 2019). More massive PMS stars
(2M® < M < 8M®) known as Herbig Ae/Be stars also show variability
due to obscuration from circumstellar dust (Herbst et al. 1994). Variability
can be detected by taking photometric observations over time and plotting a
light curve (time vs apparent magnitude), the amplitude and period of which

can indicate the nature of a star’s variability (Samus’ et al. 2017).

These and other methods of selecting stars of similar ages are discussed in de-

tail in reviews by Soderblom (2010) and Soderblom et al. (2014).

1.5 The Gaia Mission

The European Space Agency’s (ESA) astrometric mission Gaia (originally Global

Astrometric Interferometer for Astrophysics) was proposed by Lennart Lindegren
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and Michael Perryman in 1995, and aims to collect precise, to an as yet unmatched
degree, measurements of the positions, parallaxes and proper motions of over a billion
stars complete to 20th magnitude (Gaia Collaboration et al. 2016b; Lindegren et al.
2016). Its design and space environment allows sensitivity, accuracy and sky cover-
age impossible to obtain with ground-based facilities. Its predecessor, the Hipparcos
satellite, led the way to significant advancement of our knowledge of the structure
and evolution of stars and the dynamics of groups of stars. Gaia is capable of detect-
ing much fainter sources than Hipparcos and making measurements of much greater
precision. It is set to provide the data needed to answer questions about the struc-
ture and dynamics of the Galaxy, star formation history, binary and multiple star
systems, stellar evolution, exoplanets and many other topics besides.

Gaia was launched in December 2013 and after a period of performance verifi-
cation, began operations in the summer of 2014. Data processing and calibration is

managed by the Gaia Data Processing and Analysis Consortium (DPAC).

1.5.1 Measurement

The Gaia satellite’s 'payload’ (the set of on-board instruments) is built onto a torus-
shaped bench (Fig. 1.6) made of silicon carbide, on which the telescopes and in-
struments are mounted. In order for Gaia to observe and take astrometric readings
across the whole sky the satellite spins slowly on the rotation axis (Fig. 1.6) and
measures the time taken for objects to cross its field of view, which is the so-called
"scanning space astrometry principle” (Lindegren & Bastian 2010) employed success-
fully in the preceding Hipparcos mission. The satellite’s spin axis is also controlled
to precess slowly, so that the great circles traced by the two fields of view move while
maintaining a slight overlap, thus scanning the entire sky repeatedly over the course

of the mission.
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Figure 1.6: Diagram showing the two mirrors and instruments mounted on the torus-
shaped optical bench. (Image from EADS Astrium.)



31

45°

SUN

Satellite spin axis Line of sight 1

Precession of the /. \ v
spin axis in 63 days\‘

art
.
e
.

Consecutive X
great circles

Line of sight 2

Figure 1.7: Diagram showing the orientation of the Gaia satellite’s spin axis, lines of
sight and great circles, which allow full sky coverage. (Image credit: ESA)



32

Gaia makes observations with a pair of identical 'three-mirror anastimatic’ tele-
scopes, which point in directions separated by the "basic angle’ I' = 106.5°, meaning
that the satellite has two lines of sight (Figs 1.6, 1.7). Knowing the basic angle and
the observation times of a source in each field of view allows calculations of angular
separations between objects, which is necessary for measuring parallaxes. This angle
is chosen as the optimum basic angle to maximise sensitivity to parallax proportional
to sin(n)sin(I") where 7 is the angle between the Sun and the satellite’s spin axis;
(see Gaia Collaboration et al. 2016¢), whilst maximising the accuracy with which the
positions of stars on the great circle can be derived and avoiding sunlight entering
the telescopes. Light entering the telescopes is reflected by a series of silver coated
mirrors, and merged into a common path before reaching the focal plane (Fig 1.8),
a mosaic of 106 CCD detectors each with a resolution of 4500 x 1966 pixels, giving
a total of 938 million pixels. These CCDs are operated in 'time-delayed integration’
(TDI) mode, so that they can collect charge whilst the objects move along the focal
plane as a resut of the satellite’s spin. With 938 million pixels operating in TDI
mode, many times more data is produced than can be sent back to Earth, so several

reduction processes are employed on the satellite itself:

o Data is only read from within little 'windows” around objects of interest,
and the excess is flushed. Windows are automatically assigned to objects of
interest on board the satellite by video processing units (VPUs) attached to

each of the seven rows of CCDs.

» Resulting linespread functions and spectra are compressed on board, making

room for 2 to 2.5 times more data.

Because Gaia’s measurement principle produces angular measurements by compar-
ing the differences of the times taken for objects to cross each telescope’s field of
view, the basic angle I between the telescopes needs to be kept constant, as even the

slightest variation can introduce significant systematic errors. So, in order to monitor
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Figure 1.8: Schematic of the focal plane assembly (Gaia Collaboration et al. 2016b)

with terminology indicated below.
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and re-calibrate the basic angle, Gaia is fitted with an ultra-precise interferometric
metrology system, the basic angle monitor (BAM) (Gielesen et al. 2012; Mora et al.
2014; Gielesen et al. 2017), which is able to measure displacements on the scale of

picometers (107!2 m).

1.5.2 The astrometric solution

In order to take full advantage of Gaia’s precision capabilities and produce a coherent
set of astrometric data for observed sources, the astrometric core solution is applied
during data processing. The astrometric core solution uses a series of physical and
mathematical models (Fig 1.9) to simultaneously determine the astrometric param-
eters (positions, parallaxes and proper motions) for all sources at once (Lindegren
et al. 2012; Lindegren et al. 2016; Lindegren et al. 2018a). The models incorporated
aim to take into account the complex relationships between astrometric, photometric
and spectroscopic data, as well as the celestial reference frame, instrument attitude
and geometric calibration determined by the ‘core solution’ (Lindegren et al. 2012).

In DR1 the astrometric solution was calibrated on the Tycho-2 catalogue and
so was only complete for sources in the TGAS subset. In DR2 however, the as-
trometic solution became self-calibrated and all five parameters (positions,parallax

and proper motions) were available for the majority of sources.

1.5.3 Data Releases

1.5.3.1 DR1

The first data release (DR1) from Gaia was available from 14th September 2016,

containing positions and Gaia (G) magnitudes for all sources with acceptable posi-
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tional errors (1.14 billion), and parallaxes and proper motions for objects detected
by both Gaia and either of Tycho 2 (TGAS - Tycho-Gaia Astrometric Solution, 2
million sources) or Hipparcos. In TGAS the astrometric solution depends on the
availablilty of Tycho-2 positions, so the TGAS data set contains 2,057,050 sources
with 5 astrometric parameters, while the secondary data set of non-TGAS sources
contains 1,140,622,719 sources with only positions in DR1. All sources in the TGAS
catalogue were treated as single stars initially, so astrometric effects from binary or-
bital motion are ignored. This and other source modelling errors contribute to the
‘astrometric excess noise’ parameter, which is the difference between the measured
astrometry and the astrometric model. Many bright stars (Gmag < 7) are missing
from DRI, as the images of these sources are heavily saturated and the sparsity of
objects at this magnitude makes calibration of the instrument configuration difficult

(Gaia Collaboration et al. 2016a).

1.5.3.2 DR2

The second data release became available on the 25th April 2018, providing the full
five-parameter astrometric solution (positions, parallaxes, proper motions) for 1.33
billion sources down to the limiting magnitude of G = 21. The astrometric solution
for DR2 does not depend on Hipparcos or Tycho-2 positions, only Gaia data, mak-
ing it entirely independent of preceding astrometric missions. It also provided red
and blue passband photometry (Ggp,Gpp) for 1.38 billion sources in addition to G
magnitudes for all 1.69 billion sources. Mean radial velocities were also published
for 7.2 million sources with 4 < G < 13, effective temperatures (7,s) for 161 million
sources and luminosities for 77 million sources, as well as other data.

Gaia DR2 data is based on preliminary calibrations of less than two years of

observations, and as such there are still a number of known systematic errors to
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be taken into consideration. For example, Lindegren et al. (2018a) discuss a me-
dian zero-point offset of —0.029 mas in parallax, spurious parallax values caused by
cross-matching issues and underestimation of uncertainties for bright G < 13 ob-
jects. Arenou et al. (2018) identify potential outliers in the data set and recommend

a number of filters to clean samples before use.

1.5.3.3 Future releases

Due to delays the full third data release (DR3) is expected only by the second half
of 2021, so it will be split in order to publish an early release in the third quarter of
2020. The early release will contain improved astrometry and photometry for objects
from DR2 as well as results for quasars. The full DR3 catalogue will also contain
object classifications, BP/RP spectra and mean radial velocities for certain objects.

The final data release for the mission does not yet have an official expected
date of publication, but will consist of complete astrometric, photometric and radial

velocity catalogues, source classifications, a list of exo-planets and more.
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2 The Vela OB2 association

We now look at the region that my PhD work has focussed on, the Vela OB2 complex,
and review the body of work that forms the context for the following chapters of this

thesis.

2.1 Pre-HIPPARCOS

The first indication of an association in the Vela region was found by Kapteyn (1914),
who identified 15 bright (V > 7) ’helium’ stars (now known as B-type stars) as pos-
sible group members based on an investigation of proper motions. These stars,
however, were spread over a large area on the sky (219° <1 < 272°, —10° < b < 3°
in old Galactic coordinates) and Kapteyn was not convinced that their proper mo-
tions were enough to confirm the existence of a physical group. He added a hopeful
comment that if radial velocities were known for most of the stars the nature of the
group could be more confidently determined.

Later Blaauw (1946) gathered radial velocities for 12 of these 15 stars as well
as introducing corrections to the proper motions. For the 9 radial velocity mea-
surements with errors <3 kms™! there was a wide spread in values. Thus Blaauw
determined that these stars should not be considered a group. In his review “O
associations in the solar neighbourhood” (Blaauw 1964) there is no mention of an
association in the Vela region, though, de Zeeuw et al. (1999) point out that a group
of bright stars centered on 1 = 230°, b = —10° is visible in Figure 3 of that paper
(see Fig. 2.1).

In their investigation of the Vela X supernova remnant Brandt et al. (1971)
comment on the proximity of Vela X and the pulsar PSR 033-45 to the object v Vel,

which we now know is a spectroscopic binary composed of a massive O star and a
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Figure 2.1: Figure 3 of Blaauw (1964) in old galactic coordinates. Top: O-B3 type
stars brighter than m = 4.5,5.25,5.5 for types B0 and B1, B2, B3. Bottom: Stars
fainter than these limits but still brighter than m = 7.0 The red circle is added to
the original image to indicate the group of bright stars in the Vela region pointed
out by de Zeeuw et al. (1999).
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Wolf-Rayet star (28.5 + 1.1 Mg, 9 + 0.6 Mg; North et al. 2007), and nine other
stars with similar distance moduli. They considered the possibility that all of these
are members of an association. This coincided with the work of Upton (1973) who
estimated distance moduli for 151 stars in the Bright Star Catalogue of type B5 or
hotter in a ~ 1200° area including the Vela and Puppis regions. He found evidence
for the existence of three groups in the distance modulus range 7.6 < (m—M ), < 8.6
(~ 400 - 500 pc), his association A containing v Vel and PSR 0833-45 in its limits
and extending to (m — M) > 7.0 (~350 pc), adding strong support to the theory of
Brandt et al. (1971).

Straka (1973) also picked up on this idea and compared the evidence for an
association based on proper motions with evidence from the H-R diagram. He con-
cluded that the proper motions of the 10 stars from Brandt et al. (1971) did not
support the existence of an association since only 5 agree in position angle while the
other 5 differ greatly and do not correlate with position. However, looking at the
magnitudes and spectral types of all 498 O and B stars in this region (from the SAO
catalogue), he found the distributions in magnitude of B2, B3, B5, B8 and B9 stars
strongly suggested a group centered at ~ 500 pc, a result that remained unchanged
after several different attempts to remove foreground and background contaminants.
This work also suggested an association age of order 107 years.

In a series of papers (Eggen 1980, Eggen 1982, Eggen 1983, Eggen 1986) Eggen
considered the supposed cluster Collinder 173 (which includes the v Vel system),
Trumpler 10 and the open cluster NGC 2547 to be components of the “Vela sheet”,
the overdensity of B and A-type stars across this region at a distance of 350 — 450
pc, and lists 29 members for Col 173 based on photometric evidence. He denotes
a more distant association (~ 1.8 kpc) as Vela OB2, though since de Zeeuw et al.

(1999) Vela OB2 has come to refer to the Vela sheet, and in particular, Col 173.
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2.2 Hipparcos

The Hipparcos mission (Perryman et al. 1997) drastically improved the scope of in-
vestigation for OB associations with positions, proper motions and parallaxes for
stars brighter than V' = 9. In particular, the comprehensive study of de Zeeuw et al.
(1999) used Hipparcos data to identify moving groups within 1 kpc, producing group
membership probabilities for stars by combining the results of an updated conver-
gent point method (De Bruijne 1999) with the “Spaghetti method “ (Hoogerwerf &
Aguilar 1999) (see section 1.4). They identified 93 probable members of Vela OB2
spread over ~100 deg?, centered around [ = 263°, b = —7° and measured a mean
distance of 410 4 12 pc (Fig. 2.2). These members include 72 Vel (its binary partner
v Vel was not in the catalogue), 3 other members from Brandt et al. (1971) but only
3 members from Eggen 1980; Eggen 1983; Eggen 1986, as 22 out of his 29 members
were not included in the catalogue either. They find Vela OB2 and Col 173 to be
the same entity, but consider Trumpler 10 a separate association in its own right.
From comparing these investigations it becomes evident how often groups
and members of groups are reclassified when new data becomes available. This is
something to bear in mind when we discuss which stars we consider part of Vela
OB2 (chapter 6) and when discussing formation and evolution scenarios for the Vela

complex (chapter 7).

2.3 Post-Hipparcos studies

The previously discussed investigations focussed on the massive members of Vela

OB2 and did not touch on intermediate- and low- mass stars in the region, which
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Figure 2.2: Left : Positions and proper motions for the Hipparcos members of Vela
OB2 (white) and Trumpler 10 (black) from de Zeeuw et al. (1999) plotted over the
IRAS 100pm skyflux. Right : Parallax and Galactic latitude for the same stars. The
diamond denotes the Wolf-Rayet star 4* Velorum (WR 11).



42

according to a typical IMF (section 1.1.3) would mean the vast majority (~ 95%) of
members were undiscovered up to this point. This is understandable, since until the
advent of the X-ray detection of PMS stars in the 1980s such young stars were too
difficult to identify against the background of field stars.

The first discovery of PMS stars in the Vela OB2 region came from Pozzo et al.
(2000), who identified a population of PMS stars apparently clustered around ~?
Vel using ROSAT! X-ray observations. They also obtained BVI photometry for the
cluster field and compare the positions of the sources in a V-I vs V colour-magnitude
diagram to low-mass isochrones for the assumed distance and reddening of Vela OB2
(410 pc, E(V-1)=0.06). They discuss at some length whether or not these are coeval
and at the same distance as 72 Vel, and conclude that this is more plausible than
the massive star having formed in isolation in the cluster’s foreground, though this
would mean 7?2 Vel would be located at a greater distance and therefore be of a
greater mass than previous estimates would suggest.

The cluster was revisited by Jeffries et al. (2009) who combined BVI photome-
try in a 0.9 deg? area around v Vel with optical spectroscopy and X-ray observations
for subsamples to determine cluster membership probabilities. They confirm the
youth of objects by detection of lithium absorption, Ha emission and X-ray activity.
Their distance modulus for the cluster (7.76 & 0.07) is in good agreement with that
of Vela OB2 (7.72 £0.08), and so they conclude that the cluster does indeed belong
to Vela OB2 and is aged ~ 10 Myr.

Jeffries et al. (2014) used spectroscopy from the Gaia ESO Survey (GES)
(Gilmore et al. 2012) to measure radial velocities for 208 confirmed members of
the v Vel cluster. They find evidence for the existence of two kinematic populations
among the PMS stars, with RV dispersions 04 = 0.3440.16 kms™!, op = 1.60£0.37
kms™! and mean offset 2.1540.48 kms™! (Fig 2.3). Population A is spatially concen-

'Rontgensatellit, as X-rays are Réntgenstrahlen in German
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trated around 72 Vel while population B is more uniformly dispersed, and evidence
of different levels of Li depletion suggests that population A is 1 —2 Myr older. They

discuss several scenarios as possible explanations for the origin of these populations.

Core-halo - First is a scenario where population A is the bound core remaining from
an originally larger cluster, and population B is a halo of stars no longer
bound to the cluster, possibly as a result of residual gas expulsion. This is
supported by the discrepancy between the mass of 42 Vel (~ 35M) and the
mass of population A (~ 100M) , compared to the ratio expected between a
cluster and its most massive star (Weidner, Kroupa & Bonnell 2010) which
suggests a star of such a mass as ¥2 Vel would be more likely to form in
a cluster of significantly higher initial mass ~ 1000M. If population B
originally belonged to this cluster the mass ratio becomes more consistent.
However, this does not explain the difference in mean velocities and inferred

ages between the populations, so the authors believe this scenario is unlikely.

Captured cluster - Second is a scenario where the stars form in an unbound asso-
ciation, but over time ¥? Vel collects smaller companion stars within its
gravitational potential. Population A is comprised of these captured stars
while B is the dispersing association. For a star as massive as 72 Vel this
could happen within as few as ~3 Myrs. This might explain population A’s
small velocity dispersion but still not the difference in Li depletion between

the two populations.

Cluster + association - Lastly is the scenario where the v Vel cluster formed in a
particularly dense region of the Vela OB2 association, dense enough to be
gravitationally bound. Some stars may have been expelled after residual gas
expulsion and have mixed with the wider association but a bound cluster

has remained. Within the extended star forming region of Vela OB2, age
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Figure 2.3: Left : V-I colour versus EW(Li). Blue points are candidate members and
red points are possible members based on Li but are outside the colour-magnitude
sequence. The red lines are 10 and 20 Myr isochrones (Baraffe et al. 1998) with
reddening E(V-I) = 0.055. Right : Radial velocity histogram of v Vel members
showing the two-component Gaussian best fit. (Jeffries et al. 2014)

and velocity differences between stars formed in different regions are not

surprising, so this scenario seems the likeliest.

Sacco et al. (2015) investigate GES observations of the cluster NGC 2547,
which is located in close proximity (2 degrees south or ~ 10 pc) of v Vel, and dis-
cover 15 stars that are likely to belong to population B from Jeffries et al. (2014).
They consider two possible scenarios to explain the spatial extent of this population.
Firstly an expanding cluster scenario, where after the formation of the central bi-
nary and residual gas expulsion, the v Vel cluster began to disperse and low-mass
stars (< 0.5Mg) at the outer edge could have moved ~ 10 pc towards NGC 2547,
considering the velocity dispersion of population B. This would also explain why the
7 Vel cluster has a lower total mass than expected from the mass of 42 Vel (Jeffries

et al. 2014), if many cluster members have dispersed to a larger volume. However,
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they comment that this scenario does not explain why the two populations are offset
in RVs, and that it is unlikely that other members of Vela OB2 would have spread
out over its current volume from a smaller region given the age of v Vel. More likely
is that the association formed in a dispersed, low-density configuration that includes
these stars belonging to population B, and that the clusters v Vel and NGC 2547
were formed from locally dense regions of this association.

Focusing on the third scenario of Jeffries et al. (2014), Mapelli et al. (2015)
perform N-body simulations of two subclusters colliding in order to constrain what
conditions can recreate the features seen in the v Vel cluster. They successfully re-
produce the RV dispersions and offset between populations as well as the differences
in concentration, centroid location and age. These results support the possibility
that v Vel is the product of two subclusters merging. Mapelli et al. (2015) also
comment that population B is highly likely to be supervirial (total kinetic energy is
greater than total gravitational potential) and is in the process of dispersing into the
field.

Prisinzano et al. (2016) revisit the membership selection for v Vel, combin-
ing photometry, measurements of radial velocity, EW(Li)s, He, the v gravity index
(Damiani et al. 2014), accretion activity and X-ray detection to produce a list of 242
confirmed cluster members, a sample more than 90% complete. They use evolution-
ary tracks and isochrones from Baraffe et al. (2015) assuming distance modulus 7.76
and E(V — 1) = 0.055 for the cluster (Jeffries et al. 2009) to derive masses for 237 of
these. They then derive the cluster IMF from this sample and find it consistent with
a Kroupa (2002) canonical IMF, and using a Kolmogorov-Smirnov test, do not find
significant evidence that the populations A and B have different mass distributions.
However, considering the mass range used to determine the IMF, the total mass of
the ~ Vel cluster is estimated to be ~ 100M, similar to the result of Jeffries et al.
(2014), which is still inconsistent with the mass expected of a cluster containing 2

Vel (~ 35M). This suggests that the two populations originated from the same star
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formation process in the same molecular cloud.



47

3 Gaia DR1 YSO identification

This chapter describes work performed using data from Gaia DRI, starting with an
investigation into the dynamics of Vela OB2 based on the members from de Zeeuw
et al. (1999). The results of this investigation showed that Vela OB2 is gravita-
tionally unbound, but this result is based on a small sample of massive stars whose
membership was determined using Hipparcos astrometry. In order to get a more
accurate estimate of the volume, total mass and dynamical state of Vela OB2, we
need a large sample of members with up to date astrometry. Thus we investigated
how Gaia DR1 photometry could be used to identify low-mass members of Vela OB2,
which would give us insight into the substructure of the association. Most of these

results were published in Armstrong, Wright & Jeffries (2018).

3.1 High-mass members of Vela OB2

To investigate the dynamics of the Vela OB2 association we gathered the most up
to date astrometry of its members.

With the release of Gaia DR1 came the TGAS catalogue, containing updated
astrometry for objects observed by Hipparcos or Tycho-2, including 42 of the Vela
OB2 members identified by de Zeeuw et al. (1999). This sample is incomplete (42/93
stars) due to the Gaia satellite’s saturation limit of G = 5.7 at the time of DR1’s
publication. For the other 51 members we use Hipparcos astrometry in this investi-
gation.

Our first aim was to assess the dynamical state of the OB members of Vela
OB2. As a sparse OB association which is unstable to galactic tidal forces (Blaauw

1964) we expect that these stars are gravitationally unbound. We therefore expect
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Figure 3.1: Figure showing the current positions in Right Ascension and Declination
of the 93 Vela OB2 members, with their relative proper motions shown as vectors,
scaled to show the distance travelled over 1 Myr. Only 42 members have proper mo-
tions available in the TGAS catalogue (blue), the others are plotted with Hipparcos
(Perryman et al. 1997) proper motions (red).

that the virial theorem using the measured velocity dispersion will lead to a virial
mass that is significantly higher than the estimated stellar mass of the association.
In figure 3.1 we plot the positions and proper motions of these 93 stars. It should be

noted that this is only representative of the high-mass component of the association,
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there will likely be thousands of low-mass members that have yet to be identified (see
section 3.2). However, due to the nature of the virial theorem, assuming no energy
equipartition, objects within the association that are not included in this sample will
still be indirectly represented in the total energy and thus the velocities we measure
in the sample. This is one of the greatest strengths of the virial mass estimate, that
estimates of virial mass can still be made with relative accuracy despite having an
incomplete sample. The association’s virial radius can also be determined accurately
from this sample size assuming no mass segregation.

In figure 3.2, we plot histograms of the RA and Dec components of the mem-
bers’ proper motions to help visualise the distribution of velocities. For a single
population we might expect the proper motions to follow a Gaussian distribution.
A distribution of proper motions with multiple peaks may indicate the existence of
multiple populations, such as in the v Vel cluster (see section 2.3). Aside from the
outlying points in the -12 to -10 mas/yr bin, the distributions in Fig. 3.2 show that
the proper motions of the 93 O and B type members of Vela OB2 are reasonably
well fit by a Gaussian distribution. Kinematic substructure (e.g, Wright et al. 2016)
or expansive or contractive motion (e.g, Kounkel et al. 2018) are not apparent from
a visual inspection of the OB members alone.

We wish to consider the motions of the stars in reference to the association,
thus we must subtract the group mean velocity from each star’s proper motion and
then take the mean of the squares of these to find the average velocities in two di-
mensions ((v%,) = 6.14 x 10¢ m?s72, (v} ) = 1.15 x 10" m?s™2). We calculate the
half-mass radius of the group by specifying the centre of the group as the position
median, calculating each star’s distance from that point, assuming a distance of 410
pc from the Sun to the association (de Zeeuw et al. 1999), and taking the distance
that encloses half of the stars, essentially approximating the star’s masses as equal

(rp, = 13.47 pc). This provides an estimate for the mass of the association assuming
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Figure 3.2: Distribution of proper motions of the 93 OB members of Vela OB2
with the association’s average proper motions subtracted. The red dotted line is
a Gaussian fit to the data using the interquartile range (to reduce the impact of

outliers) with means at 0 and standard deviations og4 = 1.486 mas yr=! and ope.
= 1.683 mas yr— !,
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The mass of the association can also be estimated by assuming a fit to an IMF
and extrapolating the sample of OB stars to cover the full mass spectrum. We chose
to use the Maschberger (2013) IMF model to randomly generate a population to
match the population of high-mass stars of Vela OB2 from de Zeeuw et al. (1999).
The quantile function of the Maschberger IMF is of the form

1 1

m(u) = p(fu(G(my) — Glm)) + Gmy)] 7 — 1)T== (3-3)

where
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is the ’auxiliary equation’, o = 2.3 is the high-mass exponent, § = 1.4 is the low-
mass exponent, u = 0.2M is the scale parameter, m; = 0.01M, is the lower mass
limit, m,, = 150M, is the upper mass limit and v is a randomly generated number
between 0 and 1.

At this point we judged 11 of the 93 bright stars as unlikely to belong to the
association, seven due to significantly higher B-V values (likely late-type contami-
nants, Fig. 3.3), and four with Gaia DR2 parallaxes significantly higher or lower
than the rest of the sample.

Populations were created by randomly generating values for u and substituting
these into the quantile function to produce stellar masses. For each population this is
repeated until 82 stars with masses > 3M, (roughly the minimum mass of a B-type
star) are produced, after which the total number of stars in the population and the
total mass of the population is recorded (see Fig. 3.4).

We generate 10,000 populations and look at the averages of the total number
of stars and the total population mass. The mean total cluster mass of 10000 ran-
domly generated populations is 1888 + 156 M®), less than our result from the virial
theorem by at least an order of magnitude.

The discrepancy in this estimate informs us of its dynamical state. Recall
the assumptions required for application of the virial theorem, in particular, the
assumption that the cluster is gravitationally bound. As we mentioned earlier in sec-
tion 1.3, it has been theorised that associations are typically unbound. The masses of
unbound, expanding systems are likely to be vastly overestimated by the virial theo-
rem. Our apparent overestimation of the mass of Vela OB2 is a good indication that
it is also gravitationally unbound, and may have expanded outward to its present size
from a smaller region in which it was formed. However, if the association is indeed
formed of subclusters of low-mass stars congregated around the O and B type stars,

each subcluster may still be in virial equilibrium, though the whole association is not.
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Figure 3.3: From Armstrong, Wright & Jeffries (2018), B-V vs Mv colour-magnitude
diagram of the 93 high-mass association members from de Zeeuw et al. (1999). Mv
values were calculated using B-V and V from the Extended Hipparcos Compilation
of Anderson & Francis (2012), parallaxes for 86 stars from Gaia DR2 (Luri et al.
2018) and reddening of Ay = 0.131 mag from Jeffries et al. (2014). For the 7 high-
mass stars without Gaia DR2 parallaxes, the median parallax value of the sample
was used. Also plotted are 10 and 20 Myr isochrones from Ekstrom et al. (2012)
for stars with Z = 0.014, using bolometric corrections (BCs) for B type stars from
Pecaut & Mamajek (2013). The 7 stars with large B-V colour were considered to
be non-members of the association and removed from the sample. The difference in
colour between the isochrones and the majority of stars is possibly due to localised
extinction or inaccuracies in the model atmospheres.
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Figure 3.4: A histogram of total cluster masses generated using the Maschberger
(2013) IMF for 10000 populations with 82 stars of > 3M,.
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3.2 Estimating the size of the low-mass popula-
tion of Vela OB2

The sample of association members identified by de Zeeuw et al. (1999) are the
brightest and most massive stars only, the vast majority of stars in the association
will be much less massive and fainter. If we are able to identify this low-mass popu-
lation we will be able to assess the state of Vela OB2 in far greater detail than before.

Firstly, we want an idea of the size of this low-mass population. In order to
estimate the total stellar mass and expected low-mass population of Vela OB2, we
created model populations using the Maschberger (2013) IMF (see section 3.1) to
match the high mass population from de Zeeuw et al. (1999), but refine the method
by taking into consideration the completeness limit (the turn-over point in the ob-
served luminosity function) of the OB population sample. Based on the remaining
association members relative to the isochrones (Fig. 3.3) we estimate the sample
completeness limit to be at ~ 2.5M (Fig. 3.5), with 72 of the 82 likely Vela OB2
members being at least this massive.

Ten thousand stellar populations were randomly generated using the Maschberger
(2013) IMF, sampling until 72 stars with M > 2.5M, were produced, and then not-
ing the total number of stars and total mass of the population for each iteration.
The median number of stars with M > 0.1M, in a randomly generated population
was 1965 £ 228 and the median total mass was 1285 £ 110M,, (Fig. 3.6).

Jeffries et al. (2014) and Prisinzano et al. (2016) found only 278 likely clus-
ter members in the 0.9 degree? area around 72 Vel with a ~ 90% complete sample.
Thus, assuming that the whole population of Vela OB2 follows a standard IMF,
we estimated that there are ~ 1600 association members yet to be identified in
the wider area of the association, with ~ 1085 of these within in the mass range
1.5 > M/Mg > 0.2 sampled by Jeffries et al. (2014).

PMS evolutionary tracks from Baraffe et al. (2015) were plotted in a G-K vs
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Figure 3.5: B-V vs V colour-magnitude diagram of the 82 high-mass association
members from de Zeeuw et al. (1999) using B-V and V from the Extended Hipparcos
Compilation of Anderson & Francis (2012). Also plotted are evolutionary tracks from
Ekstrom et al. (2012) for stars with Z = 0.014, using bolometric corrections (BCs)
for B type stars from Pecaut & Mamajek (2013). From this diagram, we estimate
the sample completeness limit to be at ~ 2.5M,, as there are fewer sources below
this evolutionary track than between 3 — 2.5M.
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Figure 3.6: Left : Histogram of total cluster masses generated using the Maschberger
(2013) IMF for 10000 populations with 72 stars of > 2.5M. Right : Histogram of
number of stars per cluster generated using the Maschberger (2013) IMF for 10000
populations with 72 stars of > 2.5M.

G colour-magnitude diagram converted from log L and log T¢ss using BC values for
young stars from Table 6 of Pecaut & Mamajek (2013), a V-1 to G-V conversion from
Jordi et al. (2010), alongside our G-K vs G selection box (Fig. 3.7 left). The selec-
tion box was chosen to select stars in the mass ranges 0.45M. > M > 0.17Mg
for a 10 Myr isochrone and 0.39M; > M > 0.16My for a 20 Myr isochrone.
The Baraffe et al. (2015) PMS isochrones were used here as they cover the low
mass range (1.4My > M > 0.07My) to which our target PMS stars belong,
whereas the Ekstrom et al. (2012) isochrones are for high-mass main-sequence stars
(120M > M > 0.8M). The mean number of stars in these mass ranges produced

in our randomly generated populations was 815 and 788 stars respectively.
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Figure 3.7: Left : G-K vs G colour magnitude diagram of objects with both Gaia and
2MASS photometry (green) within a 0.9 degree? area around ~ Velorum, spectro-
scopically identified young stars (red) and field stars (blue) from Jeffries et al. (2014).
The box encases the area containing the highest ratio of red points to blue and green
points, thus expected to be the area where unconfirmed (green) stars have the high-
est likelihood of being cluster members. Also shown is a 10 Myr PMS isochrone from
Baraffe et al. (2015) at a distance modulus of 7.76 mag and reddened by Ay = 0.131
mag (Jeffries et al. 2014). Right : H-K vs J-H colour-colour diagram for the same
objects. A 10 Myr PMS isochrone from Baraffe et al. (2015) and a second selection
box are shown. These plots were the final versions published in Armstrong, Wright
& Jeffries (2018).
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3.3 Searching for low-mass association members

Due to the shape of the IMF, the vast majority of stars in an OB association will
be of a lower-mass (~ 0.1 — 1My), and we have estimated that there are ~ 1600
association members to be identified in Vela OB2. Analysis of the distribution and
kinematics of these low-mass members will allow us to learn much more about the
formation and dynamical evolution of the association than the OB member sample
alone.

In order to begin analysing the distribution of an association’s low-mass mem-
bers, we must first develop a method to reliably identify them, separating association
members from field stars in the foreground and background. We would like to be able
to judge the likelihood of whether or not a star belongs to an association without
relying on its astrometry, in order to avoid introducing biases into the later analysis.
In the case of Vela OB2, which is of an age ~ 10 - 20 Myr (de Zeeuw et al. 1999),
its low-mass members are still too young to have evolved onto the main sequence, so
they may be identified using Gaia and 2MASS photometry. Spectroscopic identifiers,
while being in many cases more precise than photometry, are not yet available on
such a scale. Jeffries et al. (2009) and Jeffries et al. (2014) used the photometric
identification of PMS stars (in combination with other identifiers) in the 0.9 degree?
around v Vel, and since this cluster of stars very likely belongs to Vela OB2, we can
use their position on a colour-magnitude diagram to create a photometric filter for

young low-mass stars across the wider association.

3.3.1 Photometric selection

In order to define the photometric selection criteria we combined G band photometry

from Gaia and J, H and K photometry from the 2MASS catalogue for all objects
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within the area around the known OB members of Vela OB2 (254° < | < 271°,
—16° < b < 1°). Data taken from the 2MASS catalogue were filtered based on given
quality flags (Skrutskie et al. 2006), which are based on measurement uncertainties
and scan signal-to-noise ratios (e.g, ’A” = valid measurement with SNR, > 10 and un-
certainty < 0.10857). Initially we selected sources with A to C quality photometry,
but later restricted this to A only for all three bands, as well as requiring uncer-
tainties in J, H and K-band magnitudes < 0.05 mag to reduce contamination from
outliers. We also required the contamination of confusion flag ‘Cflg’ equal to '0” for
all three bands. These filters reduced our sample of sources from 589,000 to 99,935,
predominantly removing background artifacts and confused or faint sources.

These objects were filtered through selection boxes in G-K vs G and H-K vs
J-H diagrams (Fig. 3.7). Fig. 3.7 left shows all objects in our sample within the
0.9 degree? around v Vel in the G-K vs G diagram (green), with an illustrative 10
Myr isochrone from Baraffe et al. (2015), at a distance modulus of 7.76 mag and
reddened by Ay = 0.131 mag (Jeffries et al. 2014). Uncertainties were not taken
into account to judge if sources are inside or outside selection boxes. This will lead
to some uncertainty in the exact membership, but this effect is likely to be small.
Objects spectroscopically characterised as young stars by Jeffries et al. (2014) and
Prisinzano et al. (2016) are identified, as are objects spectroscopically confirmed to
be contaminating field stars. The previously identified objects form a clear PMS in
Fig 3.7 left, following the 10 Myr isochrone. The selection box is designed to select
this sequence but exclude the extensive contamination at brighter magnitudes. 138
members (red in Fig. 3.7) and 22 non-members (blue in Fig. 3.7) from Jeffries et al.
(2014) and Prisinzano et al. (2016) appear within the G-K vs G selection box, as

well as 25 sources not included in the Jeffries et al. (2014) sample (green).
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3.3.2 Estimating contamination

Initially we used the G-K vs G filter alone, but realised there would still be some
amount of contamination from other objects located in the selection box, such as
distant giants faint and red enough to appear close to the PMS stars. We used
the Jeffries et al. (2014) ~ Vel cluster members to get an idea of the number of
contaminants we expected to find in the area of sky around Vela OB2. The whole
association spans an area of 100 square degrees on the sky, much larger than the
area considered by Jeffries et al. (2014), so we took multiple 1 degree squares of the
sky around v Vel and, for each, considered how many objects appear in the box on
the colour-magnitude diagram. Looking at separate 1 square degree areas of sky is
not only convenient, since we can use the number of PMS stars identified in Jeffries
et al. (2009) to predict the numbers of background stars in each, but would also give
us a rough idea of the spatial variation of the numbers of low-mass members.

For the 1 square degree area with v Vel at the center, which is where we have
GES data, members constituted 130/(130 4+ 69) ~ 65% of the objects in our initial
selection area of the G-K vs G diagram. We therefore predicted that among the 61
unconfirmed objects in the same area we should have approximately 40 members and
21 non-members, so an approximate total of 170 members and 90 non-members. We
then used this to predict how many of the unconfirmed objects in our G-K vs G selec-
tion in other 1 square degree areas are likely to be association members. If our expec-
tation that these low-mass members are clustered is correct, they will not be evenly
distributed across the sky, so there is no reason why we should expect to find the
same number of probable members in each 1 square degree. Instead, we considered
the numbers of background and foreground objects, the 90 non-members with ad-
justments for known background features such as more distant clusters not related to
Vela OB2, in each 1 square degree. We counted the number of objects that lie in our

G-K vs G area selection, subtract our expected number of background/foreground
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objects, and the remainder shall be our number of probable cluster members in that
box of sky.

A basic expectation for our numbers of background/foreground objects would
be to predict uniformity, and expect 90 non-members in each square degree. But
due to the large area of the association and its proximity to the Galactic disk it is
likely that there will be significant variation in levels of contamination over the whole
arca. We attempted to make a more accurate estimate by using measurements of
background object density and background dust levels in each area of sky. We used
the Besancon galaxy model (Robin et al. 2003) to produce photometric data in V,
I, J, H and K bands for objects at a greater distance than the Vela OB2 associa-
tion. The Gaia G-band data was then calculated using a polynomial transformation
from the V and I magnitudes (Jordi et al. 2010). For each square degree of sky,
the Besangon data was then plotted in a G-K vs G diagram (Fig. 3.8 right) with
the exact same selection box as the observational data, and the number of model
objects within the area was recorded. The number of contaminants in the 1 square
degree area around 7 Vel predicted by the model was significantly larger than that
predicted by the number of known non-cluster members from GES. This was likely
due to the number of objects removed from our sample by our photometric quality
filters earlier, so when using the Besangon model numbers we applied a scaling factor
based on this difference in predicted contaminants. This process was then repeated

for 1 degree boxes in the surrounding area (Fig 3.8 left).

3.3.3 The infrared selection

We then designed a second selection box in the H-K vs J-H diagram, in order to
filter out any remaining contaminating giants. The H-K vs J-H diagram in Fig. 3.7

right shows the same objects as in the G-K vs G diagram. Distant giants will be
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Figure 3.8: Left : The 5 square degree area of sky around ~ Vel is divided into 1
square degree sections, with the number of Besangon objects that appear in our box
of the G-K vs G diagram for each section. Right : An example of how the Besangon
data looks in a G-K vs G diagram and where our box lies (this is the 1 square degree
section at the top of the left hand plot, with 45 objects found in the box). The
quantised appearance of the data is a result of a step-wise procedure in the model.

reddened away from PMS stars in this diagram and so we employ the selection box
indicated to select just the PMS stars. Combining these two selection methods allows
the selection of young, low-mass stars with a much lower rate of contamination. 81
spectroscopically identified members and 4 non-members appear within both selec-
tion boxes, so including this second filter should reduce our contamination rate from
~ 35% to ~ 5%.

This second selection was also applied to the Besangon model and greatly re-
duced the number of model contaminants, essentially eliminating variation in galactic
longitude. We adapted our method for estimating contaminants with the Besangon
model by calculating the average number of contaminants to fulfil both the colour-
magnitude and colour-colour selections in a 1 square degree area of sky for a given
galactic latitude (Fig. 3.9). The average number of contaminants varies very little

over the range of galactic latitude of the association. Thus we decided to use the
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Figure 3.9: Average number of Besangon model field stars to fulfil both G-K vs G
and H-K vs J-H filters in a 1 square degree area for a given galactic latitude over

the area of Vela OB2. Plotted are the average values (yellow) and a polynomial fit
(red).
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average value across the area of the map, which resulted in a mean contaminant
level of ~ 8.8 £ 0.6 deg™2, reasonably consistent with the number of spectroscopic
non-members found within the 0.9 degree? area around 2 Vel by Jeffries et al. (2014)
and Prisinzano et al. (2016). According to the Besan¢on model ~ 98% of the re-
maining contaminants are at distances < 200 pc and are main sequence M-dwarfs in

the foreground of Vela OB2.

3.4 Creating a map of likely low-mass association
members

We were now able to select probable PMS stars at the distance of the association
with reasonable accuracy and have a method for estimating contamination levels,
allowing us to investigate the structure of the low-mass population of the association
by plotting the numbers of likely members per unit area. This density map went
through several iterations, first using only the G-K vs G filter and selecting a small
area around 7 Vel in a celestial coordinate grid (Fig 3.10), to incorporating both
photometric selection criteria, subtracting the expected contamination rate from the
Besancon model and covering the whole area of the association in a galactic coordi-
nate grid (Fig 3.11).

The density maps were created by dividing the area of sky to be plotted into
a square grid and counting the number of Gaia DR1 + 2MASS sources to fulfil the
photometric selection criteria within a given radius from the center of each square.
The contamination rate was subtracted and the relevant area on the grid coloured
by the number of expected PMS stars in the region. Coloured squares on the grid
overlapped to improve the smoothness of the map in later versions, as well as using

a finer grid to improve detail. The final version of the map published in Armstrong,
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Figure 3.10: The 25 square degree area of sky around ~ Vel divided into a 20 x 20
grid of 0.25 deg? squares, with colour indicating the number of G-K vs G selected
objects per square. Black dots indicate positions of OB members (de Zeeuw et al.
1999). The area of greatest PMS candidate density coincides with the approximate
location of the v Vel cluster.
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Figure 3.11: A 225 square degree area map of the wider association divided into
0.25 deg? squares, with colour indicating the number of G-K vs G and H-K vs J-H
selected objects per degree. OB members are shown as white dots and the over-
densities indicating the v Vel cluster and NGC 2547 are labelled.
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Wright & Jeffries (2018) is seen in Fig. 3.12. This version differs from Fig. 3.11
in that known members of NGC 2547 from Sacco et al. (2015) have been removed,
OB members from de Zeeuw et al. (1999) who have inconsistent parallaxes and B-V
colour are removed (Section 3.1) and Galactic latitude is capped at b=-2°. In this
final low-mass PMS star density map, the v Vel cluster is detected and appears as
the region of greatest density of young low-mass stars in the association.

In order to remove contamination from the older and more distant NGC 2547
cluster (age ~ 35 Myr, Jeffries & Oliveira 2005, distance modulus 8.10 mag, Naylor
et al. 2002) we match known cluster members from Jeffries et al. (2004) to Gaia
DR1 and 2MASS and perform the same photometric selection tests. 30 NGC 2547
members pass both tests and thus contribute to contamination in our sample. Ac-
counting for the incompleteness of this sample using the incompleteness estimates in
Jeffries et al. (2004), we subtract these sources from the relevant areas of the density
map in Fig. 3.10. Jeffries et al. (2004) estimate that ~ 100 members of NGC 2547
exist beyond the area of their observations. Based on the fraction of Jeffries et al.
(2004) sources that passed our selection tests, we estimate that only 6% of these will
appear in the density map. Their contribution is therefore not significant.

After specifically removing the NGC 2547 cluster, there remains a lower-density
extended population around v Vel and towards the Galactic plane. Two other regions
of high density appear at (1 = 260.25°, b = -10.25°) and (1 = 259.0°, b = -3.25°). In
Caballero & Dinis (2008) a young cluster was identified in the first of these regions by
use of the DBSCAN clustering algorithm on blue Hipparcos stars and was named the
"P Puppis’ cluster after the brightest member star. This cluster also coincides with
cluster 1 of Beccari et al. (2018). Otherwise the low-mass population appears to be
spread sparsely over the Vela OB2 association, albeit with considerable substructure.
Notably, the open cluster IC 2395 located at (1 = 266.63°, b = -3.58°) at a distance
of 800 pc and of comparable age to Vela OB2 (943 Myr, Balog et al. 2016) is hardly

visible in Figure 3.12, indicating that our selection method is effective in excluding
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Figure 3.12: From Armstrong, Wright & Jeffries (2018), PMS density map of the
area around Vela OB2, with the Besangon model contaminant level subtracted and
with the 82 OB members (de Zeeuw et al. 1999) in white. The 7 Vel cluster is clearly
visible as the high density area in the centre of the map. We also mark the position
of the NGC 2547 cluster which we have subtracted from the density map.
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young objects at much greater distances.

3.4.1 Analysis of the density map

Figure 3.12 shows that our photometric YSO selection method has successfully de-
tected a widespread population across the Vela OB2 region. This is in good agree-
ment with Sacco et al. (2015), who speculated the existence of a widespread PMS
population with similar kinematics to the v Vel cluster.

We calculated the numbers of PMS stars shown in the final density map (Fig.
3.12). 4882 Gaia+2MASS sources are selected in total, giving 995 PMS stars after
applying background subtraction. The differences between our IMF predictions and
density map estimations are reasonable given the uncertainty over the low-mass form
of the IMF.

It is also apparent from Figure 3.12 that the high-mass stars are not preferen-
tially located in areas with high densities of low-mass stars. In particular, we noted
that the two dense regions at (1 = 260.25°, b = -10.25°) and (1 = 259.0°, b = -3.25°)
have no high-mass stars within them, whilst the high-mass stars at the lowest lati-
tudes appear isolated from the low-mass population. The latter may be associated
with the star forming region RCW38 in the Galactic plane, though younger regions
near the Galactic plane are unlikely to be selected because they will be reddened out
of the H-K v J-H selection box, but the former region appears to be a previously-
unknown cluster of low-mass stars.

In order to estimate a statistical significance to the difference in the distribu-
tions of the high- and low-mass populations in Fig. 3.12, a two sample Kolmogorov-
Smirnov test was performed on the projected YSO density distributions of the high-
and low-mass populations. We calculate the cumulative distribution of YSO densities

upon which the high- and low-mass stars are projected. The cumulative distributions
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Figure 3.13: Cumulative distributions of cell densities of high-mass (blue) and low-
mass (red) populations, from Armstrong, Wright & Jeffries (2018).
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calculated are plotted in Figure 3.13, showing that the high-mass stars are preferen-
tially projected against regions of low density compared to the low-mass stars, with
a KS-test P-value of 0.0077, i.e. at a 99.23% confidence level. More than~ 26% of
the high-mass stars are projected against cells with low-mass PMS stellar densities
of 0.

The low number of high-mass stars will introduce some stochasticity in this
comparison, but we expect the effect to be small given that the high-mass popula-

tion is reasonably well sampled.

3.5 Discussion

Sacco et al. (2015) found 15 stars with similar kinematics and age to the > Vel clus-
ter members identified by Jeffries et al. (2014), but located 2 degrees (~ 10 pc) from
v? Velorum, well outside the area studied by Jeffries et al. (2014), and speculated
that they might belong to a widespread PMS star population associated with Vela
OB2. They also commented on the discrepancy between the total mass of the cluster
(~ 100M;) and the total cluster mass predicted by the mass of v* Velorum alone
(~ 1000M, Weidner, Kroupa & Bonnell 2010). Damiani et al. (2017) also identified
multiple proper motion populations within the higher-mass members of Vela OB2
that they associated with v? Vel and NGC 2547.

Figure 3.12 shows that our photometric selection has detected a widespread
population across the whole area of the association, confirming the speculation of
Sacco et al. (2015). The agreement between the numbers of PMS stars found in this
mass range and the numbers predicted by a standard IMF suggest we have identified
the low-mass content of Vela OB2. It shows notable concentrations around 72 Vel

and the NGC 2547 cluster, but Fig. 3.12 shows that in general the high mass stars
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are not closely correlated with the location of the PMS stars.

There are a few possible explanations for the different spatial distributions of
the low- and high-mass stellar population: (a) either the high-mass stars were born in
relative isolation - in regions with IMFs that are quite different to the canonical IMF;
(b) the high mass stars have moved away from the low-mass population (in many
cases) on timescales of ~ 10 Myr; or (c¢) that members of the high-mass population
do not belong to Vela OB2, but to other populations which are not sensitive to given
the choices of distance and age that are used to identify this low-mass population.

Using this photometric selection method we have successfully detected ~1000
likely PMS stars across a 225 square degree area, including 3 open clusters. The
success of this method in identifying stars in a narrow range of distance and age
demonstrates its potential usefulness for identifying stellar populations in other re-
gions, given a pre-existing sample to calibrate the selection criteria. In particular,
other nearby associations with samples of known members may be studied in simi-
lar detail to this study, allowing us to learn about the distribution and structure of
low-mass populations in multiple associations. The work in this chapter represents
one of the first investigations to combine Gaia and IR photometry to detect young
PMS stars over a large area of sky.

After these results were published in Armstrong, Wright & Jeffries (2018),
Cantat-Gaudin et al. (2019a) used Gaia DR2 astrometry to identify 7 distinct pop-
ulations in the Vela-Puppis region, the youngest of which (population VII) includes
the v Vel cluster and most of the Vela OB2 members of de Zeeuw et al. (1999).
The spatial distribution of this population strongly correlates with the distribution
of PMS stars shown in Fig. 3.12 supporting the approach we used. The cluster NGC
2547 and therefore the PMS sources we removed from Fig. 3.12 are included in their
population IV, which is older and more distant then population VII, consistent with
NGC 2547 being older and more distant than v Vel. A more detailed comparison to
this study is made in Section 6.2.2.
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4 Spectroscopic observations of YSOs in
Vela OB2

This chapter contains a description of the target selection and observation of can-
didate YSOs across Vela OB2. Observing time was obtained on the Australian
Astronomical Telescope (AAT) in service time in January 2018 and in visitor mode
in January 2019. Analysis of the data are presented in Chapters 5 and 6.

Most of the material in this chapter is taken from Armstrong et al. 2020.

4.1 The 2018 sample of spectra

In our photometric selection for creating the density map we expect that the major-
ity of selected objects will be PMS stars at the distance of the association, but we
still expect some amount of contamination. Our sample of association members can
be cleaned further by selecting stars with a significant photospheric Li abundance,
determined by measuring the Li equivalent width, EW(Li), which is a known indica-
tor of youth in PMS stars (see Section 1.4). To measure the Li equivalent width and
and also measure radial velocities (RVs) to complete our kinematic data for these

stars, we need to obtain spectroscopy.

4.1.1 The AAT

To obtain spectroscopic data for stars located in the southern hemisphere, we applied
for observing time on the AAT using the 2 Degree Field (2dF; Lewis et al. 2002)
and High Efficiency and Resolution Multi-Element Spectrograph (HERMES; Sheinis
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Figure 4.1: Left : The robotic arm of 2dF places optical fibres on a field plate. Credit:
Angel R. Lépez-Séanchez Right : A model representation of HERMES showing how
the light is split and channeled down 4 paths for the different optical bands. Credit:
AAO.

et al. 2015) instruments.

2dF is the fibre positioning instrument that places the magnetic mounts at the
ends of the optical fibres onto a field plate with a precision of 0.3 arcseconds (Fig.
4.1). There are two field plates, which allows fibres to be positioned on one while
the other is being used for observing. HERMES consists of two plates each with 400
fibres to be configured for observing 360-370 science targets at a time, as well as the

necessary sky fibres for calibration.

4.1.2 Target selection

Targets were selected from Gaia DR1 within a 2 degree diameter field centered on
1 =262.8°, b = -7.7° (see Fig. 4.2), which overlaps the GES ~ Vel field as seen in
Fig. 4.3, as well as a field centered on NGC 2547 (1 = 264.4°, b = -8.9°) and a third
field centered on the P Puppis cluster at 1 = 260.4°, b = -10.3° (Fig. 4.2). These 3
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fields are the areas of highest density of PMS stars in our density map (Fig. 3.12).
Targets in these fields are required to have Gaia-magnitudes (G) within the range
14.5—17.5 mag, as the 2dF manual recommends that targets are within a 3 mag range
for instrument effectiveness. They were then matched by position with the 2MASS
catalogue (Skrutskie et al. 2006) with a matching radius of 0.5 arcseconds. Sources
with J, H, K photometric uncertainties > 0.05 mag or with possible contamination
(as indicated by the "Cflg” flag) were excluded. We then filter these sources through
a G-K vs G colour-magnitude diagram selection and a H-K vs J-H colour-colour
diagram selection using the method described in Section 3.3 (Armstrong, Wright &
Jeffries 2018), producing a sample of 800 likely PMS stars per field as targets for
observation. We allocated these targets to 4 priority levels based on their proximity
to a Baraffe et al. (2015) 20 Myr PMS isochrone in G-K vs G, and selected 350 of
the highest priority targets per field for the final list (Fig. 4.2).

4.1.3 Preparing for the observations

An additional 20-30 fibres were allocated to empty regions of sky in order to mea-
sure the “sky spectra” so that it may be subtracted from the spectra measured for
science targets. The method we used to determine coordinates for empty sky was to
gather a list of all Gaia sources in the area of the field, select ~40 sources uniformly
distributed over the area, offset their positions by 1 arcsecond and cross match these
new coordinates to the Gaia list. Coordinates that do not cross-match to any Gaia
sources can be used as sky fibre coordinates.

Guide stars were selected from the Gaia catalogue in the magnitude range 12.5

- 13 mag.



76

N |7 e

-7

iGamma Vel

b (deg)

-10

-11

265 264 263 262 261 260

| (deq)

Figure 4.2: Positions of targets in 3 fields centered on the v Vel cluster, NGC 2547
and P Puppis cluster (Caballero & Dinis 2008) as selected for our January 2018
observations. Targets are allocated high (red) or low (green) priority for the 2dF
fibre-allocation software based on their proximity to the G - K PMS isochrone. In
the end, the v Vel field was the only field observed with multiple exposures.
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Figure 4.3: Positions of combined GES (square area) and AAT (circular area) sources.
Sources with EW(Li) > 150 mA (green) along with population A (red, v Vel cluster)
and B (blue, Vela OB2) members with membership probabilities > 0.75 from Jeffries

et al. (2014).
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4.1.4 Data reduction

Due to poor weather conditions during the nights allocated for our service observing,
only the field around v Vel was observed for enough time to produce spectra of
sufficient SNR. 3 x 40 minute exposures were taken for this field with 365 science
targets.

Data reduction involves two main steps. Firstly is the combination of raw
spectra science frames, sky spectra frames, dark frames, multi-fibre flat field frames
and arc exposure frames. The Australian Astronomical Observatory (AAO) have
produced a software package called 2dFdr (2dF data reduction AAO Software Team
2015) to facilitate the process of combining these frames, removing contamination
and instrument bias to extract the spectra for the science targets. The software also
allows a variety of settings for the model used when combining spectra from multiple
exposures. We tested several settings but found that, in general, only a few made
any significant difference to the output.

The sequence of the reduction process in 2dfdr is as follows:

« Debiassing: If a bias frame is available it is subtracted from the data. Bias
frames were taken each night before observing (see Table 4.1 for the 2019

sample), and so were available for subtraction for all our target spectra.

o Dark subtraction: If a dark frame is available it is subtracted, after scaling
for the relative exposure times. Dark frames were also taken each night
before observing (see Table 4.1), and so were available for subtraction for all

our target spectra. These two initial stages produce a reduced image file.

o Tramline map generation: A tramline map is a map of the fibre profile
centroids on the CCD. They can be used to correct for any distortion in the
spectrograph affecting image positions on the CCD. If a suitable tramline

map is available it is matched with the data by determining the relative shift
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between the map positions and the peaks found in the data, for a series of
cuts through the image. A linear fit is performed to determine shift and
rotation angle and the tramline map is adjusted accordingly. The tramline
map is best produced using a fibre flat field because of their high signal-to-
noise, so we used the fibre flat fields which we took for each field each night

(Table 4.1) to produce tramline maps for all of our observations.

Fibre extraction: Using the tramline map and reduced image, the spectrum
of each fibre is extracted. There are two available methods. The TRAM
method is a simple extraction, which sums the pixels along each fibre over
a width equal to the distance between adjacent fibres (Sharp & Birchall
2010). The FITS method performs an optimal extraction by fitting profiles
determined from a flat field frame and can produce better signal-to-noise than
the TRAM method. We took flat field frames for each field observed each
night see (Table 4.1) and so were able to use the FITS extraction method.

Wavelength calibration: The data are rebinned onto a linear wavelength
scale, which is the same for all fibres. The wavelength shift and disper-
sion determined from a wavelength calibration lamp exposure (arc exposure
frames) are used. Lines in the exposures of CuAr, He and FeAr lamps are
found by a peak finding algorithm. The wavelength shift is determined by
comparing the positions of these lines to their true wavelengths and a cubic
fit is performed to these, the polynomial coefficients of which are used to
rebin the data per fibre. Arc frames were taken for each field observed each
night (Table 4.1) allowing us to calibrate the entire sample of exposures.

The wavelength range to which the data is rebinned is determined by the
central wavelength provided in the FITS header of the data frames which
is itself determined by the spectrograph setup. This can lead to 10-20 bad

pixels at one end of the wavelength range for all the data if this central wave-
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length is slightly incorrect. However, these pixels at the end of the spectra
will have a negligible effect on our derivations of RV and EW(Li) (see Sec-
tion 4.1.5), as the Li 6707.8A line is well within the wavelength range of
the HERMES Red camera (6478 — 6737A) and RVs are determined from a
cross-correlation function spanning the whole wavelength range.

In private communication with members of the GALAH survey team (Kos
et al. 2017; Martell et al. 2017) we were warned that 2dfdr can sometimes
produce an unstable wavelength solution from field-to-field at the level of
a few A (~ 0.1kms™') and were advised to visually inspect our reduced
spectra for signs of poor calibration. Our inspection revealed no significant

miscalibration.

Sky subtraction: Per exposure, a certain number of fibres are allocated to
regions of empty sky (sky fibre spectra). The data are first corrected for
the relative fibre throughputs, based on a throughput map derived from the
offset sky exposures or from the relative intensities of night skylines. The
sky fibre spectra in the data frame are then combined and subtracted from
each fibre. We visually inspected our sky spectra for quality and found no

significant issues.

Combining reduced runs: Individual runs may be combined with cosmic ray
ejection, which is based on the spatial profile across a fibre. Per pixel, the
spatial profile is compared with the median profile of pixels on either side of
the current one, and if the profiles differ by 200 (default) the pixel is flagged

in the output spectrum.
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4.1.5 Deriving equivalent widths and radial velocities

Secondly, after combining all frames and extracting the target spectra, measure-
ment of spectroscopic parameters was done using IDL (Interactive Data Language)
pipelines written by Richard Jackson, following the procedures of Jackson, Deliyan-
nis & Jeffries (2018) and Jeffries et al. (2021) (Fig. 4.4).

We match our AAT targets by position with the Vista Hemisphere Survey
catalogue (VHS, McMahon et al. 2013) and combine the VHS and 2MASS K-band
measures by taking the 2MASS value for K < 12 and the mean of the two measures
for 12 < K < 13, and use the VHS magnitude for K > 13. We then use Gaia DR2 G
magnitudes to calculate the G - K colour for these sources and perform SED fitting
using the method outlined in Section 6.1.1 to estimate effective temperatures (Teg).

In order to determine RVs and EWs for the Li 6707.8A feature, we used
a spectral subtraction technique that required template spectra of similar effective
temperature (Tog) to the targets (but without lithium absorption) in order to iso-
late the contribution of Li. Target spectra are matched to template spectra with
the closest Tog. Templates were synthesised for logg = 4.5 at 100 K steps with a
minimum of 4000 K, using the MOOG spectral synthesis code (Sneden et al. 2012),
with the Kurucz (1992) solar-metallicity model atmospheres. The extraction profile
accounted for both the instrumental resolution, rotational broadening and offset in
RV. The linelists and atmosphere models do not include the strong molecular con-
tributions that become important at low temperatures. For that reason, the lowest
T used for the templates was 4000 K, which leads to a systematic (but consistent)
zeropoint error in EW(Li) for stars cooler than this. However, this offset appears to
be small (see Fig. 4.5; some sources have negative EW(Li)s, but only down to -100
mA and are consistent with 0 mA considering their uncertainties), and these EWs
are accurate enough to enable the selection of Li-rich objects (see Section 5.3.3).

RVs were measured by cross-correlating the combined spectra of individual tar-
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Figure 4.4: Example output of RV determination by Gaussian function fitting using
Richard Jackson’s IDL pipelines (Jackson, Deliyannis & Jeffries 2018). Top : The
reduced spectrum for an example target star in our sample with the G-band mag-
nitude and SNR of the target indicated. Bottom : The cross-correlation function
(CCF) of the target spectrum and synthetic spectrum with a Gaussian function fit
to the peak of the CCF, the position of which indicates the target’s RV.
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gets with the synthetic spectra and then fitting a Gaussian function to characterize
the peak in the cross-correlation function (CCF). RVs were determined from the po-
sition of this peak. Sources for which a Gaussian function cannot be satisfactorily
fitted to the peak in the CCF (such as spectroscopic binaries) are not given valid
RVs and are rejected from our sample.

RV uncertainties were determined empirically from the change in RV between
separate exposures of the same target (Ezy = ARV/+/2). The RV uncertainties are

normalised per field using a scaling function

Spy = FWHM,/A? 4 (B/SNR)? (4.1)

where A and B are determined per field as the gradient and intersect of a linear best
fit to 1/SNR vs ARV/AFW HM. Normalised RV uncertainties are then calculated
as Egy/Sgry and these are used in the following analyses (Chapters 5 & 6).

The equivalent width of the Li 6707.8A line (EW(Li)) was measured by sub-
tracting the synthetic spectrum (S¢(\)) from the target spectrum (Sp(\)) and then

integrating under the relevant profile P(\) as follows;
EW(Li) = / 1Se(A) — Sr(V]P(A\)dA / P(N)2dA (4.2)

where P(\) is a Gaussian profile with the FWHM of the CCF. EW(Li) uncertainties
are taken as the RMS value of the EWs measured using the same procedure with
P()) centred at five wavelengths either side of the Li 6707.8A line. Blended with the
Li line is a weak Fe I line at 6707.4A which, though the template subtraction should
account for this, may mean that EW(Li)s are underestimated by a few mA if the
targets have subsolar metallicities.

If the SNR (signal-to-noise ratio) for a science target is low enough to indicate
significantly poor quality of the spectra (SNR < 5) such that measured RVs and
EW(Li)s will be unreliable, the process is halted for that target and the spectra not

used for scientific analysis.
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Figure 4.5: Gaia DR2 G magnitude - combined 2MASS and VHS K magnitude versus
EW(Li) for 248 AAT targets (green) with "AAA’ quality (Section 3.3.1) infrared
photometry and EW(Li) measurements and 170 GES members (red) from Jeffries
et al. (2014) with ’AAA’ quality infrared photometry. The threshold for significant
EW(Li) we set at 150 mA is shown (see Section 2.4). With the combination of the
two samples, a Li depletion pattern becomes apparent with a dip in the range G-K
~ 3.7 — 4.2, where most of our AAT sample is located.

We obtained spectra for all targets in this field, extracting RVs and EW (Li)s for
248 (68.9%) of these with spectroscopy of sufficient quality (SNR > 5). Of these, the
median uncertainty in RV is 1.88 kms~" and in EW(Li) is 80.26 mA. The EW(Li) for
these 248 targets are shown in Fig. 4.5, compared with Li-rich members of v Vel de-
fined in Jeffries et al. (2014). The analysis of these spectra are presented in Chapter 5.
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4.2 The 2019 sample of spectra

We applied for more observing time at the AAT and were allocated 4 nights from
10-13 January 2019 to obtain spectroscopic data for PMS stars in Vela OB2. With
this increase in time compared to the previous year we would be able to observe more
fields across a greater area of the association to investigate the wider population of

Vela OB2.

4.2.1 Improved PMS star selection

Gaia DR2 included data from Gaia’s blue and red photometers Ggp, Grp, for more
than 1.38 billion objects in the catalogue, as well as parallax measurements for more
than 1.33 billion. With the availability of this data for the vast majority of likely
PMS stars selected by our previous CMD and CCD filters we decided to incorporate
this data into an improved selection method. We created an absolute CMD using
Gpgp - Grp as the colour axis, and absolute G magnitude as the magnitude axis
and designed a selection box on this diagram to be used as the primary filter. We
also employed a parallax cut, removing objects with @ > 4 and 2 > w (respectively
for sources with > 500 pc and < 250 pc), effectively eliminating foreground and
background contamination. These new selection criteria eliminate the need to use
the 2MASS catalogue in conjunction with Gaia, which allows us to select objects
that were either not present in the 2MASS catalogue or had large uncertainties in
2MASS photometry. Furthermore, the parallax cut is effective at eliminating back-
ground contamination and thus removes the need for a contamination estimate with
the Besangon Galaxy model. As a result, a density map produced by the new selec-
tion method (Figs. 4.6, 4.7) shows a slightly different picture to the DR1 + 2MASS
version (Fig 3.12). The three open clusters in the region (v Vel, NGC 2547 and P
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Figure 4.6: A Gaia DR2 BP-RP vs MG colour - absolute magnitude diagram showing
sources from Jeffries et al. (2014) with EW(Li)> 150 mA (red) and EW(Li)< 150 mA
(blue) using distance estimates from Bailer-Jones et al. (2018), compared to 10 and 20
Myr PMS isochrones (Baraffe et al. 2015). The PMS selection box shown is designed
to surround the majority of confirmed YSOs (red) above the 20 Myr (Baraffe et al.
2015) isochrone within the range 6.5 < MG < 9.5. This selection box is used to
produce the updated density map (Fig. 4.7).

Puppis) are the highest density areas detected. Regions of moderate density at b ~2°
in Fig 3.12 are no longer detected, likely due to the use of the parallax cut.

This density map shows the vy Vel cluster and NGC 2547 as the densest regions
of PMS stars, as well as a smaller cluster to the east (1 = 260° , b = -10°) which
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Figure 4.7: A density map produced using Gaia DR2 Ggp, Grp and G band pho-
tometry as well as parallaxes. Vela OB2 members (de Zeeuw et al. 1999) are shown
as white dots. Fields chosen for observation are shown by white circles, the fields
previously observed in 2018 are shown by dashed circles and the GES field of v Vel
is shown by the white square.
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seems to coincide with the P Puppis cluster identified by Caballero & Dinis (2008),
and perhaps another small cluster at | = 263.5°, b = -10°. There does not appear to
be a general correlation between the high regions of PMS stars and the locations of

the OB association members.

4.2.2 Target selection

Using this density map we selected the positions for 8 target fields (white circles in
Fig 4.7), covering all regions of high PMS star density. For each field we aimed to
select 360 - 370 targets to make use of all available fibres on 2dF. Using published dis-
tances estimated from DR2 parallaxes (Bailer-Jones et al. 2018) we plotted sources
within the 8 fields on a colour - absolute magnitude diagram (CaMD). Targets were
separated into 4 priority groups per field based on their proximity to the 10 Myr PMS
in the CaMD (Fig 4.8). Preparation of the instrument configuration files followed

the same procedure as in Section 4.1.3.

4.2.3 Observations

Over the four observing nights at the AAT, we had overall good conditions with little
cloud cover, and an instance of instrument failure on 11 January which was resolved
within 2 hours (see Table 4.1). We successfully obtained multiple exposures for all 8
fields and took additional exposures for the fields we deemed had the most scientific

interest (fields 6 and 7).
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Figure 4.8: A colour - absolute magnitude diagram showing likely PMS targets
selected from each of the 8 fields and using distance estimates from Bailer-Jones
et al. (2018), compared to 10 and 20 Myr PMS isochrones (Baraffe et al. 2015).
The four quadrilaterals indicate the four priority levels for targets, the smallest area
contains highest priority targets, the largest area lowest priority. The coloured points
indicate which fields the targets are selected from.
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Date Field Run Obs Blue Green | Red Seeing | Local Notes
Type Time
10/01/2019 3-23 BIAS 0 16:15
24 DARK 2400 20:30
25 BIAS 0 21:40
26 - 29 DARK 2400 21:42 Clouds
Field 6 30 OBJ 2400 01:42
31 OBJ 2400 02:23
32 OBJ 2400 03:05
33 OBJ 2400 03:46
34 ARC 180 04:29
35 FLAT 180 120 90 04:34 Twilight
11/01/2019 1-6 BIAS 0 16:15
7-15 DARK 2400 16:35
Field 5 16 ARC 180 1.5” 00:15
17 FLAT 180 120 90 00:19
18 OBJ 2400 00:30 HERMES crash
Field 6 19 OBJ 2400 02:58
20 OBJ 2400 03:39
21 OBJ 2400 04:21
22 ARC 180 04:52
23 FLAT 180 120 90 04:55
12/01/2019 1-10 BIAS 0 16:28
11-15 DARK 2400 16:54
16 DARK 2400 20:15 Might be affected
by twilight light
Field 5 17 ARC 180 1.2” 21.04
18 FLAT 180 120 90 21:08
19-20 OBJ 2400 21:24
Field 4 21-23 OBJ 2400 22:50
24 ARC 180 00:53
25 FLAT 180 120 90 00:57
Field 3 26-28 OBJ 2400 01:03
29 ARC 180 03:07
30 FLAT 180 120 90 03:12
Field 7 31-32 OBJ 2400 03:16
33 ARC 180 04:39
34 FLAT 180 120 90 04:44
13/01/2019 1-11 BIAS 0 16:18
12 -15 DARK 2400 17:40
Field 7 16 ARC 180 1.2” 21.04
17 FLAT 180 120 90 21:08
18 OBJ 2400 21:24
19 OBJ 1200 21:24
Field 8 21-23 OBJ 2400 22:50
24 ARC 180 00:53
25 FLAT 180 120 90 00:57
Field 1 26-28 OBJ 2400 01:03
29 ARC 180 03:07
30 FLAT 180 120 90 03:12
Field 2 31-32 OBJ 2400 03:16
33 ARC 180 04:39
34 FLAT 180 120 90 04:44

Table 4.1: Table displaying specifications of observations, including the date of obser-
vation, the field observed (see Fig. 4.7 for location), the number of the exposure(s),
the type of frame observed, durations of exposure (seconds) for colour bands, seeing /
visibility, local time at beginning of exposure(s) and notes on problems experienced.
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4.2.4 Data reduction

Reduction of the spectra to obtain RVs and EW(Li)s followed the same process as
explained in Section 4.1.4. Sources in the overlap regions of the 8 fields which were
observed in multiple fields were reduced for each field and their RVs and EW(Li)s
were combined by taking a weighted mean (Section 5.1.1). This gave us 1972 out of
2680 unique sources with spectroscopic RVs and EW(Li)s. The analysis of the 2019

observations is presented in Chapter 6.

4.2.5 Data Calibration

There is an RV offset of 1.21 kms™! between the 2018 sample and sources in the GES
sample of v Vel (see Section 5.1.1). Offsets between RVs from different samples can
be due to differences in the zero points of the instruments used or to differences in cal-
ibration of spectra and methods used to calculate RVs. For example, Simpson et al.
(2017) found differences in RV measurements of order ~1 kms™! between observa-
tions using HERMES and AAOmega. Also Huang et al. (2018) found systematic RV
offsets of —2.6 kms™! and —3.92 kms™! between APOGEE and LAMOST pipelines
LSP3 and LASP respectively, which they attribute to differences in wavelength cal-
ibration. On the other hand, RVs measured as part of the GALAH survey (Zwitter
et al. 2020; Buder et al. 2021), which also uses the HERMES spectrograph, have very
little offset from RVs from Gaia and APOGEE, though the authors have indicated
(in private communication) that there is a noticeable offset between GALAH and
GES RVs. This suggests that a likely source of the RV offset we find between our
AAT and GES RVs is due to the calibration of the GES sample.

We also compare RVs and RV uncertainties for sources observed multiple
times in our AAT samples. Firstly, there are 36 sources which are located in overlap-

ping regions between fields in the 2019 sample with valid RVs and RV uncertainties
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Figure 4.9: Top : Histogram showing the differences in RV measurements scaled
by their combined uncertainties for the 25 sources observed in both the 2018 and
2019 samples with valid RV uncertainties. The number of sources and the standard
deviation of the scaled RV difference are shown. Middle : Histogram showing the
differences in RV measurements scaled by their combined uncertainties for the 36
sources observed in multiple fields of the 2019 sample with valid RV uncertainties.
Bottom : Histogram showing the differences in RV measurements scaled by their
combined uncertainties for the 36 sources observed in multiple fields of the 2019
sample with valid RV uncertainties after applying an additional uncertainty factor
of 0.575 kms™1.
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derived separately from exposures of each field. The standard deviation of the scaled
RV difference (standardised difference) is 2.431 with the uncertainties calculated us-
ing the method described in Section 4.1.4. If the RV uncertainties of the multiply
observed sources were calibrated, we would expect to see the standard deviation of
this standardised difference =~ 1, so a standard deviation of 2.431 indicates that RV
uncertainties in the 2019 sample are underestimated, possibly due to calibration er-
ror. In order to correct this, an additional factor of uncertainty = 0.575 kms™! has
been added in quadrature to bring the standard deviation = 1 as shown in Fig. 4.8.
The median is close to 0 and the distribution approximately Gaussian, indicating
that there is no substantial bias between multiple observations in this sample.

In order to check that radial velocity measurements are consistent between the
2018 and 2019 samples and between individual fields in the 2019 sample, we com-
pare the radial velocities and uncertainties of sources which are observed in both
samples and sources observed in multiple fields in the 2019 sample. There are 25
sources which were observed in both the 2018 and 2019 samples with valid RVs and
RV uncertainties in each sample. In Fig. 4.9 we show a histogram of the difference
between RV measurements for a source, scaled by the combined uncertainties of each
measurement. The standard deviation of the difference in RVs being consistent with
1 (= 0.838) suggests that after the RV uncertainty correction applied to the 2019

sample, these samples are now in good agreement.
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5 Analysis of the 2018 data: Dynamics of
the Vela OB2 association

Most of the material in this chapter is taken from Armstrong et al. (2020) with some
results updated using revised techniques. Here we discuss combining the GES and
AAT spectra to analyse the dynamics of stars in Vela OB2 with a particular focus

on the expansion of the association.

5.1 Sample compilation and identification of young
stars

In Jeffries et al. (2014) two kinematic populations were identified in the GES ~
Vel field using spectroscopic RVs. In order to best analyse the kinematics of these
populations we want to distinguish between them using a combination of GES RVs,

our new AAT RVs and Gaia DR2 astrometry.

5.1.1 Combining the spectroscopic data

We take the GES sample of the v Vel cluster (Jeffries et al. 2014) of 208 sources in
a 0.9 square degree area and concatenate this with our AAT sample of 248 sources.
52 sources have repeat observations in both GES and AAT samples and have mea-
surements of RV and EW(Li) for both, so we calculated mean values weighted by
the square of the inverse measurement uncertainty. We removed 8 sources with > 3o
difference between GES and AAT RV measurements that suggested these were bi-
nary systems and measured a median offset of 1.21 kms™! between GES and AAT

RV measurements for the remaining 44 sources. Since measurements from the GES
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sample have lower RV uncertainties than our AAT measurements, we add this me-
dian RV offset to all AAT RVs to bring the samples into agreement. At this stage

we have a sample of 396 unique sources with spectroscopic RVs and EW(Li).

5.1.2 Gaia DR2 data

On 27th April 2018 the second Gaia data release (DR2) became available, contain-
ing proper motion and parallax data for ~ 97% of our sample. 12 sources lack DR2
5-parameter astrometry so we discard these. Sources were matched to the Gaia DR2
catalogue and then filtered on the suggested quality criteria to avoid using sources
with spurious astrometric solutions (eqs. 1, 2 and 3 from Arenou et al. 2018). We
also calculate renormalised unit weight error (RUWE) values for these sources (using
Gaia DR2 RUWE data, see technical note GAIA-C3-TN-LU-LL-124-01) and discard
those with RUWE > 1.4 as advised by Lindegren et al. (2018b). Removing these
leaves 341 unique sources with spectroscopic RVs, EW(Li) and 5-parameter astrom-

etry.

5.1.3 Selection of young stars

Distance estimates were taken from Bailer-Jones et al. (2018) for all 341 sources with
clean and complete spectroscopy and astrometry and these are shown in Fig. 5.1 for
the 327 sources with distance < 600 pc, plotted against their EW(Li). There is a
clear group apparent at 300 - 400 pc with significantly higher EW(Li) measurements
than the rest of the sample that suggests these are young stars at the distance of the
v Vel cluster. The distinction between the young stars and the contaminating field

stars becomes unclear for EW(Li) < 150 mA. In Jeffries et al. (2014), the criterion
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Figure 5.1: Distance estimates from Bailer-Jones et al. (2018) versus measured
EW(Li) for 327 sources with distance < 600 pc from the combined sample of AAT
targets and sources from Jeffries et al. (2014). The clear group between 290 - 460 pc
with significant EW(Li) (>150 mA) are likely young stars in Vela OB2.
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for GES sources to be considered young stars was EW(Li) > 100mA, but since our
AAT measurements have a lower precision than the GES data we set the threshold
at 150 mA (see Figs. 4.5 and 5.1). There could be a few highly Li-depleted objects
that are filtered out from the sample at this stage, though they are likely < 10% of
v Vel cluster members (Prisinzano et al. 2016; Jackson et al. 2020). We end with
a sample of 216 unique Li-rich sources with full DR2 astrometry and spectroscopic

RVs for our analysis.

5.1.4 Separating v Vel and Vela OB2

Since we decided to use data cuts to separate the two populations, we use the Jeffries
et al. (2014) membership information as a guide to help identify the differences in
position and velocity between the two populations, and then define the boundaries
using our new, larger sample.

We start by plotting RV against parallax for Li-rich (EW(Li)> 150 mA) sources
in our combined sample (Fig. 5.2 top). We expect that this is where we will see the
clearest separation between members of the two populations since Jeffries et al. (2014)
first noticed the two-components in RV. Also throughout recent literature it has been
established that «? Vel itself (and thus likely the cluster around it) is significantly
closer than the Vela OB2 association (72 Vel - 334739 pc; van Leeuwen 2007, 33613
pc; North et al. 2007, Vela OB2 - 410 4 11 pc; de Zeeuw et al. 1999).

In Figure 5.2 the two populations defined by the high probability members of
Jeffries et al. (2014) are quite distinct. Population A (red) occupies a small, densely
packed range in both RV and parallax, correlating with the small distance range
occupied by Li-rich stars shown in Fig. 5.1, whereas members of population B are
more sparsely distributed across a wider range in each axis.

Based on previous estimates of distance to the v Vel cluster and Vela OB2, and
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Figure 5.2: Top : Parallax vs RV of sources with EW(Li) > 150mA (green) from
our spectroscopic survey along with population A (red) and B (blue) from Jeffries
et al. (2014), showing the boundaries we use to allocate sources to population A.
15 sources are beyond the RV range shown. Bottom : Gaia DR2 proper motions of
the same sources, with a dashed circle showing the radius used to allocate sources
to population A.
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the parallax range occupied by Li-rich stars in Fig. 5.2 top, we require that sources
be within 2.2 < w < 3.45 mas (~ 290 — 455 pc) to be included in the analysis.
This requirement is already fulfilled by all the high probability members of Jeffries
et al. (2014), therefore we believe that it is a safe limit to impose in order to remove
sources with distances inconsistent with v Vel or Vela OB2. Some Li-rich stars may
be discarded as distance outliers by this cut, but they would otherwise be discarded
in Section 5.2.1.

In Fig. 5.2 top we define a box in parallax and RV space around the population
A (red) members, within which we select new sources as population A candidates.
The edges are defined by 15.69 < RV / kms™! < 17.69 , which are the values 3o
from the median RV of sources in population A, and 2.6 < w < 3.2 mas. We also
require that for a source to be a member of population A it must lie within the circle
in proper motion space illustrated in Fig. 5.2 bottom, of radius 0.6 mas yr—' centred
on (fia, fts) = (-6.532, 9.753) mas yr—!. This selection circle was chosen as it includes
the majority (49/62) of population A members identified by Jeffries et al. (2014).
Any other Li-rich target that is not located in both the parallax and RV box, and the
proper motion circle is assigned to population B. Some red points in Fig. 5.2 bottom
are significant outliers from this selection area and are likely population B members
misidentified by Jeffries et al. (2014), but some lie only just outside the selection area
and are not significantly different from sources that will be identified as belonging
to population A. Sources must therefore be selected in both RV-parallax and proper
motion criteria in order to be identified as belonging to population A. Uncertainties
were not taken into account to judge if sources are inside or outside selection boxes.
This will lead to some uncertainty in the exact membership, but this effect is likely
to be small.

We favour more selective criteria for assigning sources to population A since we

seek to find a clean sample of population A members rather than a complete sample.
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5.1.5 The final sample of population members

After this selection process we find 57 (26.4%) sources consistent with being mem-
bers of population A and 159 members of population B, in contrast to the results of
Jeffries et al. (2014) who allocate 73 (52.5%) sources to population A and 66 to pop-
ulation B. We end up with fewer sources in population A than Jeffries et al. (2014)
due to imposing tighter restrictions on the membership of sources in Population A
from proper motion, and because not all of their original members are included in
our final sample due to our Gaia DR2 astrometry cuts. In our final populations, 18
of the 159 population B members are GES sources that were allocated to population
A by Jeffries et al. (2014), 40 of our population A members are Jeffries et al. (2014)
population A members, 53 of our population B members are Jeffries et al. (2014)
population B members. The other 105 sources are new additions, 17 for population

A and 88 for population B.

5.2 Results

Figure 5.3 shows the positions of sources allocated to populations A (red) and B
(blue). Figure 5.4 shows histograms of the proper motions, RV and parallaxes of our
final samples, with 30 outliers from the sample median removed, with population
A members in red and population B members in blue. The clustered population
A stands out as the peak at RV =~ 17 mas yr ! and ps ~ 9.8 mas yr—!, but the
distinction is not clear in y, or parallax where the two populations largely overlap.

Seven sources allocated to population A that lie outside the GES field are ap-
parent in Fig. 5.3, though, due to the overlap of the two populations seen in Fig.
5.4, these may in fact be population B members. Otherwise, the majority of popula-

tion A members are located within the original GES field, confirming the suggestion
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made by Jeffries et al. (2014) that this is a much more compact population than the
widely spread population B.

5.2.1 Searching for expansion in the two populations

Now that we have successfully separated our sample into a clean population A group
and a widespread population B group we can look for trends between the positions
and velocities of sources in each group in order to detect the signatures of group ex-
pansion, contraction and rotation. This will be easier to accomplish if we transform
our kinematic data into a Cartesian coordinate system, so that we can analyse the
data in three independent dimensions. We can calculate positions X,Y,Z and veloc-
ities U,V,W in the Galactic Cartesian coordinate system, from Gaia DR2 positions,
parallaxes, proper motions and our RVs, using a Bayesian inference method.

We forward model the observed kinematic data from model Cartesian kine-
matic data using the coordinate transformation matrices from Johnson & Soderblom
(1987). To sample the posterior distribution function we use the MCMC sampler
emcee (Foreman-Mackey et al. 2013). For each star we perform 1000 iterations with
100 walkers in an unconstrained parameter space with flat and wide priors (distance
priors of 0 - 10 kpc and UVW velocity priors of -200 - 200 kms™!). We discard
the first half of our iterations as a burn in and from the second half we report the
medians of the posterior distribution function as the best fit and use the 16th and
84th percentiles as the 1 ¢ uncertainties (similar to the method used in Wright &
Mamajek 2018).

This method is preferable to calculating X)Y,Z,U,V,W from the measured
quantities since measurement uncertainties are correlated and distance uncertain-
ties, if derived from parallaxes, do not follow a Gaussian distribution (Bailer-Jones

2015). Also, measurement uncertainties of different quantities may be correlated.
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We then compare each dimension of position versus each dimension of velocity
for each of the two populations, discarding 30 outliers from the mean position or
velocity in each group. Positive or negative correlations between positions and ve-
locities of the same dimension in a group indicate either expansion or contraction of
the group, while correlations between positions and velocities of different dimensions
indicate components of rotation. Fig. 5.5 shows plots of position versus velocity in
the same dimension for all three dimensions of each population. We also calculate
lines of best fit for each using MCMC. We model the gradient and intersect of the
linear fit and the fractional amount by which the uncertainties are underestimated
(m, b, f). We assume that errors follow a Gaussian distribution and are indepen-
dent, and use linear least squares for maximum likelihood estimation. The likelihood

function is given as

1  — MTy, — b)?
mp(yle,oom.b f) =~ S o) (5)
where
st = o2+ f*(max, + b)? (5.2)

and where o, are velocity uncertainties for n data points (Hogg, Bovy & Lang 2010).
Uncertainties in position are accounted for by varying the measured position accord-
ing to it’s uncertainties. This is repeated for 2000 iterations with 200 walkers, half
of which are discarded as burn in, the second half from which medians and 16th and
84th percentiles are reported from the posterior distribution function as the linear
best fit gradient and uncertainties. The gradients of best-fit lines in these plots indi-
cate the rates of expansion (negative for contraction) with the units kms™!'pc~t. The
gradients and their uncertainties for each combination of position against velocity
are given in Table. 5.1.

For X versus U, Y versus V and Z versus W, positive or negative gradients
are an indication of expansion or contraction of the group. We find evidence of ex-

pansion for population B of at least 4o significance in all three directions (gradients
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Figure 5.5: Cartesian position - velocity plots of populations A (red) and B (blue)
with MCMC best fit correlation gradients and uncertainties plotted as solid and
dashed lines centered on the mean values of each axis. Note that the ranges plotted
in each row are different due to the different dispersions along each axis, but we kept
the same range for plots along the same axes so the gradients can be compared.
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Velocity | Position | Pop A Gradient | Pop B Gradient
(kms™!/pc) (kms™/pc)
U X 0.090+0:041 0.09215055
vV X —0.04079027 026719947
W X 0.03610:029 0.08070613
U % 0.021 79006 0.00975:003
v Y —0.001+0:007 0.037%9 006
W % 0.003+9:005 001175665
U Z 0.032:+0-036 0.034756;9
v Z 0.003+0-024 0.21879 03
W Z 0.025+0:023 0.067*5516

Table 5.1: Gradients of MCMC linear best fit models for both A and B populations of
the v Vel cluster for every combination of Cartesian position and velocity dimensions,
as well as uncertainties given by the 16% and 84% percentiles of MCMC fits.
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of 0.09275:035, 0.03770:058, 0.06770910 kms™! /pc), but this expansion is significantly
anisotropic, the rate of expansion in the X direction being more than twice the rate
in the Y direction. Using a two-tailed z test we establish that the difference between
the largest and smallest of these gradients is of at least 5o significance. We also find
some evidence of expansion for population A in the X and Z directions (0.0907003,

0.02570:92% kms™! /pc), but this is less significant.

5.2.2 Cluster rotation

Rotation is evidenced by correlations between positions X, Y, Z and velocities U, V,
W in different directions. There is some evidence for rotation in population A in sev-
eral dimensions (see Table 5.1) but the most significant signature is found in Y vs U
at 3o significance (0.0217050% kms™!/pc, Fig. 5.6). However, interpreting signatures
of rotation is more complex than linear expansion or contraction, the same motion
may have signatures in multiple dimensions depending on the orientation of the axis
of rotation, so we do not draw physical conclusions from this here. Rotation in bound
clusters has been observed previously but not frequently. In Hénault-Brunet et al.
(2012) evidence for rotation was discovered in the cluster R136, and it was argued
that clusters may form with at least ~20% of their kinetic energy in rotation. It will

be difficult to put a precise angular velocity to the vy Vel cluster without further data

and modelling.

5.2.3 Testing for uncertainty correlation

Since our analysis is based on observed quantites with correlated uncertainties, we

want to be able to quantify the contribution to our expansion and rotation trends
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Figure 5.6: Cartesian position Y - velocity U of population A with MCMC best fit
correlation gradient and uncertainty plotted as solid and dashed lines centered on the
mean values of each axis. The significant (30) positive gradient is strong evidence of
rotation in this direction.
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from these correlations. We expect that estimating Cartesian values using Bayesian
inference will minimise the bias caused by correlated uncertainties, but we cannot be
sure that the effect is eliminated completely. In particular, due to v Vel’s position in
Galactic longitude (~263°) the line-of-sight direction for our sample is very close to
the Y axis, hence a source’s parallax uncertainty will contribute to its uncertainty in
X, 7, U and W and may create correlation between X and U values and between Z
and W values which would obscure the dynamical signatures we are trying to find.
We investigated the effect of this bias on our results by simulating a population
of stars without expansion with Gaussian distributions of parameters based on our
sample. We generate 1000 sources with 3D Cartesian positions and velocities, apply
the coordinate transformation matrices of Johnson & Soderblom (1987) to calcu-
late observed positions and velocities and then add random errors to these values
sampled from the uncertainties of our sample. We then calculate Cartesian values
incorporating uncertainties and apply the MCMC linear best-fit to quantify the effect
of uncertainty correlations. We found that any trends introduced by this effect are
very small in comparison to the measured gradients (typically < 0.01 kms™!pc™!),

which is too small to affect the significance of our measured expansion gradients.

5.3 Discussion

The results of the previous section strengthen the hypothesis that population A be-
longs to the v Vel cluster and that population B belongs to the wider Vela OB2
association, and has interesting implications for the possible formation and evolu-
tion mechanisms of these groups.

If population B is indeed part of the wider Vela OB2 association, the expansion

trends in each dimension would be expected following residual gas expulsion. Ac-
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cording to some models (e.g., Baumgardt & Kroupa 2007), such expansion trends are
expected to be isotropic, but the velocity gradients of this group are in fact strongly
anisotropic. However, more recent studies (e.g., Kruijssen et al. 2012) suggest that
residual gas expulsion may not necessarily produce isotropic expansion patterns and
therefore more theoretical work exploring the predicted expansion patterns due to
residual gas expulsion is needed. Numerical simulations of residual gas expulsion
will be needed to determine whether this mechanism can produce the kinematic be-
haviour we have found.

Such strong evidence for expansion in an association is by no means com-
monplace. Other recent studies using Gaia astrometry have not found evidence for
expansion in other associations (e.g., Wright et al. 2016; Wright & Mamajek 2018;
Ward & Kruijssen 2018). Cantat-Gaudin et al. (2019a) also studied the Vela complex
and identified signatures of anisotropic expansion in many of the populations present
there. Unlike the previously mentioned studies, Cantat-Gaudin et al. (2019a) used
the unsupervised classification scheme UPMASK to differentiate between multiple
populations in their sample differing in position, proper motion and parallax. Like-
wise, we have used the two-component model of the v Vel population from Jeffries
et al. (2014) to separate two kinematically distinct populations in our sample. The
results from these studies may indicate a need to identify and distinguish subgroups
present in associations in order to detect the kinematic signatures of expansion that
exist, though the distinction between different groups is not always obvious. For ex-
ample, population 7 of Cantat-Gaudin et al. (2019a) contains the majority of sources
in our two populations, so they fail to distinguish between the expansion of Vela OB2
and the v Vel cluster.

However, we note that if we instead treat our sample as one group, rather than
dividing it into two populations, we still find significant signatures for expansion
in each dimension (0.0787001%, 0.04873393, 0.07910-509 kms™!/pc), similar to those

identified for population B (Fig. 5.7).
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Figure 5.7: Cartesian position - velocity plots of populations A (red) and B (blue) with MCMC best fit
correlation gradients and uncertainties plotted as solid and dashed lines centered on the mean values of each
axis, where the two populations are treated as a single group.
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6 Analysis of January 2019 data

Here we discuss the analysis of our second sample of sources in multiple fields across
the Vela region. We identify the different kinematic groups present and analyse
their dynamics, looking for expansion trends, candidate runaway stars and the past

motion of the subgroups.

6.1 The data

In this section we explain how the sample was compiled; what data we gathered for
the sources and from which surveys, our criteria for cleaning the sample and the

numbers of sources included after each stage.

6.1.1 Compiling the spectroscopic, photometric and astro-
metric data

After reducing the spectra of our AAT sources we have 1971 unique sources with spec-
troscopic RVs and EW(Li)s in 8 fields across the Vela OB2 region. These sources all
have 5-parameter astrometry from Gaia DR2. We calculate RUWE values for these
sources (see Section 5.1.2) and 1857 sources satisfy the RUWE < 1.4 requirement
(Lindegren et al. 2018b), and sources that do not meet this requirement are not
included in further analysis. Though their EW(Li)s and astrometry seem to suggest
that they are members of these groups of young stars, the high RUWE value indi-
cates some problems with their Gaia DR2 astrometry, which may bias any kinematic
analysis we perform on them. This is why we remove them from our sample. We

then use Bayesian inference to obtain Cartesian positions and velocities (see Section
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5.2.1).

In order to estimate stellar ages and masses for these sources, we cross-match
our sample with the 2MASS and VISTA Hemisphere Survey (VHS) catalogues to
obtain K band photometry for 1581 sources. For sources with K-band magnitudes
in both catalogues we select the photometry as follows; for Kopra55 < 12 we use the
2MASS K band, for sources with Ky gs > 13 we use the VHS K band, otherwise we
use the mean of both values. The 276 sources without any infrared photometry still
have Gaia DR2 photometry, so we can still obtain stellar ages and masses for these.
As these sources are nearby and the stellar density of the region is low, we don’t
expect the difference in resolution of the 2MASS and VHS surveys to introduce any
significant bias.

This photometry, coupled with Gaia parallaxes, is used to estimate effective
temperatures, stellar masses and stellar ages by fitting SEDs to those predicted
by PMS models. The SED fitting is performed using the MCMC sampler emcee
(Foreman-Mackey et al. 2013) and works by sampling values of initial mass and age
and then using the PARSEC stellar evolution models (Marigo et al. 2017) to derive
effective temperature, luminosity, and unreddened photometry. The model SED is
reddened by applying a fixed extinction of Ay = 0.131 mag (Jeffries et al. 2014) and
the Gaia DR2 parallaxes are used to place these sources at their observed distances
(varying the distance according to the parallax uncertainties). The SEDs use pho-
tometry in the Gaia G, BP, RP and combined 2MASS and VHS K (see above) bands,
covering a wavelength range of ~ 0.4 — 2.2um. The MCMC sampler iterates over
different values of effective temperature and luminosity, estimating goodness of fit of
the synthetic photometric profiles to the observed profiles, and outputs a posterior
distribution of masses and ages. The median of the posterior distribution is taken
as the best fit, and the 16th and 84th percentiles as the 1o bounds. The stellar
evolution models are valid for PMS and main-sequence stars within the mass range

350 Mg - 0.1 M, and relate mass and age to effective temperature and luminosity,
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while also providing model photometry. The resulting ages and masses may be bi-
ased by uncertainties due to binarity, variability, etc., which are not accounted for
in these models. This may introduce a bias in the best-fit ages derived, though the
relative ages of the different groups of stars will still be useful. Binarity in particular
will mean that observed sources appear more luminous and redder than single stars
of the same mass and age, causing their masses to be overestimated and their ages
underestimated. This then creates a tail in the age distribution of sources in our
sample towards younger ages, likely biasing the mean ages of our groups towards

younger ages too.

6.1.2 Identifying young stars

In the investigation of the 2018 data we set the threshold for a significant EW(Li)
value at 150 mA (see Section 5.1.4), but here we decided to make the requirement
EW (Li) — opw(ziy > 100mA as a more robust selection (see Figure 6.1). In contrast
to the previous criteria, this criteria will reject sources with larger EW(Li) uncer-
tainties but include sources with accurate EW(Li) between 100 — 150mA ie. we
can be more confident of the youth of a source with EW(Li) = 130 + 20mA than a
source with EW(Li) = 151 + 120mA . We have 395 sources that pass this criteria
for significant EW(Li).

6.2 Overview of the sample

We plot the spatial positions of all sources with significant EW(Li) and show their

proper motions relative to the mean of the whole sample as either points or vectors
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Figure 6.1: G-K (combined 2MASS and VHS) colour versus EW(Li) for sources with spectroscopic EW(Li)s.
Sources that pass our threshold for significant EW(Li) are plotted in red, sources that fail are plotted in blue.
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colour-coded by the position angle of their proper motions (Fig. 6.2, 6.3). Multiple
subgroups are immediately apparent, in particular the dense group of purple-coloured
sources at (8710™,—47.5°) which corresponds to the v Vel cluster, the sparser group
of yellow-coloured sources at (8"10™,—49°) which correlate to the open cluster NGC
2547 and the group of cyan-coloured sources at (7"50™,—46.5°) which correlate to
the P Puppis cluster (Caballero & Dinis 2008; and see discussion in Section 4.1.2).
Other substructure is apparent, such as the sparse group of green-coloured sources in
the two western-most fields and a group of green-coloured sources in the NGC 2547
field, the v Vel field and the field east of them. There are also a number of sources
across all fields with proper motions different to the nearest significant groups, some
of which might possibly be runaway stars ejected from the clusters in this region.
We plot these sources in proper motion space (Fig. 6.4). Again, our sample
can be divided into distinct groups. We find that the densest region of sources at

1

(fas ps) ~ (-6.5, 9.5) mas yr—' correlates to the v Vel cluster, the smaller dense

group at (pa, pts) ~ (-4.5, 9) mas yr~

correlates to the P Puppis cluster and the

1

swathe of sources around (pq, ps) ~ (-6, 8) mas yr—' correlates to the wider Vela

OB2 association. Sources belonging to NGC 2547 are located at (uq, fts) ~ (-8.5,
4.5) mas yr—'.

In Fig. 6.5 we plot parallax against RV for these sources. The v Vel and P
Puppis clusters are not as distinct from the Vela OB2 association in this plot, but
are located at around (o = 2.85 mas, RV = 17 kms™!) and (ww = 2.5 mas, RV =
21 kms™!) respectively. NGC 2547 is a distinct group at (w = 2.6 mas, RV = 14
kms™1).

We also notice the presence of a more distant population (w < 2.25) that is

inconsistent with belonging to the Vela OB2 association or its subclusters, and so

we suggest this may be another distinct group of young stars.
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Figure 6.2: Positions of targets in 8 fields with significant EW(Li). Points are colour-coded based on the
orientation of their proper motion vectors relative to the group mean. The black and white background is an
IR map of the region from IRIS (Improved Reprocessing of the IRAS Survey) (Miville-Deschénes & Lagache
2005).
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Figure 6.4: Proper motions of targets divided into our suggested groups. Coloured
points are sources with significant EW(Li). Green points correlate to NGC 2547,
yellow points correlate to the P Puppis cluster, blue points correlate to the ~ Vel
cluster (population A; Armstrong et al. 2020), red points correlate to the wider
population of the Vela OB2 association (population B; Armstrong et al. 2020), purple
points are sources with significant EW(Li) and distance > 440 pc, cyan points are
other sources with significant EW(Li). Selection areas for the v Vel and P Puppis
clusters are shown.
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Figure 6.5: Parallax versus RV of the sources selected in Fig. 6.4 highlighting the
groups identified. Colour coding is the same as Fig. 6.4. Selection areas for the ~
Vel, NGC 2547 and P Puppis clusters are shown. The anti-correlation between RV
and parallax for Vela OB2 sources is evidence of expansion in the association (see
Section 6.3).
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6.2.1 Identifying subgroups in the sample

In order to facilitate the analysis of the subgroups in our sample we need to estab-
lish criteria for sources to be allocated to different groups, in such a way so as to
avoid introducing selection biases into the kinematic analysis. Firstly, we identify
the regions of proper motion space occupied by the main clusters. Figure 6.4 shows
sources with significant EW (Li)s (coloured). We define a selection area for the v Vel
cluster of radius 0.7 mas yr—! centred at (pq, ts) = (-6.53, 9.8) mas yr~! (similar to
that for population A in Section 5.1.6), an area for the P Puppis cluster of radius
0.7 mas yr—! centred at (fta,is) = (-4.7,9) mas yr~! and an area for NGC 2547
within —9.6 < p, / mas yr~! < —7.5 and 3 < s / mas yr~' < 5.5. We also define
boundaries for these clusters in RV and parallax (Fig. 6.5). For ~ Vel we require
sources to have 2.8 < w/mas < 3.0 and 16 < RV / kms™! < 18, for P Puppis we
require sources to have 2.4 < w/mas < 2.65 and 20 < RV / kms™ < 22.5 and for
NGC 2547 we require sources to have 2.5 < w/mas < 2.65 and 12 < RV / kms™! <
14.

These boundaries for membership of the clusters are designed to be strict, at
the risk of not including all possible members. We emphasise cleanness of the sam-
ples over completeness so that the analysis of their dynamics in sections 6.3 - 6.5 are
as accurate as possible. As a consequence it is likely that the sample for the Vela
OB2 association will then contain sources which are really members of these clusters.
However, as it is by far the most populous group, a small amount of contamination
will affect the results much less than possible contamination in the cluster groups.

There is a distinct group of more distant sources at w < 2.25 which we plot in
purple in Figures 6.4 and 6.5. Sources which are not allocated to the v Vel cluster,
P Puppis cluster or the distant group but are within the large overdensity in proper
motion space (—7.7 < o / mas yr! < —3.8 and 7.4 < us / mas yr~! < 11.5) are
allocated to the Vela OB2 association group and are plotted in red in Figures 6.4



123

and 6.5. This is the largest group in our sample. Any other source with significant
EW(Li) not in these five groups is plotted in cyan in Figures 6.4 and 6.5. It is these
sources with kinematics unlike the main groups that we investigate to identify can-
didate runaway stars.

It is also worth noting that there are many sources without significant EW (Li)
that are located in the overdensities associated with our selected groups. In partic-
ular, the NGC 2547 group has relatively few sources with significant EW(Li), but
there are many sources without significant EW (Li) which form a dense group in this
area of proper motion space. This is likely due to the age of NGC 2547 (~35 Myr,
Jeffries & Oliveira 2005) being closer to the age at which YSOs of this mass range
begin to deplete their Li.

6.2.2 Comparing the sample to other works

Of the 395 sources with significant EW (Li), 377 are included in Cantat-Gaudin et al.
(2019a) as candidate young stars, which we can now confirm. The populations of
Cantat-Gaudin et al. (2019a) represent groups of young stars in the extended Vela-
Puppis region which are distinguished by their different ages and kinematics, but
together suggest a prolonged period of connected star formation events from a tur-
bulent molecular cloud.

In Table 6.1 we give the numbers of these sources allocated to each of our
groups and the populations of Cantat-Gaudin et al. (2019a) that they match with.
Notably, all sources in the v Vel and P Puppis clusters and all but one in the Vela
OB2 association match to population 7 of Cantat-Gaudin et al. (2019a), the youngest
population of theirs (10-15 Myr) known to contain the main part of Vela OB2. Also,
all our sources for NGC 2547 match to their population 4, an older population (35-40

Myr) known to contain NGC 2547 as well as several other open clusters.
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Sources in our 'distant’ group are shared between several populations of Cantat-
Gaudin et al. (2019a). Most belong to their population 6, a young population as-
sociated with the cluster BH 23, but most of which is located outside our area of
observation, and 3 sources belong to population 3 of Cantat-Gaudin et al. (2019a),
a population not associated with any known clusters. Among our possible runaway
sources, the majority belong to population 4, the same population as NGC 2547, but
5 sources belong to population 3, an older (~ 30 -40 Myr) population also not asso-
ciated with any known clusters. The identities of these populations without clusters
are unclear and so in turn are the identities of our distant and runaway groups.

Overall, the membership of sources in the Vela OB2 association and the three
clusters agrees very well with the populations of Cantat-Gaudin et al. (2019a), and
it is our groups that are not identified with a specific cluster or association that have
a mix of sources from populations other than those of Vela OB2 or NGC 2547. In
order to thoroughly investigate the membership of these sources, a larger spectro-
scopic survey would be required across the whole region studied by Cantat-Gaudin
et al. (2019a), to confirm the ages of these populations and to break them up into

more detailed substructure, as we have done with Vela OB2.

6.2.3 Ages of the subgroups

In Fig 6.6 we plot histograms of sources” SED ages in each group, with arrows indi-
cating the position of the group weighted mean age. The weighted mean values are
10.5 Myr for the Vela OB2 group, 27.2 Myr for NGC 2547, 9.8 Myr for P Puppis,
14.5 Myr for v Vel and 17.1 Myr for the distant population.

These ages are in good agreement with literature ages for groups that have
been studied previously. Jeffries & Oliveira (2005) report an LDB (Li depletion
boundary) age of ~ 35 Myr for NGC 2547, which is in good agreement with other
values in open cluster catalogues (e.g. 50 £20 Myr Netopil et al. 2016) and the
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Figure 6.6: Histogram showing the numbers of sources per bin of SED ages (Myr).
Histogram colours indicate the populations of sources using the same colour-coding
as Fig 6.4, with the grey histogram indicating the total per bin. Weighted mean
ages for each group are indicated by coloured arrows. The weighted mean ages are
12.1 Myr for the Vela OB2 group (red), 31.1 Myr for NGC 2547 (green), 9.9 Myr
for P Puppis (yellow), 15.4 Myr for v Vel and 15.8 Myr for the distant population

(purple).
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CG Vela v Vel NGC P Pup- | Distant | Runaways
popula- | OB2 2547 pis

tion

3 0 0 0 0 0 5

4 0 0 19 0 0 13

5 0 0 0 0 3 0

6 1 0 0 0 7 0

7 244 42 0 32 1 1

Table 6.1: Numbers of sources in our identified groups that match with populations
from Cantat-Gaudin et al. (2019a).

recent kinematic study of the region by Cantat-Gaudin et al. (2019a) (~37 Myr,
population 4 ). For Vel Jeffries et al. (2017) report an age of 18-21 Myr (LDB and
CMD estimates in agreement) while Cantat-Gaudin et al. (2019a) give an age of ~
9-14 Myr for the population containing both « Vel and Vela OB2. Vela OB2 has
not had a specific age estimation since Sahu (1992) (20 Myr), though Jeffries et al.
(2014) conclude that their population A (v Vel) is 1-2 Myr older than population
B (Vela OB2) based on Li depletion, which suggests an age of 16-20 Myr for the
association.

If we take ~ 35, 18-21 and 16-20 Myr as the literature ages for NGC 2547,
v Vel and Vela OB2, our SED ages are in good agreement but are systematically
slightly lower. Raising our SED ages by 25 - 30% allows us to match our v Vel SED
age with the literature age, a scaling-up that is necessary because isochronal ages
have recently been found to be too young due to radius inflation (Jeffries et al. 2017).
This scaling then allows us to calculate ages for the P Puppis cluster (12.5 Myr) and

the distant population (20 Myr) that are on the same scale as the literature ages
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for these groups. We do not report uncertainties on these SED ages since there are
many factors which could contribute bias which are not modelled (Section 6.1.1).

Notably, while v Vel and Vela OB2 have similar ages, the P Puppis cluster is
distinctly younger, indicating a timescale of star formation in this region spanning
up to ~10 Myr. Without clear indication of a smooth age gradient, however, it is
unclear whether this star formation was a continual or episodic process. Searching
for an age gradient in the original spatial distribution of sources is a possible area of
future work though.

Fig. 6.7 shows a histogram of the ages of sources in the kinematically distinct
group compared to the sources belonging to NGC 2547. It is clear that a large pro-
portion of these kinematically distinct sources are of a similar age to NGC 2547,
as well as having similar proper motions (Fig 6.4) and belonging to population 4
of Cantat-Gaudin et al. (2019a) (Section 6.2.2). However, we do not include them
in NGC 2547 due to their different parallaxes and RVs (Fig 6.5). We revisit these
sources in Section 6.5 to consider whether they may be possible runaways from some

of the clusters in the region.

6.3 Expansion trends of subgroups

Our first goal is to search for evidence of expansion or contraction in the identified
groups in order to ascertain their dynamical state. We use the same MCMC for-
ward modelling approach with coordinate transformation matrices from Johnson &
Soderblom (1987) to calculate Galactic Cartesian positions X, Y, Z and velocities U,
V., W, as explained in Section 5.2.1. We then use an MCMC approach to calculate
lines of best fit to the various position - velocity combinations (section 5.2.1) in or-

der to find evidence of expansion, contraction or rotation. In each case, we removed
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Figure 6.7: Histogram showing the numbers of sources per bin (in logarithmic scale)
of SED ages (Myr) of the NGC 2547 sources (green), the sources distinct from the
main kinematic groups (cyan) and the grey histogram indicating all sources (same
as Fig 6.6).



129

Group Velocity | Position | Gradient (kms™'/pc) | Significance
Vela OB2 U X 0.0781000 150
\Y% Y 0.04410:952 9o
W 7 0.05270:954 120
P Puppis U X 0.13610 055 4o
\% Y —0.015091% -
W 7 0.0580013 4o
~ Vel U X 0.04170:91% 20
\% Y 0.01515:017 0o
W y/ 0.03219:512 20

Table 6.2: Expansion gradients of MCMC linear best fit models for the sample
populations of the Vela OB2 association, NGC 2547, P Puppis and v Vel clusters for
combinations of cartesian position and velocity dimensions, as well as uncertainties
given by the 16% and 84% percentiles of MCMC fits.

sources that differ in position or velocity by > 30 from the mean of their identified
group. Figures 6.8 - 6.11 show diagrams of co-directional Cartesian positions X, Y,
Z versus velocities U, V, W for each of the Vela OB2, NGC 2547, P Puppis and ~ Vel
groups. Tables 6.2 and 6.3 contain the gradients and uncertainties for the MCMC
linear best-fits.

We find strong evidence for expansion in the Vela OB2 group (Fig. 6.8) as
evidenced by the significant positive gradients of the MCMC linear best-fits. These
are of > 90 significance in all directions (0.07870992, 0.04419502, 0.05215001), but
is notably greater in the X direction, similar to the anisotropic trends found for
population B (Vela OB2) in Section 5.2.1 (Fig 5.3). The expansion gradients we find
here for X vs U and Z vs W are not as steep as those in Fig. 5.5 for population B
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Figure 6.8: X vs U, Y vs V and Z vs W for sources in the Vela OB2 association
population (red) with uncertainties. The MCMC linear best fit and 16th and 84th
percentiles are shown as solid and dashed lines respectively.
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Figure 6.9: X vs U, Y vs Vand Z vs W for sources in the NGC 2547 cluster population
(green) with uncertainties. The MCMC linear best fit and 16th and 84th percentiles
are shown as solid and dashed lines respectively.
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Figure 6.10: X vs U, Y vs V and Z vs W for sources in the P Puppis cluster population
(yellow) with uncertainties. The MCMC linear best fit and 16th and 84th percentiles
are shown as solid and dashed lines respectively.
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Figure 6.11: X vs U, Y vs V and Z vs W for sources in the v Vel cluster population
(blue) with uncertainties. The MCMC linear best fit and 16th and 84th percentiles
are shown as solid and dashed lines respectively.
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(0.078 and 0.052 respectively, rather than 0.098 and 0.069). The difference is most
likely because our new sample contains many more members spread over a wider
area, but the significance of the gradients have increased dramatically, from 40 in X
vs U to > 150.

We do not find significant expansion trends for NGC 2547 (Fig. 6.9), due to
the small size of our sample for this cluster. The trends we find for the P Puppis
(Fig. 6.10) and v Vel (Fig. 6.11) clusters are quite similar. For both groups there is
evidence for expansion in the X vs U direction, of 20 significance for v Vel and > 4o
significance for P Puppis (0.0417001% and 0.13670935 respectively).

There is also some evidence for expansion in the 7Z direction, of 2¢ significance
for v Vel and 40 significance for P Puppis (0.03270:13, 0.05873:512), though it appears
that this trend in the P Puppis cluster may be due a few outlying sources. There is
little evidence for expansion (or contraction) in the Y direction for either group.

The evidence for expansion is expected in Fig. 6.8 since Vela OB2 is a sparse,
unbound association. But the expansion seen in Fig. 6.10 and 6.11 is not, since P
Puppis and v Vel are compact clusters, and therefore expected to be gravitationally
bound. In Fig. 5.3 expansion in X vs U and Z vs W was suggested by the gradients
for population A, but they were not significant enough to be confident of. Figure
6.11 confirms this expansion.

It is also possible that these samples are contaminated, so that the expansion
trends are due to sources that really belong to Vela OB2 and so the association’s
expansion is imprinted on these groups. Fig. 6.12 left shows the distribution of
v Vel sources (blue) in X vs U compared to the distribution of Vela OB2 sources
(grey) with the MCMC linear best fits for each group. The distributions of the two
groups overlap, so there is the possibility that the v Vel group is contaminated with
sources that should belong to Vela OB2, and that the steep gradient in X vs U
for v Vel is the result of these contaminants. We also made sure in Section 6.2 that

membership criteria for the clusters was as strict as possible to reduce contamination
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Figure 6.12: Left : X vs U of v Vel sources (blue) and VelaOB2 sources (grey) with
MCMC linear best fits and 16th and 84th percentiles shown as solid and dashed
lines respectively. Right : Z vs W of P Puppis sources (yellow) and VelaOB2 sources
(grey) with MCMC linear best fits and 16th and 84th percentiles shown as solid and
dashed lines respectively.

to a minimum. Fig. 6.12 right shows the distribution of P Puppis sources (yellow)
in Z vs W compared to the distribution of Vela OB2 sources (grey) with the MCMC
linear best fits for each group. The two groups are clearly separated, which indicates
that the P Puppis group is unlikely to be highly contaminated by Vela OB2 sources,
and that the expansion gradients for this group do represent its physical state.
There are a number of scenarios that may produce such results. Firstly, the
clusters may be gravitationally unbound and expanding. This would be surprising
for a cluster as compact as v Vel however, and for P Puppis the expansion is strongly
anisotropic (Fig. 6.10 even suggests contraction in the Y direction). In the Galactic
Cartesian coordinate system the X direction corresponds to the direction, towards
and away from the Galactic center, so it is possible that the greater rates of expansion
in X vs U seen in Figs. 6.8, 6.10 and 6.11 are due to tidal shearing effects, though
such effects are usually observed for older open clusters. It is also possible that the
P Puppis and ~ Vel clusters are being pulled in a certain direction by the mass of

the Vela OB2 association or its primordial molecular cloud that correlates strongly
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with the X direction, somewhat with Z and hardly with Y. All of these possibilities
are strongly dependent on the configuration of the association and these clusters at

the time of birth and over the last 5-10 Myrs, which we explore further in Section
6.4.1.

6.3.1 Rotation

Table 6.3 shows best fit gradients between positions and velocities in different di-
rections for the Vela OB2 association and the v Vel and P Puppis clusters, which
indicate elements of rotation. In the two clusters, most rotation trends are not very
significant other than Y vs U for P Puppis at 60, which provides evidence that the
cluster is rotating in this direction.

For the Vela OB2 association there are significant trends between W and Y of
>100 significance (see Fig. 6.13) and between V and Z of >60 significance. Given
that the association is gravitationally unbound, these trends more likely represent
residual angular momentum in the dynamics of this system, rather than rotation.
We will return to this discussion in Section 6.4.1 and where we consider the future

(and past) motion of the association.

6.3.2 Estimating kinematic ages

Since the units of these expansion gradients are km s™! pc™! and 1 km s™! = 1.023
pc Myr—1 | we can easily calculate the timescale of expansion in Myrs, allowing us
to estimate the period of time they have been expanding for (assuming the rate of
expansion has been constant). This is an age determination method known as ’kine-

matic ages’ which, under the assumption that the groups were at their most compact
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Group Velocity | Position | Gradient (kms™!/pc) Significance
Vela OB2 \% X —0.00210015 .
W X 0.00970-50 lo
U Y 0.00670 003 20
W Y 0.01810505 100
U Z —0.0125500 20
\% Z 0.0765:912 6o
P Puppis \Y% X —0.0080 021 -
W X —0.00515:053 -
U Y 0.04275:008 4o
W Y 0.01055: 0% lo
U 7 0.01670538 -
A Z —0.00415:041 -
7 Vel \Y% X —0.01910-557 -
W X —0.02215013 lo
U Y 0.02210611 lo
W Y 0.00475:09% -
U 7 —0.012*9:919 -
\% 7 0.01310652 -

Table 6.3: Rotation gradients of MCMC linear best fit models for the sample pop-
ulations of the Vela OB2 association, NGC 2547, P Puppis and v Vel clusters for
combinations of cartesian position and velocity dimensions, as well as uncertainties

given by the 16% and 84% percentiles of MCMC fits.
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Figure 6.13: Y vs W rotation of Vela OB2 sources (red) with MCMC linear best fit
and 16th and 84th percentiles shown as solid and dashed lines respectively.
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at birth, provides a potentially model-free estimate of the age of these stars.
Inverting the rates of expansion for the Vela OB2 association as shown in Fig.
6.8 results in timescales of 12.82708% Myr in X, 22.7373% Myr in Y and 19.23715
Myr in Z. The kinematic age is 13-23 Myr for the association, which is consistent
with the literature age of 16-20 Myr and mean SED age of 15 Myr (Section 6.2.3).
It is therefore feasible that the expansion of Vela OB2 may have begun at, or close

to, the time of its formation, and that it has been expanding ever since.

6.4 Motion of the groups

Figure 6.14 shows the positions of sources with significant EW(Li)s colour-coded
to indicate the kinematic groups they are allocated to. The vectors indicate the
mean proper motions of each group with respect to the mean proper motion of the
Vela OB2 association (red) and are located at the mean positions of their respective
groups. The vectors are scaled to show the relative motion of the group over 1 Myr.
This figure shows that the three main clusters (v Vel, P Puppis and NGC 2547) have

significantly different proper motions than the Vela OB2 association.

6.4.1 Inferring past and future position with epicycle ap-
proximation traceback

With 6D positions and velocities for YSOs in our sample we can estimate the relative
positions of these sources both backwards and forwards in time to estimate their
configuration both in the past (including at their birth) and in the future. In order to

incorporate the component of stellar motion due to oscillation through the Galactic



140

-46°

Dec (deq)

-50°

gh3em 24m 12m oo™ 7h48m
RA (deg)

Figure 6.14: Positions of targets in 8 fields selected from the regions of greatest proper motion density (Fig.
6.4). Colour-coding is the same as Fig. 6.4. The vectors indicate the mean proper motions of each group
relative to the mean proper motion of the Vela OB2 association (red). The magnitude scale (mas/yr) of
proper motion vectors is indicated by the scalebar in the bottom right. The proper motion vectors illustrate
the motion of each group over a period of 1 Myr.
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plane we calculate new positions using the epicycle approximation. We use the
orbital equations from Fuchs et al. (2006). We use the Oort A and B constants from
Feast & Whitelock (1997), the local disc density from Holmberg & Flynn (2004),
the local standard of rest velocity from Schonrich, Binney & Dehnen (2010) and
a solar Z distance above the Galactic plane of 17 pc (Karim & Mamajek 2017).
Figures 6.15 - 6.18 show the mean positions of the v Vel (blue), P Puppis (yellow)
and NGC 2547 (green) clusters, and the individual positions of sources belonging
to the Vela OB2 group (red), distant group (purple) and outlier group (cyan) at
various points in time in both the past and the future. Figures 6.15 and 6.16 show
the absolute positions (providing a wide-field view), while Figures 6.17 and 6.18
show the relative positions (allowing the internal dynamics to be visualised). In
all the plots we consider the three clusters to be gravitationally bound entities and
therefore represent those clusters as single points (overcoming the need to consider
their internal dynamics), while for the Vela OB2 associations and the other groups we
show the individual sources (where the internal dynamics of these unbound systems

will be less important to their past and future dynamics).

It is clear from Figs. 6.15 - 6.18 that the cluster NGC 2547 is an interloper
to the Vela OB2 association which happens to be passing through the region at the
present time. The mean position of NGC 2547 (green) is outside the volume of Vela
OB2 at 5 Myrs past and is > 100pc away at 20 Myrs past (Fig 6.15). Many members
of the light blue group also appear to be young interlopers. The v Vel and P Puppis
clusters, however, remain within the volume of the Vela OB2 association up to 20
Myrs forward and 15 Myrs backwards in time, at least to the estimated time when
they would have formed (see Section 6.2.3). This indicates that these two clusters
have always belonged to the association, that they formed as dense subregions within
the substructure of the association. In Figs. 6.16 and 6.18 it appears that the ~ Vel

and P Puppis clusters will move further apart, following the overall expansion pat-
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Figure 6.15: Mean past absolute positions of the « Vel (blue), P Puppis (yellow)
and NGC 2547 (green) clusters (shown on the assumption that the clusters are
gravitationally bound entities), and the individual positions of sources belonging
to the Vela OB2 group (red), distant group (purple) and outlier group (cyan), in
absolute X vs Z and Y vs Z positions, back in time in 10 Myr intervals up to 20 Myrs

from the present.
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Figure 6.16: Mean future absolute positions of the v Vel (blue), P Puppis (yellow)
and NGC 2547 (green) clusters, and the individual positions of sources belonging
to the Vela OB2 group (red), distant group (purple) and outlier group (cyan), in
absolute X vs Z and Y vs Z positions, forward in time in 10 Myr intervals up to 20
Myrs from the present.



144

Present Present

-5 Myr -5 Myr

N -20

—40

-10 Myr -10 Myr
40

20

—Z (pc)

N -20

-40

-15 Myr . -15 Myr

—60 —40 -20 0 20 40 60 -60 —40 20 0 20 40 60
X—X (pc) Y —Y (pc)

Figure 6.17: Panel of figures showing the mean positions of the 7 Vel (blue), P
Puppis (yellow) and NGC 2547 (green) clusters, and the individual positions of
sources belonging to the Vela OB2 group (red), distant group (purple) and outlier
group (cyan), in X vs Z and Y vs Z positions relative to the center of the Vela OB2
group, back in time in 5 Myr intervals up to 15 Myrs from the present.
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Figure 6.18: Panel of figures showing the mean positions of the 7 Vel (blue), P
Puppis (yellow) and NGC 2547 (green) clusters, and the individual positions of
sources belonging to the Vela OB2 group (red), distant group (purple) and outlier
group (cyan), in X vs Z and Y vs Z positions relative to the center of the Vela OB2
group, forward in time in 10 Myr intervals up to 20 Myrs from the present.



146

tern of the Vela OB2 association.

In Figs. 6.15 and 6.17 the v Vel cluster is projected against the center of the
association in X vs Z at 20 Myr in the past, approximately when it formed, despite
being ~40 pc closer, though since Y correlates very closely with the line-of-sight,
positions in this direction are the most affected by parallax errors so the apparent
spread may not be real. At the time of its formation, 15 Myr ago, the P Puppis
cluster is offset from the bulk of the association. Also at 10 Myr past the association
appears at its most compact, which would be expected for the initial configuration
of an expanding group, in contrast to our amended SED age estimate for this group
of 20 Myr (Section 6.2.3).

Notably in the Y vs Z plot in Fig. 6.17 is the change in the apparent tilt of
the association group, suggesting that the association is rotating. This rotation can
also be seen in Fig. 6.13 in the panel of W vs Y, where a > 150 significant trend is
observed (see also Table 6.3), thus confirming this rotation.

This traceback using an epicyclic approximation does not take dynamical inter-
actions within the association into account, investigations using N-body simulations

would be needed to assess the accuracy of this method.

6.5 Identifying candidate runaway stars

As mentioned previously there is a group of sources with kinematics distinct from the
Vela OB2 association and the three clusters in the region which have been plotted
in cyan in Figs. 6.4 - 6.18. It is apparent in Fig. 6.4 that these sources have proper
motions distinct from the other groups. Many of their proper motion vectors also
appear to point away from the centers of the clusters in this region, indicating that

some of these sources may be "runaway stars”, stars belonging initially to a bound



147

cluster but since ejected at high velocity due to dynamical interactions.

One method of identifying runaways would be to calculate tidal radii for the
clusters in the region of our sample and to select sources where a traceback of the
proper motion relative to those clusters would intersect the cluster radius, i.e. the
source’s point of closest approach is inside the cluster radius. But this requires that
we estimate the masses of these clusters in order to calculate tidal radii, and our
sample is incomplete in that sources are only within a specific magnitude range and
only within certain fields of position. Any attempt to estimate cluster mass with our
sample will be significantly biased. Therefore we make a simple estimate of cluster
radii by specifying the radii in which 50% of cluster members are contained as an
estimate of a "half-mass radius”.

In Fig. 6.19 candidate runaways are plotted in a linear projection coordinate
frame (x,y) with their velocities relative to the clusters colour-coded by the clusters
they trace back from. We use a linear projection coordinate frame (Helmi et al.
2018) with a set distance (400 pc) to trace these sources’ proper motions without
the curvature of the celestial coordinate system. Any sources from this group whose
proper motion trace back inside the radius of one of the three clusters is a candidate
runaway. 10 sources are identified as candidate runaways using this method and 3
of these are possible runaways from either the 7 Vel cluster or NGC 2547 (hence
these sources are shown with multiple relative proper motion vectors with different
lengths). 6 of these are included in Cantat-Gaudin et al. (2019a), 5 belong to their
population 4 (coeval with NGC 2547), and 1 belongs to their population 3, which is
the only candidate runaway from P Puppis included. No candidate runaways belong
to their population 7 (coeval with Vela OB2 and ~ Vel), despite ~ 80% of our Li-rich
sources belonging to that population.

In Table 6.4 we list the Gaia IDs of these candidate runaways, the groups they
are candidate runaways from, their SED masses, SED ages, 3D velocities relative

to the group they are candidate runaways from (vsp), time since point of closest
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Figure 6.19: A plot of candidate runaways selected only from the cyan group (see Figs. 6.4 - 6.16). Sources are
plotted by their relative position in x, y and their vectors indicate their proper motion relative to the cluster
they may have been ejected from. The mean positions of the clusters are represented by the large coloured
points (v Vel - blue , P Puppis - yellow, NGC 2547 - green). Candidate runaway sources are colour-coded
according to the cluster they may have been ejected from. Other sources in our sample which are not selected
as candidate runaways are plotted in grey and the 8 fields of our observations are outlines in grey. Estimated
cluster radii are shown in black.
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approach to the center of the group they are candidate runaways from (t.), relative
line-of-sight distance from the center of the group they are candidate runaways from
(AD) and relative radial velocity (ARV).

The majority of these sources have small 3D velocities relative to the clusters
and are potentially examples of what have become known as 'walk-away’ stars (vsp
< 30 km s™!; de Mink et al. 2014; Schoettler et al. 2020).

There are several checks we can make to confirm whether or not these sources

are likely runaways:

. Age test: The SED age for the star, with the factor 1.25 correction (see Section
6.2.3) needs to be consistent with the cluster age for it to have been a likely
member of that cluster in the past (though a broad agreement is sufficient given

the multitude of factors that can affect individual stellar ages).

. Ejection timescale test: The ejection time needs to be less than or equal to
the age of the cluster the star is ejected from. The ejection times for these
sources are much lower than their SED ages because these sources are still
located in close proximity to the clusters due to the limited field of view of our

spectroscopic survey. All of our sources therefore pass this test.

. RV test: We compare the sources’ line of sight distance from the cluster (AD)
with their ejection time to calculate the necessary relative RV to traverse this
distance in the available time. This is then compared to the measured relative
RV (ARV) to check for consistency, allowing for a disagreement up to a few

tens of km/s due to possible binarity.

In Table 6.5 we assess whether each source is a likely runaway based on these checks.
The only source that seems to be a likely runaway is Gaia ID 5530691754285644032,
which has an SED age and kinematics consistent with having been recently ejected

(0.02 £ 0.03 Myr) from the P Puppis cluster at a velocity of 9.67 & 0.02 kms™!. This
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Source Cluster Age test | t, [Myr] | RV test | Likely
run-
away

5514251444112598656 | v Vel v 0.68 4+ | x X

0.98

5514275805167770240 | v Vel v 0.66 =+ | x X

0.10
5514349506807731200 | v Vel v 0.33 4+ | x X
0.02
5514349506807731200 | NGC 2547 | x 1.56 £+ |V X
5.70
5514362357349925248 | v Vel v 0.34 4+ | x X
0.02
5514506359010085120 | v Vel v 0.34 =+ | x X
0.01
5514506359010085120 | NGC 2547 | x 0.89 4+ | x X
0.10
5514554771884454272 | v Vel v 0.31 =+ | x X
0.01
5514559238650415744 | v Vel v 0.30 4+ | x X
0.03
5514559238650415744 | NGC 2547 | x 0.06 £ |V X
22.85
5530649148210291328 | P Puppis X 0.13 4+ | x X
0.01
5530691754285644032 | P Puppis v 0.02 +£ |V v
0.03
5531061155834669184 | P Puppis X 0.12 4+ | x X
0.05

Table 6.5: Rotation gradients of MCMC linear best fit models for the sample pop-
ulations of the Vela OB2 association, NGC 2547, P Puppis and v Vel clusters for

combinations of cartesian position and velocity dimensions, as well as uncertainties
given by the 16% and 84% percentiles of MCMC fits.
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is the source which in Fig 6.19 is located within the radius of the P Puppis cluster.

Whilst we have only found 1 likely runaway in our sample, this study high-
lights the importance of using relative distances and RVs or estimating ages to verify
candidate runaways, as out of 10 sources whose proper motions were consistent with
being runaways, all but 1 were discarded based on inconsistent age or kinematics.
This also indicates the importance of spectroscopic follow-up for candidate runaway
stars to obtain RVs for this check.

The sources in this group that do not correlate with any particular kinematic
population and are determined not to be runaways may be examples of kinematically
'hot” young stars, such as those identified in Binks, Jeffries & Wright (2020), stars
whose kinematics are distinct from nearby groups, or that belong to a group with
a relatively high velocity dispersion. It is also possible that some of them may be
ejectees from groups of young stars outside the fields of our observations. However,
in Section 6.2.2 we noted that the majority of sources in this group matched to pop-
ulation 4 of Cantat-Gaudin et al. (2019a), the same population that contains NGC
2547, and in Figures 6.15 - 6.18 many of these sources follow the projected motion of
NGC 2547 in a halo. This suggests that some of these sources may be the remnants
of a sparse population that formed coeval to NGC 2547 and with similar kinematics,

but has now mostly dispersed among the younger Vela OB2 population.

6.6 Discussion

In this chapter, we have combined Gaia astrometry with spectroscopic RVs and
EW(Li)s to analyse the 6D kinematics across the Vela OB2 region. Our main results

are as follows:

o We have identified considerable substructure in the form of multiple distinct
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groups in Vela OB2, namely the known clusters v Vel and NGC 2547, a
previously poorly-studied cluster, P Puppis, a population of YSOs ~ 100 pc

more distant than the association, and the association itself.

« We find significant evidence (> 9¢) of expansion of the Vela OB2 association
in all directions, though it is somewhat anisotropic. We calculate a kinematic
traceback age of 13-23 Myr for Vela OB2 based on its expansion pattern,
which is in good agreement with its estimated isochronal age of 15-20 Myr

(Section 6.2.3).

o We have used an epicycle approximation to investigate the relative posi-
tions and motions of these groups and clusters, up to 20 Myrs forwards and
backwards in time. We find that NGC 2547 is an interloper cluster to Vela
OB2 which happens to be passing through the region at the present time
and would have been ~ 110 pc distant at the time of Vela OB2’s formation.
Both the v Vel and P Puppis clusters, however, seem to have originated from

inside the volume of the association, with implications for their formation.

o We have identified a group of sources with kinematics different to the as-
sociation and clusters and identified 10 runaway candidates based on their
proper motions, but conclude that only 1 (Gaia ID 5530691754285644032)
has an SED age and RV consistent with the cluster it’s moving away from.
This highlights the value of spectroscopy and age estimation for verifying

runaway candidates.

We now discuss each of these results in more detail.
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6.6.1 Structure of Vela OB2 and nearby clusters

Until recently, the structure of the Vela OB2 association was not well constrained.
Studies of the region had hinted at the existence of a sparse, widespread population of
young stars (Jeffries et al. 2014; Sacco et al. 2015) but it was not until the availability
of Gaia DR2 proper motions and parallaxes that a structural and kinematic investi-
gation over the whole region could be done (Cantat-Gaudin et al. 2019a). Even then,
radial velocities were lacking. This chapter presents the first 6D kinematic study of
the association by combining Gaia astrometry with spectroscopic RVs.

We have found that Vela OB2 is not a single homogenous entity. Rather, it
is a highly substructured complex containing multiple open clusters with a range of
ages, surrounded by a widespread and dispersed population of young stars, exhibit-
ing complex dynamics. We have confirmed that the sparse population surrounding
the 7 Vel and NGC 2547 clusters (Jeffries et al. 2014; Sacco et al. 2015) belongs to
the Vela OB2 association and has different kinematics from either. We have also
found that our membership for the association and clusters agrees well with the pop-
ulations identified in Cantat-Gaudin et al. (2019a), though we have separated their
population 7 into its more detailed substructure, namely the v Vel and P Puppis

clusters and the Vela OB2 association.

6.6.2 Expansion of the association

In this chapter, we have calculated linear expansion rates for each major group in our
sample separately, and have found strong evidence (> 9¢ in all directions) for expan-
sion of the Vela OB2 association that is not apparent in any of the clusters, though
this expansion is notably anisotropic (0.07810902, 0.04419-002, 0.05210-504 kms ™! /pc).

These expansion rates were then used to calculate a kinematic age for the association
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(13-23 Myr), which is in good agreement with literature ages (15-20 Myr).
Evidence for the expansion of OB associations has been found in recent stud-
ies. Cantat-Gaudin et al. (2019a) calculate linear expansion rates for the dispersed
populations they identify in the Vela-Puppis region, including that corresponding to
Vela OB2 (population 7; xx = 4.404+0.35, xy = 5.68 £1.10, xz = 5.98+0.27 ), and
find evidence for expansion in all. In our study, however, we only observe expansion
in the main Vela OB2 group, while the open clusters, once separated, do not show

such trends.

6.6.3 Spatial configuration

We have constrained the initial configuration of Vela OB2 and probed its future evo-
lution by tracing backwards and forwards in time the motion of stars in Vela OB2
and the bulk motion of the clusters in its vicinity.

By tracing back its motion up to 20 Myr in the past, we have found that the
open cluster NGC 2547 formed >100 pc outside of the Vela OB2 region and is an
interloper in the association at the present time. This, and its older age, indicates
that it was part of a separate star formation event from Vela OB2. On the other
hand, the v Vel and P Puppis clusters appear to have formed within the volume
of the association, indicating that they originated as compact substructures of Vela
OB2. This is supported by their similar ages, while NGC 2547 is approximately
twice as old as the association.

The v Vel cluster appears to have formed relatively centrally within the asso-
ciation, and at a similar time to it, suggesting its formation may have been strongly
linked to the formation of the association as a whole, whereas the P Puppis cluster
is younger and appears to have formed on the edge of the association, suggesting a

total period of star formation up to 10 Myr within the region.
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6.6.4 Verification of runaways

We identify a number of young stars in the region whose kinematics are not consis-
tent with being members of a particular kinematic group. 10 of these sources have
proper motions consistent with having been recently ejected from one (or more) of
the clusters in the region. We assess the validity of these candidate runaway stars by
comparing their distances, RVs and ages to the clusters they are candidate ejectees
from and find that only 1 source (i.e., 10% of our candidate runaway sample) is
still consistent with being a runaway source ejected from one of these clusters. The
other sources could be examples of kinematically 'hot’ young stars (Binks, Jeffries &

Wright 2020) which are not associated with a larger group.
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7 Conclusions

This thesis presents the results of studies of the structure and dynamics of the Vela
OB2 association using a combination of Gaia DR1 and DR2 astrometry, photometry
and spectroscopy obtained from two separate observing runs with the HERMES and
2dF instruments at the AAT.

In Chapter 3 we have combined Gaia DR1 and 2MASS photometry to map out
the PMS low-mass population of the Vela OB2 association and compared it to the
known high-mass population. This work was extended using Gaia DR2 photometry
and astrometry and also formed the basis for selecting targets for spectroscopic ob-
servations (Chapter 4).

The first set of spectra was used to obtain RVs and EW(Li)s for 341 PMS stars
in the vicinity of the v Vel cluster. The EW(li)s were used to confirm the youth
of 216 of these, whose RVs we combined with Gaia DR2 astrometry to investigate
the 6D kinematics of the two populations detected by Jeffries et al. (2014). We find
> 40 evidence for anisotropic expansion in the association population.

The second set of spectra was used to obtain RVs and EW(Li)s for >2500
sources in 8 fields across the Vela OB2 region, confirming 395 of these as PMS stars
based on their EW(Li) values. We separate the sample into groups using Gaia DR2
astrometry and spectroscopic RVs and find that the Vela OB2 association has sig-
nificant substructure, with different groups at a range of ages exhibiting distinct 3D
kinematics and at different distances. These groups include the sparse Vela OB2 as-
sociation itself, the known v Vel and NGC 2547 clusters, a previously poorly-studied
cluster, P Puppis, and a number of more dispersed young stars. This supports the
growing volume of recent evidence that OB associations are not homogenous groups,
but are amalgamations of multiple populations resulting from complex formation

and evolution processes.
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Recently, similar findings have been made in other nearby associations. Wright
et al. (2016) investigated the structure and dynamical state of Cyg OB2 using a sam-
ple of stars selected by X-ray and spectroscopy. They found significant kinematic
substructure within the unbound association. Damiani et al. (2019) use Gaia DR2
photometry and astrometry to identify and investigate the PMS population of the
Scorpius-Centaurus association, and find a number of compact subclusters within
the association with distinct kinematics. Zari, Brown & de Zeeuw (2019) use the
DBSCAN clustering algorithm to identify subgroups in the Orion star forming re-
gion and find that they vary in kinematics and age.

These recent studies and the work in this chapter all provide evidence that OB
associations are highly substructured, both spatially and kinematically. This sub-
structure argues against OB associations (as a whole) being the expanded remnants
of single, dense clusters (Tutukov 1978) and instead suggests a more substructured,
and therefore complex, formation picture.

Large scale radial velocity surveys of other nearby OB associations could be
combined with Gaia astrometry to investigate the 6D substructure of similar entities
at a range of different ages and environments. Comparison between the kinematic
properties of multiple associations could reveal key processes in the evolution of star
forming regions.

We find significant evidence for expansion in Vela OB2 but not for the major
clusters in the region, which suggests that, while the main portion of the association
may be unbound and expanding, the most compact subgroups will remain as bound
open clusters. The expansion of Vela OB2 has allowed us to calculate a kinematic
age for the association, which we estimate to be 13 - 23 Myr, in good agreement with
the isochronal age of 15 - 20 Myr.

Other investigations (Wright et al. 2016; Wright & Mamajek 2018; Ward &
Kruijssen 2018) have failed to find conclusive evidence for expansion in other OB

associations. But the key difference between these studies and those that do find ev-
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idence of expansion (Cantat-Gaudin et al. 2019a; Armstrong et al. 2020) is that the
former did not attempt to separate the subgroups and clusters within the association
while the latter did. This suggests that it can be helpful to identify the kinematic
subgroups within an OB association when searching for evidence of expansion in the
association.

The expansion of the association indicates that it is gravitationally unbound
and that it would have been more compact in the past. At its formation 15-20 Myr
ago, the association would have been 1-2 orders of magnitude denser than it is at
present. This raises questions about its formation. Did the association become un-
bound after its formation while the compact clusters remained bound (Baumgardt &
Kroupa 2007)? Or did the association form unbound except for the clusters (Clark,
Bonnell & Klessen 2008)7

The anisotropy of its expansion suggests that the association is either experi-
encing external forces stretching it in a particular direction, or that it has inherited
anisotropic motion from its initial conditions. The former could be due to the spa-
tial distribution of surrounding molecular clouds during the gas expulsion process
(reminiscent of the cruel cradle effect’, Kruijssen et al. 2012) Evidence of the latter
scenario has been suggested by Wright & Parker (2019), who attribute anisotropic
expansion trends in the Lagoon Nebula Cluster (observed by Wright et al. 2019) to
the formation of a cluster by anisotropic collapse and the resultant ’bounce’ that
leads to an observed expansion pattern. A similar pattern could be observed here,
particularly given the central location of the v Vel cluster within the Vela OB2 as-
sociation during their formation.

Investigations of expansion in substructures of other associations are needed
to identify the correct evolution scenario, particularly of younger associations whose
present states are closer to their initial conditions.

We study the past and future configurations of the region using an epicyclic ap-

proximation to trace the motion of clusters and individual sources over time. We find
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evidence that the cluster NGC 2547 is an interloper in this region and was formed
earlier than and distant from Vela OB2, while the v Vel and P Puppis clusters were
likely formed within the association. The ~ Vel cluster appears to have formed rel-
atively centrally within the association, and at a similar time to it, suggesting its
formation may have been strongly linked to the formation of the association as a
whole. The P Puppis cluster is younger and appears to have been on the edge of the
association at the time of it’s formation. It remains to be seen whether the P Puppis
cluster is part of some wider age gradient across the association.

Few studies have attempted this kind of investigation before due to the lack of
precise 6D kinematics, but by combining Gaia astrometry with precise RV surveys,
this may be possible in other nearby star forming regions.

We have used an epicycle approximation to trace the motions of clusters and
sources, but this approximation does not take into account the effects of close grav-
itational interaction between sources in these groups. Detailed N-body simulations
would be needed to determine what types of initial configuration are possible given
the current structure and kinematics of the region. Comparison to GMC star forma-
tion models (such as Dobbs et al. 2017) could also be used to constrain the dispersal
timescales and spatial configuration at birth for systems such as these.

Future investigation could be made into the distribution of sources at different
ages within Vela OB2, to look for a possible age gradient across the region which
would inform us as to the mode of formation of these groups and explain the age
difference between P Puppis and v Vel.

We also attempt to identify candidate runaway stars in this sample, selecting
on consistent proper motion, but then verifying using RVs and age. Despite 10 candi-
dates based on their PMs, we find only 1 likely runaway after our verification process.
This highlights the importance of such criteria and the use of RVs and stellar ages
for confirming runaway candidates.

While unsuccessful in detecting multiple runaways, this study does highlight
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the importance of RVs for assessing candidate runaway stars. Other recent studies
that have searched for runaway stars (McBride & Kounkel 2019; Schoettler et al.
2020; Farias, Tan & Eyer 2020) have attempted to detect runaways primarily using
Gaia DR2 proper motions, but have incomplete RV information. Our study high-
lights the value of obtaining RVs when assessing candidate runaway stars and shows
the considerable decrease in the number of possible runaways that may occur when
such information is taken into account when doing this.

To conclude, this work has revealed the complex spatial, kinematic and tem-
poral structure of the Vela OB2 association, identifying various groups and clusters
within it, confirming the expansion of the association, and revealing the structure

and configuration of the region throughout its formation.

7.1 Future work

The spectra for sources in our fields of observation cover a large wavelength range, yet
so far we have only used them to measure RVs and EW(Li)s. We could obtain much
more information from them, including other age indicators such as Ha emission.
The Hor emission line at 6563 A is a strong indication of youth in PMS stars, arising
from circumstellar disc accretion and chromospheric activity. Obtaining EW (Ha)
and Ha 10% (Lanzafame et al. 2015) values for sources in our sample would allow
us to identify possible accretors and to calculate mass accretion rates (Frasca et al.
2015).

In Chapter 6 we distinguish between the different kinematic groups in our
sample largely based on prior knowledge of their membership and kinematics in the
literature (Section 6.2.1). Other methods of identifying clusters have been recently
applied to Gaia data, such as clustering algorithms (Kounkel et al. 2018; Canovas
et al. 2019; Hunt & Reffert 2021) and Gaussian mixture models (Gao 2018; Cantat-
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Gaudin et al. 2019b). The results of such automated approaches applied to our
sample could be compared to our selection criteria, not only to verify membership
of sources in the groups and so the expansion and rotation trends in each group, but
also to possibly identify further subgroups within Vela OB2.

A spectroscopic survey of a wider area, perhaps across the whole region studied
by Cantat-Gaudin et al. (2019a), could be used to investigate the substructure in
each of their identified populations, as we have done for their population 7. This
could be used to search for runaway stars that may have been ejected further in the
past, and to look for possible age gradients across the entire region. The motion of
any substructures found could then be traced back in time to investigate the star
formation history of the region.

Comparison with N-body simulations would be helpful in our attempts to trace
the past configuration of the association. A better understanding of the dynamical
evolution of groups of young stellar objects like these is necessary to correctly in-
terpret the initial configuration from their current state. This would be particularly
valuable, for example, for estimating how dense the Vela OB2 association could have
been at the time of its formation, which has significant implications for the star and
planet formation process.

Since our survey of this region is spatially limited, we can only detect recent (<1
Myr) ejectees. Runaways ejected further in the past would have long since moved
away from our fields of observation. In order to detect runaways with a broader
range of ejection timescales we could expand on this study by searching a wider area
for stars whose kinematics are consistent with them having been ejected from these
clusters longer ago. Spectroscopic follow-up would then be required to confirm the
youth of such objects and measure RVs with which to test their runaway status.

With precise RVs, future investigations could more accurately identify runaways
from groups of young stars. Knowledge of the nature and frequency of dynamical

ejections is important for our understanding of dynamical interactions within clus-
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ters and the means by which their members may disperse into the field population.

Our spectroscopic sample is comprised of low-mass objects and we only briefly
make a comparison between these and the high-mass members for which OB associ-
ations are known (Section 3.5). A detailed study of how high-mass stars affect their
local environment and neighbouring stars in associations (72 Vel in the Vel cluster,
supernovae remnants in associations e.g. Cantat-Gaudin et al. 2019¢) could reveal
key processes responsible for the complex substructure we have observed.

In our investigation we have established that the Vela OB2 association is highly
substructured, both spatially and kinematically. It contains multiple open clusters of
different ages with distinct kinematics, which are surrounded by a sparse, expanding
population. This raises questions about other associations, do they typically form
with such substructure and over what timescales is it erased? Also, for the formation
of clusters, do they typically form as the dense cores of larger, sparse populations
or can they form in relative isolation? In order to answer these questions, further
kinematic investigations of multiple populations of young stars at a variety of ages
are needed. This will require a combination of large scale astrometry (such as Gaia)
with data from complimentary surveys to facilitate the widespread identification of
young stars, such as WEAVE (Dalton et al. 2018), 4MOST (de Jong et al. 2019), or
eROSITA (Merloni, Nandra & Predehl 2020). The results from this investigation of
Vela OB2 can be compared to those of other groups of young stars, allowing us to
identify trends in structure and kinematics, contributing to a more complete picture

of the large-scale formation and early life of stars.
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