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ABSTRACT

The kinematics of stars in OB associations can provide insights into their formation, dynamical evolution, and eventual fate.
The low-mass stellar content of OB associations are sufficiently numerous as to provide a detailed sampling of their kinematic
properties, however spectroscopy is required to confirm the youth of individual stars and to get 3D kinematics. In this paper,
we present and analyse results from a large spectroscopic survey of Vela OB2 conducted using 2dF/HERMES on the AAT.
This spectroscopy is used to confirm the youth of candidate young stars and determine radial velocities, which are combined
with proper motions and parallaxes from Gaia to measure 3D positions and velocities. We identify multiple separate kinematic
groups in the region, for which we measure velocity dispersions and infer their virial states. We measure expansion rates for
all these groups and find strong evidence for anisotropic expansion in the Vela OB2 association of at least 11o significance in
all three dimensions, as well as some evidence for expansion in the y Vel and P Puppis clusters. We trace back the motions of
these groups into the past and find that the open cluster NGC 2547 is an interloper in the Vela OB2 region and actually formed
>100 pc away from the association. We conclude that Vela OB2 must have formed with considerable spatial and kinematic
substructure over a time-scale of ~10 Myr, with clear temporal substructure within the association, but no clear evidence for an
age gradient.

Key words: techniques: spectroscopic —surveys —stars: kinematics and dynamics —stars: pre-main-sequence —open clusters

and associations: individual: Vela OB2, NGC 2547, y, Vel, P Puppis.

1 INTRODUCTION

OB associations are gravitationally unbound groups of young stars
that share an associated motion through space. They are so named
after their brightest members, OB stars, the grouping, and kinematics
of which have long been a subject of interest (Ambartsumian 1947;
Blaauw 1964; de Zeeuw et al. 1999). However, the low-mass
members of these associations have only more recently begun to
be identified and their complex substructures revealed (Preibisch
et al. 2002; Bricefio et al. 2007; Cantat-Gaudin et al. 2019b; Zari,
Brown & de Zeeuw 2019).

The origins of OB associations are still debated. It has been
suggested that they could be the remnants of young clusters which
became unbound through the process of residual gas expulsion and
began to expand (Tutukov 1978; Hills 1980; Kroupa, Aarseth &
Hurley 2001). Once massive O and B type stars have formed in a
young cluster their stellar winds and photoionizing radiation expel
the molecular gas surrounding them and so the cluster loses the
majority of its binding mass and becomes unbound. This hypothesis
postulates that OB associations are an intermediate stage between
bound clusters and their dispersal into the Galactic field.

* E-mail: joseph.armstrong @chalmers.se

However, more recent investigations have found that groups of
young stars form with considerable spatial substructure (Sdnchez &
Alfaro 2009; Tobin et al. 2009; André et al. 2010; Wright et al.
2014), and with the availability of high precision astrometry from
Gaia (Gaia Collaboration 2016, 2018), kinematic substructure has
also been identified in OB associations (Wright et al. 2016; Wright &
Mamajek 2018; Armstrong et al. 2020). The spatial and kinematic
substructure has since been linked to age substructure as well
(Cantat-Gaudin et al. 2019b; Zari et al. 2019; Damiani et al.
2019). This evidence better supports a scenario where stars form
in subgroups at a range of densities, at different times and with
different kinematics (Kruijssen et al. 2012; Ward & Kruijssen 2018).
The densest regions of young stars may remain as bound clusters, but
the unbound majority form associations which expand and eventually
disperse.

Vela OB2 is a nearby (411 &+ 12 pc; de Zeeuw et al. 1999)
intermediate age (10-20 Myr; Sahu 1992; Cantat-Gaudin et al.
2019b) association which spans an area of ~100 deg? on the sky
(de Zeeuw et al. 1999; Armstrong, Wright & Jeftries 2018; Cantat-
Gaudin et al. 2019b). The seminal study of OB associations using
Hipparcos astrometry by de Zeeuw et al. (1999) identified 93 O-B
members of Vela OB2, though until the release of Gaia data (Gaia
Collaboration 2016, 2018) the full extent of the low-mass population
was unknown.
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Vela OB2 is known to contain the young open cluster y Vel
whose pre-main sequence (PMS) members have been identified with
X-ray (Pozzo et al. 2000; Jeffries et al. 2009) and spectroscopic
observations (Jeffries et al. 2014; Armstrong et al. 2020). Using
the spectroscopic sample of y Vel from the Gaia-ESO Survey
(GES; Gilmore et al. 2012), Jeffries et al. (2014) identified two
populations of young PMS stars, offset in their radial velocities (RVs)
by 2.15 & 0.48 kms~!. Population A has a narrow RV dispersion
o4 = 0.34 £ 0.16 km s~! and population B has a broader RV
dispersion o3 = 1.60 & 0.37 km s~!, suggesting that population
A correlates to the likely bound y Vel cluster and population B
to the sparse Vela OB2 association. Indeed, Sacco et al. (2015)
also identified a sparse population towards NGC 2547, ~2 degrees
south of y Vel, which exhibits similar RVs to that of Jeffries et al.
(2014).

The wealth of high-precision astrometry available from Gaia has
facilitated many recent studies investigating the large-scale structure
of Vela OB2 and the dynamics of its clusters (Damiani et al. 2017;
Armstrong et al. 2018; Beccari et al. 2018; Franciosini et al. 2018;
Cantat-Gaudin et al. 2019a,b; Armstrong et al. 2020). Armstrong
et al. (2018) combined Gaia DR1 and 2MASS (M. Cutri et al. 2003)
photometry to identify the extended PMS population of Vela OB2
and detected considerable substructure outside the y Vel cluster.
This structure was also confirmed by Beccari et al. (2018) and
Cantat-Gaudin et al. (2019b) who both used Gaia DR2 and different
clustering algorithms to identify multiple groups of young stars
that were distinct in position and proper motion. Cantat-Gaudin
et al. (2019a) extended this work over a wider area around Vela
and Puppis to identify seven distinct populations that differ in age
and kinematics. The youngest and most densely populated of these
corresponds to Vela OB2 and the y Vel cluster, as well as other
substructures identified by Armstrong et al. (2018) and Beccari et al.
(2018).

In Armstrong et al. (2020), we presented the results of spec-
troscopic observations centred on the y Vel cluster. We calculated
equivalent widths of the Li 6707.8 Aline (EW(Li)s), a youth indicator
for low-mass PMS stars, and RVs for 248 PMS candidates and,
combined with the sample of y Vel cluster members from Jeffries
et al. (2014), separated them into two distinct populations. We
searched for expansion trends in three dimensions for both the cluster
(population A) and association (population B) components of the
sample. We found >4o evidence for expansion in three dimensions
for the Vela OB2 association component, though it was significantly
anisotropic.

In this study, we present results from a larger and wider scale
spectroscopic survey across the entire Vela OB2 association with
the goal of identifying young stars and studying their kinematics.
Section 2 outlines the data used and the spectroscopic observations
performed. Section 3 provides an overview of the region and dissects
the young stellar population into different groups, with Section 4
going on to analyse the dynamics of these groups. In Section 5 we
discuss our results.

2 THE DATA

In this section, we explain how the sample of young stars stud-
ied in this work was compiled, including the spectroscopic data
obtained from 2dF/AAT, astrometric data from Gaia, and pho-
tometric data from various sources. We also outline our criteria
for cleaning the sample and identifying a reliable list of young
stars.
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Figure 1. Gaia DR2 Ggp — Grp versus 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. (2021). Also shown are 10 and 20 Myr PMS isochrones (Baraffe
etal. 2015) after applying a reddening and extinction of E(V — I) = 0.055 and
Ay =0.131 (Jeffries et al. 2014). The PMS selection box shown is designed to
include the majority of confirmed PMS stars (red) above the 20 Myr (Baraffe
et al. 2015) isochrone and within the range 6.5 < Mg < 9.5. The positions
of 0.9My and 0.17 M PMS stars on the 10 Myr isochrone are shown to
indicate the mass range of our targets for spectroscopic observations.

2.1 Spectroscopic target selection

We began our selection of likely PMS stars for spectroscopic
observation by identifying the regions of Vela OB2 with the highest
densities of PMS candidate stars using Gaia DR2 photometry and
parallaxes (Fig. 1). We created a Ggp — Ggrp versus Mg colour-
absolute magnitude diagram (CaMD) for Gaia DR2 sources and
designed a selection box to be used as the primary filter, based on
the positions of previously identified PMS members of the y Vel
cluster and Vela OB2 (Jeffries et al. 2014; Fig. 1). We also employed
a parallax cut, removing objects with @ > 4 or 2 > @ (sources with
distance >500 pc or <250 pc, respectively), effectively eliminating
foreground and background contamination.

This selection of candidate PMS stars allowed us to produce a
map of the distribution of our targets (Fig. 2). This map clearly
shows a wide distribution of candidate PMS stars, as well as the
prominent y Vel cluster (RA,Dec = 122.0°, —47.5°). Also visible is
the open cluster NGC 2547 (RA,Dec = 119.5°, —49.3°) and a smaller
cluster to the west (RA,Dec = 122.0°, —46.5°) that appears to be
the P Puppis cluster identified by Caballero & Dinis (2008). Another
overdensity is visible at (RA,Dec = 119.5°, —49.3°). These clusters
correlate well with the groups identified by Beccari et al. (2018) and
are also surrounded by a less dense, widespread population spanning
~15 x 8 degrees that broadly follow the distribution of known OB-
type members of Vela OB2 (de Zeeuw et al. 1999).

2.2 Spectroscopic observations and data reduction

In order to obtain spectroscopic radial velocities to complement Gaia
S-parameter astrometry, and spectroscopic youth indicators for low-
mass PMS stars (Li and H o) we made observations with the 2-degree
field (2dF; Lewis et al. 2002) fibre positioner and the high-efficiency
and resolution multi-element spectrograph (HERMES; Sheinis et al.
2015) at the Anglo-Australian Telescope (AAT). HERMES provides
a resolution of R ~ 28000 in four optical bands. The red band
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Figure 2. A density map showing the distribution of likely low-mass PMS stars in the Vela OB2 region, selected using Gaia DR2 Ggp, Grp and G-band
photometry as well as parallaxes (Fig. 1). The known open clusters identified are labelled and massive Vela OB2 members (de Zeeuw et al. 1999) are shown as
white dots. Fields chosen for spectroscopic observations are indicated by white circles with field numbers next to them.

covers the wavelength range 64786737 A within which both the
Ho 6562.8 A and Li 6707.8 A lines are found.

Using the density map we selected the positions for eight target
fields (white circles in Fig. 2, listed in Table 1), covering the regions
of highest PMS star density and a more diffuse region in field 3. For
each field we aimed to select 340-350 targets per field to make use of
all available fibres on the 2dF/HERMES spectrograph, prioritizing
targets based on their proximity to 10-20 Myr PMS isochrones
(Fig. 1). In total we assigned fibres to 2762 targets in 8 fields, 2635
of which were unique.

2.2.1 Observations and data reduction

Observations were made on four nights from 2019 January 10-14.
Multiple 2400s exposures were taken for each of the 8 selected fields.
Coordinates, total exposure time, numbers of targets, and numbers of
confirmed PMS stars (Section 2.4) for each field are given in Table 1.
Calibration frames, including dark frames and multifibre flat fields
were taken for each field. 25 fibres per field were positioned on
regions of empty sky to measure the sky spectrum.

2.2.2 Data reduction and analysis

The spectroscopic data were calibrated and reduced using the 2dF
Data Reduction (2DFDR) software tool (AAO Software Team 2015).
Measurement of spectroscopic parameters (equivalent widths of the
Li 6707.8 A line and Ho 6562.8 A line and He core and wing
indices; EW(Li)s, EW(H «)s, ., a,,) from reduced spectra was done

MNRAS 517, 5704-5720 (2022)

following the procedures of Damiani et al. (2014), Jackson, Deliyan-
nis & Jeffries (2018), and Jeffries et al. (2021). The measurement
of RVs and EW(Li)s required synthetic spectra with matching T
(derived from G, BP, RP, and K-band photometry, Section 2.6) to our
reduced target spectra. Synthetic spectra were produced using the
MOOG spectral synthesis code (Sneden et al. 2012), with Kurucz
(1992) solar-metallicity model atmospheres, for log g = 4.5 and down
to Terr = 4000 K in 100k steps. Rotational broadening and instrument
resolution are accounted for in the extraction profile.

For sources observed in multiple fields, and where both observa-
tions have SNR < 10, we use the mean «,, and EW(H «) values
and weighted mean RVs and EW(Li)s, weighted by the square of the
inverse measurement uncertainties.

2.2.3 Radial velocities

Reduced target spectra were cross-correlated with their matching
synthetic spectra and RVs were determined from the position of the
peak in the cross-correlation function (CCF) by fitting a Gaussian
function. Sources for which a Gaussian function cannot be satisfac-
torily 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 (Ery =
ARV/+/2). The RV uncertainties are normalized per field using a
scaling function

Srv = FWHM+/A2 + (B/SNR)2, (1)
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Table 1. Details of the eight fields targeted and observed, listing the central coordinates, total exposure time (s), number of science
targets, and number of spectroscopically confirmed PMS stars per field. As there are some targets included in overlapping fields, the
total number of unique targets are given in bold.
Field number RA (°) Dec (°) Exposure time (s) Targets Confirmed PMS stars
1 126.88001127 —47.93995199 7200 344 31
2 125.18927075 —49.31417082 4800 349 26
3 120.19231869 —46.45083941 7200 342 65
4 119.79694371 —48.95542601 7200 348 79
5 122.81934540 —45.96854395 7200 343 99
6 (P Puppis) 117.31048094 —46.50807097 16800 348 90
7 (NGC 2547) 122.30222601 —49.35166480 9600 340 110
8 (y Vel) 122.14277093 —47.66916442 7200 348 181
Total 2762 (2635) 671 (653)
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Figure 3. Equivalent width of the lithium 6708 A line plotted against the G — K colour (combined 2MASS and VHS). Sources that pass our threshold for

significant EW(Li) are plotted in red, sources that fail are plotted in blue.

where A and B are determined per field as the gradient and intersec-
tion of a linear best fitto 1/SNR versus ARV/AFWHM (Jeffries et al.
2021). Normalized RV uncertainties are then calculated as Ery/Sry
and these are used in the following analyses.

We obtained RVs and RV uncertainties for 46 per cent of our
unique targets.

We also estimate gravitational redshifts for our sample using radii
from our SED fits (Section 2.6) and this induced a median offset of
0.52 4+ 0.16 kms ™! in the radial velocities (in good agreement with
the findings of Gutiérrez & Ramos-Chernenko 2022, for Pozzo 1,
ie, y Vel).

2.2.4 Li equivalent widths

The equivalent width of the Li 6707.8 Aline (EW(Li1)) was measured
by subtracting the synthetic spectrum from the target spectrum and
then integrating under the relevant profile. EW(Li) uncertainties are

taken as the RMS value of the EWs measured using the same
procedure with the Gaussian profile of the CCF centred at five
wavelengths either side of the Li 6707.8 A line (Jackson et al. 2018).
Blended with the Li line is a weak Fe I line at 6707.4 A 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.'

As in Armstrong et al. (2020), a small zeropoint error in EW(Li)
is expected for target stars cooler than 4000 K, the lowest T
used for the synthetic spectra. However, sources where this is
apparent (with negative EW(Li)s) are still consistent with 0 mA
considering their uncertainties (o gwi); Fig. 3), and the measured
EW(Li)s are sufficiently accurate for the identification of PMS
stars.

!'Spina et al. (2017) report median metallicities of —0.03 = 0.02 dex for y
Vel and —0.006 =+ 0.009 dex for NGC 2547, consistent with solar metallicity
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We obtained EW(Li)s and EW(Li) uncertainties for 74 per cent of
our unique targets.

225 Ha

For stars with high mass accretion rates, excess continuum emis-
sion can cause EW(Li)s to be underestimated (Palla et al. 2005),
so other spectroscopic youth indicators are needed to identify
such stars. Excess emission of the He line at 6562.8 A is often
used to distinguished between Classical T Tauri stars (CTTs) and
Weak-line T Tauri stars (WTTs). Damiani et al. (2014) define
two spectral indices, «, and «,,, which respectively describe the
core and wing components of the Ho emission profile. They are
defined as

Qe = (fcore)/(fcominuum) (2)
Ay = <fwings)/(fcontinuum) —0.4 x (l - <fA2)/<fB2))’ (3)

where (feore) 1S the mean flux in the wavelength range 6560.8—
6564.8A (fwings) 18 the mean flux in the wavelength ranges 6556.8—
6560.8 and 6564.8-6568.8A (feontinuum) 1S the mean flux in the
wavelength ranges 6532.8-6542.8 and 6582.8-6592.8A (f1,) is the
mean flux in the wavelength range 6530-6540A and (fz,) is the mean
flux in the wavelength range 6544—6552A. We note the presence of
the [N 11] line at 6583 A in many of our spectra and adjust the range
of the feontinuum components to 6532.8-6542.8 and 6585.8-6592.8 A
to exclude it. Damiani et al. (2014) establish «,, > 1.1 as a threshold
for candidate CTTs, which we adopt for our selection of PMS stars.

Damiani et al. (2014) also note that the equivalent width of the
H « line can be computed using these indices,

EW(Ha)(A) = 4o, + 8y, — 12, 4)

which can also be used to identify candidate CTTs, the commonly
adopted threshold for which is EW(Ha) > 10 A (Nikoghosyan &
Azatyan 2019).

We obtained o, «,, and EW(Ha)s for 99.8 per cent,
99.5 per cent, and 99.4 per cent of our unique targets.

Given the limitations of effective nebular sky subtraction, there is
a risk that background emission may affect our H ¢ measurements,
but with the steps we have taken we expect this to be minimal.

2.3 Gaia EDR3 astrometry

‘We match our 2635 unique spectroscopic targets to the Gaia EDR3
catalogue (Gaia Collaboration 2021), improving the precision of 5-
parameter astrometry from Gaia DR2. In order to ensure the accuracy
of our kinematic analysis we require that sources in our sample have
a renormalized unit weight error (RUWE) < 1.4 (Lindegren et al.
2018), large values of which indicate spurious astrometric solutions
which may bias any kinematic analysis we perform on them. 1857
of our sources satisfy this requirement, and sources that do not are
not included in the subsequent analysis.

Recent analysis of Gaia EDR3 astrometry have suggested that
parallax uncertainties (o, ) may be underestimated, especially for
bright sources, so we apply a G magnitude-dependent correction
factor g to o, as described in equation (16) of El-Badry, Rix & Heintz
(2021). We also require that sources in our sample satisfy | qj’rm | > 2.
All 1857 sources in our sample do satisfy this requirement and their
corrected parallax uncertainties are used in the subsequent analysis.

MNRAS 517, 5704-5720 (2022)

2.4 Identifying young stars

For young, low-mass stars Li is a reliable age indicator since
it is rapidly depleted once the temperature at the base of
the convection zone reaches 3 x 10° K (Soderblom 2010).
The time-scale for Li depletion is ~100 Myr for K-type and
~20 Myr for mid M-type stars, making it an effective discrim-
inator between Vela OB2 PMS members and field K- and M-
dwarfs (Fig. 3). This is our primary means for identifying PMS
stars.

We set the threshold for a significant EW(Li) at EW (Li)—ogwi) >
100 mA as a robust criteria for identifying PMS stars, consid-
ering the large ogwqi values for redder sources (see Fig. 3).
This criteria may exclude a small fraction low-mass members that
appear to have already depleted their Li in a narrow temperature
range (3.7 < (G-K) <4.0; see also Jeffries et al. 2014), but
for our subsequent kinematic analysis excluding these members
is preferable to the possible inclusion of older contaminating
stars. This may insert a modest bias against older PMS stars,
since Li depletion progresses rapidly beyond the age of the y
Vel cluster. 624 sources pass this criteria across all 8 fields, 395
of which have valid RVs and RV uncertainties and Gaia EDR3
RUWE < 1.4.

We also include in our PMS sample 15 other sources which have
valid RVs and RV uncertainties and Gaia EDR3 RUWE<1.4 with
significant H o excess emission, which satisfy either the «,, > 1.1
or the EW(Ha«) > 10 A thresholds, but excluding sources with low
quality spectra (SNR < 10).

2.5 Calibration checks

In our entire sample, there are 127 sources with repeat observations
in multiple fields, eight of which meet our spectroscopic youth
criteria and have valid RVs and uncertainties from each observation.
The standard deviation of the standardized difference in RVs for
these sources is 3.226, which we would expect to be ~1 if there
was no significant bias between different observations of the same
source. This could suggest an additional source of uncertainty
exists in our RVs beyond that which we have already quantified,
however the number of sources with spectroscopic youth criteria
observed multiple times is low and therefore this value is highly
uncertain.

To test this, we compare the measured RV to the fibre number
for all stars in each of our eight observed fields to search for any
dependence that could have introduced an RV bias. We find that
the linear best-fitting gradients between RV and fibre number are
consistent with 0 for 7 fields, while for field 8 (y Vel; Fig. 1) the
gradient is only of 1.5¢ significance.

As a further test we match the sources in our sample to sources
observed by Armstrong et al. (2020), of which there are 36 young
stars with valid RVs and RV uncertainties in both the 2018 and
2019 data. We find that the standard deviation of the standardized
difference in RVs for these sources is 0.952, consistent with the
expectation value of ~1.

We also note that binarity among the PMS targets is unlikely
to be the cause of the large standard deviation of the standardized
difference in RVs since these observations were all taken within four
nights (see Section 2.2.1).

We therefore conclude that there is no significant RV bias or
additional RV uncertainty in our measurements and carry out our
analysis using the RVs and uncertainties calculated as described
above.
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2.6 Estimating stellar parameters with SED fits

In order to estimate stellar ages and masses for our sources, we
performed spectral energy distribution (SED) fits to the SEDs for
these sources. SEDs were compiled from Gaia, 2MASS (M. Cutri
et al. 2003) and VISTA Hemisphere Survey (VHS; McMahon et al.
2013) photometry,” covering a wavelength range of ~0.4-2.2 um.
1581 sources have at least one infrared band, while 276 sources lack
any infrared photometry (though they have Gaia photometry and so
SED fits are still possible).

The SEDs were fit using a forward model and Bayesian inference,
with the posterior distribution function sampled using the MCMC
sampler emcee (Foreman-Mackey et al. 2013) for the free parameters
of stellar mass and age. The model SEDs were derived using the
PARSEC stellar evolution models (Marigo et al. 2017), which pro-
vide effective temperature, luminosity, and unreddened photometry.
The model SEDs were then reddened by applying a fixed extinction
of Ay = 0.131 mag (y Vel cluster; Jeffries et al. 2014) and placed at
the distance of each source according to their Gaia EDR3 parallaxes
(varying the distance according to the parallax uncertainties). The
MCMC sampler was run using 1000 walkers and 500 iterations, with
the first half of the posterior distribution discarded as a burn-in and
the second half used to derive the best fit (from the median) and the
1o bounds (from the 16th and 84th percentiles).

The resulting ages and masses may be biased by uncertainties
due to unresolved binarity and variability, which are not accounted
for in the models. This may introduce a bias in the best-fitting 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 to
be underestimated. This will create a tail in the age distribution of
sources in our sample extending towards younger ages.

2.7 Deriving 3D positions and velocities

We use Bayesian inference to obtain Cartesian positions XYZ
and velocities UVW on the Galactic Cartesian system using the
coordinate transformation matrices from Johnson & Soderblom
(1987). To sample the posterior distribution function, we use the
MCMC sampler emcee. 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 o uncertainties (similar to the method used
in Wright & Mamajek 2018). Due to the position of Vela OB2 on
the sky the Galactic Cartesian Y direction correlates most closely
with the line-of-sight and thus has larger uncertainties than X or
Z coordinates due to the contribution from parallax uncertainties.
Similarly, the uncertainties on Cartesian velocity in the Y direction,
V, have a larger contribution from RV uncertainties than velocities U
or W.

2For sources with K-band magnitudes in both catalogues, we select the
photometry as follows; for Komass < 12 we use the 2MASS K band, for
sources with Kygs > 13 we use the VHS K band, otherwise we use the mean
of both values. As these sources are nearby and the stellar density of the
region is low, we do not expect the difference in resolution of the 2MASS
and VHS surveys to introduce any significant bias.
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2.8 Summary of the data

After reducing the spectra of our AAT sources, we have 1212
unique sources with spectroscopic RV and EW(Li) spread across
eight fields over the Vela OB2 region, with S5-parameter as-
trometry from Gaia EDR3, with which we calculate Cartesian
XYZ positions and UVW velocities. 410 of these sources are
identified as PMS stars with significant EW(Li)s, EW(Ha)s, or
ays. The median uncertainties on distance, proper motion, and
RV for the confirmed PMS stars are 6.50 pc, 0.033 mas yr—!
(0.06 km s~! at the median distance of 382 pc) and 0.20 km s~!,
respectively.

3 OVERVIEW OF THE SAMPLE

Fig. 4 shows the spatial distribution of the 410 confirmed PMS stars
with their markers colour-coded according to their relative proper
motion (relative to the median of the sample). Fig. 5 shows another
version of this figure with the proper motion vectors shown.

Multiple groups of sources are immediately apparent from both the
spatial distribution of sources and their proper motions. The dense
group of purple-coloured sources at (8"10™, —47.5°) corresponds to
the y Vel cluster, the sparser group of yellow-coloured sources at
(8"10™, —49°) corresponds to the open cluster NGC 2547 and the
group of cyan-coloured sources at (750", —46.5°) is the P Puppis
cluster. There are other substructures that are also apparent. While
the majority of Vela OB2 sources appear green, with relative motion
towards the south-east, a group can be seen in the two eastern-most
fields moving southwards and another group in field five in red is
moving north-west. 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.

Fig. 6 shows the distribution of these sources in proper motion
space. Again, our sample can be divided into distinct groups. We
find that the densest region of sources at (uq, ts) ~ (—6.5, 9.5)
mas yr~! corresponds to the y Vel cluster, the smaller dense group
at (g, ms) ~ (—4.5, 9) mas yr*l is the P Puppis cluster, and the
swathe of sources around these two clusters corresponds to the wider
Vela OB2 association. It is clear from this that both of these clusters
are spatially and kinematically related to Vela OB2. The sources
belonging to NGC 2547 are located at (uq, ps) ~ (—8.5, 4.5) mas
yr~! and appear kinematically distinct from Vela OB2 however.

In Fig. 7, we plot RV versus parallax for our confirmed PMS
stars. The y Vel and P Puppis clusters are not as distinct from
the Vela OB2 association in this plot, due mostly to the greater
uncertainties on both of these quantities, but are visible at around
(w = 2.85 mas, RV = 17 kms™!) and (&w = 2.5 mas, RV = 21
kms ™), respectively. NGC 2547 is a distinct group at (zr = 2.6 mas,
RV = 14 kms™!). In addition to the widespread population apparent
in this figure, we note the presence of a number of stars whose
parallaxes are too small (o < 2.3 mas) to be a part of the Vela OB2
association, and may represent another group of young stars in the
background.

Fig. 8 shows the distribution of distances of sources (from Bailer-
Jones et al. 2021) belonging to Vela OB2 and the y Vel, NGC 2547,
and P Puppis clusters. Noticeably, while the members of the sparse
Vela OB2 association span ~100 pc, the peak of the distributions for
Vela OB2, NGC 2547, and the P Puppis cluster are located at 380—
400 pc (see Table 2), whereas the peak of the distance distribution
for y Vel is ~40 pc closer, in agreement with the findings of Beccari
et al. (2018) in their fig. 2.
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Figure 4. Spatial distribution of the 410 confirmed PMS stars across the eight fields observed. Points are colour-coded based on the position angle of the proper
motion vector relative to the group median (see the colour wheel in the top left as a key). The background is an IR map of the region from IRIS (Improved
Reprocessing of the IRAS Survey; Miville-Deschénes & Lagache 2005). The half-mass radii of the three known clusters (y Vel, NGC 2547, and P Puppis) are

indicated by dashed circles.

3.1 Identifying subgroups in the sample

In order to study the properties and kinematics of the different groups
of stars in our sample we need to separate them, ideally in a way that
does not introduce any kinematic biases. First, we identify the regions
of proper motion space occupied by the main clusters (Fig. 6). We
define a selection area for the y Vel cluster of radius 0.7 mas yr~!
centred on (i, is) = (—6.53,9.8) mas yr~!, an area for the P Puppis
cluster of radius 0.7 mas yr~' centred at (io, us) = (—4.7,9) mas
yr~! and an area for NGC 2547 within —9.6 < pe/mas yr~! < —7.5
and 3 < us/mas yr*l < 5.5. We also define boundaries for these
clusters in RV and parallax (Fig. 7). For y Vel we require sources to
have 2.8 < /mas < 3.0 and 16 < RV/kms™! < 18, for P Puppis we
require sources to have 2.4 <m/mas < 2.65 and 20 < RV/kms™! <
22.5 and for NGC 2547 we require sources to have 2.5 <w/mas <
2.65and 12 < RV/kms™' < 14.

These boundaries for membership of the clusters are designed
to be strict, minimizing contamination of the samples at the risk
of a reduced completeness. As a consequence, it is likely that the
Vela OB2 sample will contain sources that are really members of
the clusters. However, as it is by far the most populous group, a

MNRAS 517, 5704-5720 (2022)

small amount of contamination will affect our results much less than
contamination of the cluster groups would. In Figs 4 and 5 we show
with dashed lines the areas enclosed within each clusters’ half-mass
radius. These are determined as the radius that contains half of all
young stars within these cluster samples.

There is a distinct group of more distant sources at & < 2.25 mas
(d Z 450 pc) which we plot in purple in Figs 6 and 7. Sources which
are not allocated to the y Vel, P Puppis, or NGC 2547 clusters or the
distant group but are within the large overdensity in proper motion
space (—7.7 < pg/mas yr—' < —3.8 and 7.4 < ps/mas yr~!' < 11.5)
are allocated to the Vela OB2 association group and are plotted in
red in Figs 6 and 7. This is the largest group in our sample. All
remaining PMS stars not in these five groups are plotted in cyan in
Figs 6 and 7. These sources have kinematics very different from the
main groups and may be unrelated to these regions or runaway stars
that have been ejected from one of these clusters.

In total, we allocate 50 sources to the y Vel cluster, 32 to the
P Puppis cluster, 21 to NGC 2547, 246 to Vela OB2, identify 11
sources as distant objects, and 26 sources as kinematic outliers. The
low number of sources identified as part of NGC 2547 (compared to
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Figure 5. Spatial distribution of the 410 confirmed PMS stars across the eight fields observed. Vectors indicate the proper motion of each source relative to the
group median, colour-coded based on the position angle of the proper motion (see the colour wheel in the top left as a key). The magnitude scale (mas yr—') of
proper motion vectors is indicated by the scale bar in the bottom right. The background is an IR map of the region from IRIS (Improved Reprocessing of the
IRAS Survey, Miville-Deschénes & Lagache 2005). The half-mass radii of the three major clusters (y Vel, NGC 2547 and P Puppis) are indicated by dashed

circles.

the number of low-mass members identified by Jackson et al. 2022,
for example) is due to the age of this cluster (~35 Myr; Jeffries &
Oliveira 2005) being greater than either the range of ages our CMD
selection box was designed for (Fig. 1) and the ages at which many
low-mass PMS stars deplete their Li (see Section 2.4).

3.2 Comparing the sample to other works

Of the 410 PMS stars we have confirmed, 386 were included by
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 turbulent molecular cloud. We also note that 418 of
our sources with measured EW(Li)s which fail our spectroscopic
PMS criteria match to candidate young stars of Cantat-Gaudin et al.
(2019a).

Overall, the membership of sources in the Vela OB2 association
and the three clusters studied here agrees very well with the popula-

tions of Cantat-Gaudin et al. (2019a). From the matches between our
sample and the populations of Cantat-Gaudin et al. (2019a) all the
sources in the y Vel and P Puppis clusters and all but one source in the
Vela OB2 association match to population 7 of Cantat-Gaudin et al.
(2019a), their youngest population (10-15 Myr). All our sources in
NGC 2547 and the majority of our kinematic outliers match to their
population 4, an older population (35-40 Myr), suggesting that most
of our kinematic outliers may not be related to the young stars of Vela
OB2 and its associated clusters. 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 associated
with the cluster BH 23 (located outside our area of observation),
but some also belong to populations 5 and 7 of Cantat-Gaudin et al.
(2019a).

Beccari et al. (2018) applied the DBSCAN clustering algorithm
(Ester et al. 1996) to Gaia DR2 sources in this region and identified
six clusters, of which their clusters 4, 3, and 1 correspond to y Vel,
NGC 2547, and P Puppis, respectively. They estimated isochronal
ages of 10 Myr for y Vel and P Puppis and 30 Myr for NGC 2547
using OmegaCAM photometry.
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Figure 6. Proper motions of confirmed PMS stars colour-coded according
to their grouping (see Section 3.1): y Vel cluster (blue), Vela OB2 (red),
P Puppis cluster (yellow), NGC 2547 cluster (green), background sources
(purple, d > 440 pc), with all other sources shown in cyan. The selection
areas for the y Vel, P Puppis, and NGC 2547 clusters, as well as Vela OB2
are also shown.
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Figure 7. RV versus parallax for the confirmed PMS stars, with the colour-
coding as per Fig. 6. Selection areas for the y Vel, NGC 2547, and P Puppis
clusters are shown. The anticorrelation between RV and parallax for Vela
OB?2 sources is evidence of expansion in the association. The dashed line at
w = 2.3 mas indicates the boundary between Vela OB2 and the background
population.

Pang et al. (2021) applied the StarGo algorithm (Yuan et al. 2018)
to Gaia EDR3 sources in the region and identified five kinematic
groups, of which their groups Huluwa 1 and 3 correspond to y Vel
and P Puppis, respectively. They estimated isochronal ages of 12.1—
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Figure 8. Distribution of distances (Bailer-Jones et al. 2021) of confirmed
PMS stars in Vela OB2 (red), y Vel (blue), NGC 2547 (green), and P Puppis
(yellow).

22.4 Myr for y Vel and 10.6-19.6 Myr for P Puppis using Gaia
EDR3 photometry.

3.3 Ages of the subgroups

In Fig. 9, we show the distribution of ages derived for our confirmed
PMS stars from their SED fits. The weighted mean values are
10.3 Myr for the Vela OB2 group, 26.8 Myr for NGC 2547, 9.8 Myr
for P Puppis, 14.1 Myr for y Vel, and 16.3 Myr for the distant
population. We do not report uncertainties on these SED ages
since there are many factors which could contribute bias which
are not modelled. These ages are in reasonable agreement with,
but systematically lower than, the literature ages for these groups
(e.g. Sahu 1992; Jeffries & Oliveira 2005; Jeffries et al. 2014, 2017;
Cantat-Gaudin et al. 2019a). This underestimation is probably due
to a combination of factors, that our photometric target selection is
biased against stars older than previously identified members of y
Vel (Section 2.1), the fact that our SED fits do not account for binarity
(which will make stars appear more luminous and therefore younger)
and the inaccuracy of some evolutionary models that do not account
for radius inflation in young, low-mass stars (Jeffries et al. 2017),
though the PARSEC stellar evolution models used to derive model
SEDs are calibrated to match isochrones of young low-mass stars
(Chen et al. 2014) and so produce older ages than other conventional
isochrones.

Scaling up our mean ages by 25-30 per cent brings them into good
agreement with literature ages and allows us to estimate 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 for these groups.
Regardless of the scaling it is notable that while y Vel and Vela
OB2 have similar ages, the P Puppis cluster is distinctly younger,
indicating a time-scale of star formation in this region spanning up
to ~10 Myr assuming the age scale used here.

The kinematic outliers have similar ages to the stars of NGC 2547,
as well as having similar proper motions (Fig. 6) and belonging to
population 4 of Cantat-Gaudin et al. (2019a). However, we do not
include them in NGC 2547 due to their different parallaxes and RVs
(Fig. 7).
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Table 2. Kinematic properties for Vela OB2, NGC 2547, P Puppis, and the y Vel cluster. See the text for a

discussion of how these quantities were derived.

Vela OB2 y Vel NGC 2547 P Puppis
Median j, (masyr—") ~592£043  —639£018  —852+022  —4.67+0.10
Median js5 (masyr—!) 8.60 £ 0.59 9.71 £0.23 447 +£0.17 9.00 = 0.17
Median RV (kms™") 20.03 £ 1.65 17.28 + 0.40 1323+£040 2129 +0.33
Median distance (pc) 382.870% 345611 386.2113 391.811%
Central position X (pc) 745.8J_r8:} 741.8f8f% 738.4?0):% 76640f8:2
Central position Y (pc) ~376.070% -339.5%1% —379.8112 —380.0138
Central position Z (pc) —53.41'8:% —48. 11’82 —57.71'8:% —68.61’8:3
Central velocity U (kms~) —21.21+004 —21.03+0:08 —16.34+0:06 22221011
Central velocity V (kms™") —17.321510 —14.5370 —10.047506 —17.457003
Central velocity W (kms™") ~3.6110:% —2.881003 ~10.8510:9 —3.13+0:02
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Figure 9. Distribution of ages of confirmed PMS stars in each group.
Histogram colours indicate the populations of sources using the same colour-
coding as Fig. 6, 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 10.3 Myr for the Vela OB2 group (red), 26.8 Myr for NGC
2547 (green), 9.8 Myr for P Puppis (yellow), 14.1 Myr for y Vel (blue), and
16.3 Myr for the distant population (purple).

4 DYNAMICS OF THE SUBGROUPS

Now that we have identified a population of young stars across Vela
and separated these stars into multiple groups and clusters we can
use these samples to study the dynamics of these groups.

4.1 Velocity dispersions

Velocity dispersions can be a useful indication of the dynamical state
of a group of stars and its gravitational boundedness. We estimate
the velocity dispersions for each group and cluster in our sample

using Bayesian inference, sampling the posterior distribution with
a Markov Chain Monte Carlo (MCMC) sampler and comparing the
observations to the model using a maximum likelihood (see e.g.
Wright et al. 2019).

The model velocity distributions are 3D Gaussians with a total
of six free parameters (the central velocity and velocity dispersion
in each dimension). For each star modelled we then add an uncer-
tainty sampled from the observed uncertainty distribution in each
dimension.

To model the effects of unresolved binarity on our RV distribution
we add instantaneous velocity offsets to the modelled RVs for a
fraction of the modelled stars equal to the binary fraction, which
we take to be 46 percent (Raghavan et al. 2010). The velocity
offsets are taken from a population of modelled binaries with primary
star masses between 0.1 and 0.65Mg (to match the range of our
observed sample) using a Maschberger (2013) IMF. Secondary star
masses are sampled between 0.1 and 1.0 of their primary star mass
with a uniform probability. The distribution of orbital periods is
lognormal with mean period log;((5.03) and dispersion log;o(2.28)
d (Raghavan et al. 2010). The distribution of eccentricities is flat
between ¢ = 0 to a maximum that scales with the orbital period
(Parker et al. 2009). We randomize the inclination of binaries in
3D relative to the line of sight and choose random times in the
binary orbits to calculate velocities along the line of sight of each
star. We then apply a luminosity weighting between the velocities
of each star in the binary. We do not consider triple systems, as
the contribution of the third star to the observed RV is likely
to be small, and the properties of these systems are not well
constrained.

We sample the posterior distribution function using the MCMC
ensemble sampler emcee and use an unbinned maximum-likelihood
test to compare the model and observations. We use wide and uniform
priors for each free parameter, of —100 to +100kms~"' for central
velocities and 0 to 100 kms™! for velocity dispersions. We use
1000 walkers and perform 2000 iterations, the first half of which
is discarded as burn-in. We take the median value of the posterior
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Figure 10. Histograms of observed velocities for sources belonging to the
Vela OB2 association group (blue). Model distributions (red) are produced by
sampling our best-fitting models 1000 000 times with additional uncertainties
randomly sampled from the observed velocity uncertainties.

distribution as the best fit and the 16th and 84th percentiles as lo
uncertainties.

Table 2 lists the best-fitting central velocities and velocity disper-
sions for all the groups and clusters studied. Fig. 10 shows the 3D
velocity distributions for stars in Vela OB2 as an example, with the
best-fitting velocity dispersion models overplotted. The best-fitting
velocity dispersions for Vela OB2 are significantly anisotropic, with
0, (kms™') =0.7867503 and ogy (kms™') = 1.42470133 implying
anisotropy with a confidence of 4.50. As OB associations are sparse
and unbound they are believed to be dynamically un-evolved (Wright
et al. 2016) and so retain their initial substructure, which is indicated
by velocity anisotropy.

MNRAS 517, 5704-5720 (2022)

The best-fitting velocity dispersions for the P Puppis cluster
also show evidence of anisotropy (o, (kms~') = 0.340700%% and
0, (kms™') = 0.20070033), albeit of only 20 significance. This
could suggest that the P Puppis cluster has not yet undergone
sufficient dynamical mixing to develop isotropy, though more precise
measurements are needed to confirm this.

Both the y Vel and NGC 2547 clusters have velocity dispersions
consistent with being isotropic at the 1.5 and <1 sigma levels. This
suggests that both of these clusters are sufficiently mixed to have
erased any primordial anisotropy they may have possessed. This is
not particularly surprising for NGC 2547 given its age as it would
be expected to be reasonably well mixed. The velocity dispersions
in radial velocity for y Vel (ogy (kms™') = 0.310%0053) and for
Vela OB2 (ogy (kms™') = 1.42470133) are in good agreement
with the velocity dispersions calculated by Jeffries et al. (2014)
for their concentrated (ogy (kms™') = 0.34 & 0.16) and dispersed
populations (ogy (kms™!) = 1.6 £ 0.37).

We calculate 3D velocity dispersions, which are also listed in
Table 2. We calculate virial masses for each group and cluster
according to

032 Dpleff
3G
where n = 10, and r. is the radius within which half of a group or

cluster’s members are located. These are given in Table 2.

The virial mass estimated for Vela OB2 (707311212 My) is
significantly larger than the total stellar mass of 1285 £ 110Mg
estimated by Armstrong et al. (2018), as expected for an unbound OB
association. The virial masses for the y Vel, NGC 2547, and P Puppis
clusters are likely to be more consistent with their stellar masses as
the long-lived nature of these clusters, coupled with their broadly
isotropic velocity dispersions, suggests that they are gravitationally
bound. These are also broadly consistent with literature estimates;
370 M@ (Littlefair et al. 2003) and 450 £ 100 M©® (Jeffries et al.
2004) for NGC 2547, 152 M©® (Jeftries et al. 2014) for y Vel.

My =n s ()

4.2 Expansion

To determine whether any of the groups or clusters are expanding we
search for correlations between velocity and position in each dimen-
sion. Positive or negative correlations between positions and velocity
in the same dimension indicate either expansion or contraction,
respectively. We do this in the Galactic Cartesian coordinate system
XYZ and fit a linear relationship between position and velocity. To
minimize the effect of outliers we remove >3c¢ outliers in position
and velocity before conducting the fits. We determine the best-fitting
parameters of this relationship using Bayesian inference and explore
the posterior distribution using MCMC.

We model the gradient and intersect of the linear fit and the
fractional amount by which the uncertainties are underestimated (1,
b, /). We assume that errors follow a Gaussian distribution and are
independent, and use linear least squares for maximum-likelihood
estimation. The likelihood function is given as

_ _ 2
Inp(ylx. o.m. b, f) = — 3 {(y";ifb) +In27s?)| (6)

2

n n

where
sy =0, + f2(mx, +b) )

and where o, are velocity uncertainties for the n data points and
f quantifies underestimated measurement or model uncertainties
(Hogg, Bovy & Lang 2010). Uncertainties in position are accounted
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Table 3. Expansion gradients fitted for each group and in each dimension.
Significance values listed are calculated from the ratio of the gradient to the
uncertainty on the gradient, rounded down to the nearest integer.

Group Velocity Position Gradient Signif.
(km s™! pc_l)
Vela OB2 U X 0.07470003 140
+0.004
v Y 0.04610:002 llo
—+0.004
w z 0.05010:004 120
P Puppis U X 0.09470.02 30
+0.029
v Y 0.00315:022 -
—+0.014
w V4 0.03070014 20
y Vel U b 0.06279012 4o
0.012
v Y 0.007 0015 -
+0.011
w V4 0.03410:01) 20

for by varying the measured position according to its uncertainties
during the MCMC simulation. 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-fitting
gradient and uncertainties.

The best-fitting gradients are listed in Table 3 and are shown in
Fig. 11 for position versus expansion component of velocity. We
find very strong evidence for expansion in Vela OB2, with a strong
correlation between position and velocity in each dimension that
we have measured with significances of 11-14 o. The expansion is
strongest in X versus U, which is similar to the findings of Armstrong
et al. (2020) who also found a strong level of anisotropic expansion
in Vela OB2, though the signatures of expansion they found were
less significant than ours.

There is some evidence for expansion in the P Puppis and y Vel
clusters, both of which show significant expansion in the X direction
(at 3 and 40, respectively), some evidence of expansion in the Z
direction (20), but no significant expansion in the Y direction. There
is no significant evidence for expansion in NGC 2547, due mostly to
the small number of sources observed in this cluster.

Given that both the P Puppis and y Vel clusters show their
strongest expansion in X versus U, the same direction in which Vela
OB2 exhibits expansion, there is a risk that contamination from the
latter to the former has contributed to the measured expansion in
the clusters. Our membership criteria for the compact clusters was
intentionally conservative, to minimize such effects, but it may still
be an issue. Comparison of the distribution of Vela OB2 sources
in Fig. 11 with the distribution of y Vel sources shows they overlap
heavily, particularly in the U versus X plot (see Fig. 12), and therefore
the strong gradient measured in this dimension may be due to
contamination from Vela OB2. Fig. 12 also compares the distribution
of P Puppis sources in X versus U compared to the distribution of Vela
OB?2 sources. 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 true physical state.

4.3 Rotation

Correlations between position and velocity in different dimensions
can provide an indication of rotation in a group of stars. We repeat
the same gradient fits performed in Section 4.2 between position and
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velocity in different dimensions to search for evidence of rotation in
our groups.

Table 4 lists the best-fitting rotation gradients for Vela OB2 and
the P Puppis and y Vel clusters (NGC 2547 is too sparsely sampled
to provide reliable rotation fits). In the two clusters, we find no
significant evidence for expansion in any dimension. However, in
Vela OB2 there is strong evidence for expansion between W and Y
and between V and Z, of 9 and 6 o, respectively.

The former is shown in Fig. 13 illustrating the strong correlation
between velocity, W, and position, Y. Given that the association is
gravitationally unbound, these trends more likely represent residual
angular momentum in the dynamics of this system, rather than
rotation.

4.4 Estimating kinematic ages

If a group of stars is expanding, and one assumes that the stars were
originally in a very compact configuration (such as a star cluster)
then the expansion gradient can be used to estimate the time-scale
for the expansion. This is known as the kinematic age and is derived
from the reciprocal of the expansion gradient in each dimension. We
derived kinematic ages in each dimension for Vela OB2, the only
one of our groups to be conclusively shown to be expanding. The
ages are 13.8%)) Myrin X, 22.2*7{ Myrin Y and 20.5%} % Myr in Z.
The anisotropic expansion observed clearly gives unequal kinematic
ages, implying that the Vela OB2 association did not expand from a
completely compact (cluster-like) configuration. The kinematic ages
of 13-24 Myr are broadly consistent with the literature age of 16—
20 Myr (Sahu 1992), suggesting 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. However, it is older than the age suggested
by the fit of low-mass members to PMS isochrones (Jeffries et al.
2017; Cantat-Gaudin et al. 2019a) our SED age estimates, and the
age of y2 Vel (3.5 Myr; North et al. 2007), again hinting at the
inaccuracy of some evolutionary models (Section 3.3).

4.5 Past and future structure of the Vela region

The three clusters y Vel, P Puppis, and NGC 2547 have very different
kinematics not just from each other, but also from the wider Vela OB2
association. To analyse the past and future structure of the Velaregion
we can use the 3D positions and velocities to trace back the motions
of stars and clusters to study their distribution in the past (including
at their birth) and in the future.

We calculate 3D positions as a function of time using the epicycle
approximation and 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). We perform this traceback on the individual stars in
Vela OB2, the distant group, and the outlier group. For the clusters
y Vel, P Puppis, and NGC 2547 we perform the traceback on the
entire clusters, on the assumption that they are (or are close to)
gravitationally bound. Note that our traceback does not take into ac-
count dynamical interactions between stars and investigations using
N-body simulations would be needed to probe the past dynamics in
more detail.

Fig. 14 shows the spatial distribution of sources and clusters in the
Vela over the last 20 Myr. It is clear that NGC 2547 is an interloper
to the Vela OB2 region and is just projected against the association
at the present time. The position of NGC 2547 is outside the volume
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-320

_21.50 Gradient = 0.094*§ 822
-21.75

—22.00

U (km/s)

-22.25

—22.50

-22.75

Gradient = 0.003*9522
ik 0,025

~385 -390

—385

Y (pc)

—-380 =375

Gradient = 0.030#39H

Z (pc)

percentiles values of the fit are shown as solid and dashed lines, respectively, in each panel.

- -75.0 -72.5 -70.0 -67.5 —-65.0 —62.5 —60.0 -57.5

Gradient = 0.062*991%

—2207" )
-55 -50 -a5 -40 -35
X (pc)

=13.5

Gradient = 0.007+9312

—350

—345 —340

Y (pc)

-335 —330 -325

Gradient = 0.034:39}1

-55 -50 -45 -40 -35

Z (pc)

Table 4. Rotation gradients for Vela OB2, the P Puppis, and y Vel clusters
B derived from fitting linear gradients between position and velocity in different
-20.0 dimension.
=205
,E_ I Group Velocity ~ Position  Gradient (kms~! pc=!) Signif.
g— sas Vela OB2 14 X —0.0047901 -
-22.0 w X 0'003t8:882 -
225 u Y 0.001 %5565 -
o w Y 0.0197900% 90
U z —0.01579:00 20
v z 0.07670011 60
a5 P Puppis v X 0.05210:9%0 -
-20.0 w X 70-033t8:8§§ lo
s 20 U Y 0.02379012 lo
;g -21.0 114 Y —0.01179:512 lo
TS U z 0.00279029 -
-22.0 14 Z 0.02175047 -
:z: y Vel v X —0.02370012 lo
w X —0.01410:012 lo
—70 —60 ;(S(i - -0 -30 -20 U v 0'002t8:8:§ _
w Y 0.01870009 lo
Figure 12. Top: U versus X for sources in y Vel (blue) and Vela OB2 (grey) U V4 _0'0351—83:3 lo
with MCMC linear best fits shown as solid lines. Bottom: U versus X for Vv 7 0.017-1—8:81431 lo

sources in the P Puppis cluster (yellow) and in Vela OB2 (grey) with MCMC

linear best fits shown as solid lines.
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Figure 13. Y versus W rotation of Vela OB2 sources (red) with MCMC
linear best fit and 16th and 84th percentiles shown as solid and dashed lines,
respectively.

of Vela OB2 5 Myr ago and is >100 pc away at 20 Myr in the past.
Similar motion is seen for stars in the ‘outlier group’, a group that
we noted had stars of a similar age to NGC 2547 (Section 3.3). This
implies that the formation of these stars may be closely linked to the
formation of NGC 2547 itself.

The y Vel and P Puppis clusters remain within the volume of the
Vela OB2 association up to 20 Myr backwards in time, which includes
their estimated ages, therefore implying that they formed within the
Vela OB2 association. Their future motion suggests the two clusters
will continue to move apart, following the overall expansion pattern
of the Vela OB2 association.

Notable in the Z versus Y plots is the change in the apparent ‘tilt” of
the Vela OB2 association in the past and in the future, indicating that
the association is rotating. This plane is of course the same plane in
which we observed a 9o correlation between position (Y) and velocity
(W, the component of velocity in the Z direction) that indicates
rotation (Section 4.3). This provides an important verification of the
signature of rotation we observed.

4.6 Identifying candidate runaway stars

There are a number of confirmed young stars in our sample whose
kinematics are distinct from that of either the Vela OB2 association
or the three clusters identified. The PMs of some of these sources
point away from the clusters in the region, suggesting that some may
be ‘runaway stars’ that have been ejected from one of the clusters
due to dynamical interactions.

To identify runaway stars, we consider the past motion of these
stars relative to each of the star clusters to see if their traceback
intercepts with the half-mass radius of each cluster. We perform this
traceback in two dimensions, using a linear projection coordinate
frame (Helmi et al. 2018) with a set distance (400 pc). This allowed
us to identify 12 sources as candidate runaways whose past motion
intercepts with one (or more) of the star clusters.

To verify these runaways we perform three tests to confirm the
source as a runaway star. First we require that the SED-fitted age of
the star is broadly consistent with the age of the cluster it was ejected
from (340 per cent of cluster age from Section 3.3). Approximately
half of our candidate runaway stars passed this test, with the majority
of failures being candidates ejectees from NGC 2547 which were
found to be much younger than this cluster. The second test requires
that the ejection time-scale for the star (the time required for it to
transit to its current position) is less than or equal to the age of the
cluster. Due to the proximity of these sources to the cluster all of
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our stars pass the ejection time-scale test. The final test requires that
the relative line-of-sight distance between the star and the cluster is
consistent with their relative RVs. Most sources were found to fail
this test, either because their relative RV was in the wrong direction
or was too small or too large to be consistent with being ejected from
the cluster.

The only source that passes all of our tests is Gaia ID
5530691754285644032, which has an SED age (~17Myr)
and kinematics consistent with having been recently ejected
(0.07 &£ 0.01 Myr) from the P Puppis cluster at a velocity of
9.43 4 0.01 kms™'. This would classify the source more as a ‘walk-
away’ rather than a runaway (de Mink et al. 2014; Schoettler et al.
2020). The remaining sources may be examples of kinematically
‘hot’ young stars (Binks, Jeffries & Wright 2020) or they may be
associated with NGC 2547, as previously noted.

5 DISCUSSION AND FUTURE WORK

We have studied the 3D dynamics of a group of spectroscopically
confirmed young stars. Our main results are as follows:

(i) We have identified considerable substructure in the form of
multiple distinct groups around Vela OB2, namely the known clusters
y Vel and NGC 2547, a previously poorly studied cluster, P Puppis,
and the association itself.

(i) We calculate velocity dispersions and virial masses for all these
groups, finding significant anisotropy for Vela OB2 and the P Puppis
cluster. The small 3D velocity dispersions of the y Vel, NGC 2547,
and P Puppis clusters indicate that they are likely gravitationally
bound. We calculate virial masses of 272753, 2857190, and 13373
Mg, respectively.

(iii) We find significant evidence (>110') of expansion for the Vela
OB?2 association in all directions, though it is somewhat anisotropic.
We calculate a kinematic traceback age of 13-24 Myr for Vela OB2
based on its expansion pattern, which is in good agreement with its
literature age of 15-20 Myr (Section 3.3).

(iv) We have used an epicycle approximation to investigate the
relative positions of these groups up to 20 Myr into the past. We
find that NGC 2547 is an interloper to Vela OB2 and is just passing
through the region at the present time. Both the y Vel and P Puppis
clusters formed within the Vela OB2 association.

(v) We have identified one likely runaway star whose 3D position,
kinematics, and age are consistent with being ejected from the P
Puppis cluster. All other candidate PM runaways were dismissed
based on their age or RV, highlighting the value of using spectroscopy
to validate runaway stars.

We now discuss the implications of these results in the context of
the formation and evolution of OB associations and star clusters.

5.1 Structure of Vela OB2 and nearby clusters

Previous studies have not resolved the full 3D structure and dynamics
of Vela OB2 and its surrounding clusters. Pre-Gaia studies of the
region 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 investigation over the whole region could
be done (Cantat-Gaudin et al. 2019a). Even then, radial velocities
were lacking.

We have found that Vela OB2 is not a single homogenous entity.
Rather, it is a highly substructured complex containing multiple
clusters with a range of ages, surrounded by a widespread and
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Figure 14. Spatial distribution of young stars in the Vela region at 10 Myr in the future, at the current time and at 10 and 20 Myr in the past. The y Vel (blue),
P Puppis (yellow), and NGC 2547 clusters (green) are shown as single points, on the assumption that the clusters are gravitationally bound. The positions of
sources in Vela OB2 (red), the distant group (purple), and the outlier group (cyan) are shown individually.
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dispersed population of young stars, exhibiting complex dynamics.
We have confirmed that the sparse population surrounding the y
Vel and NGC 2547 clusters (Jeffries et al. 2014; Sacco et al. 2015)
belongs to the Vela OB2 association and have also identified a third
cluster in the region, the P Puppis cluster.

By tracing back the motion of stars and clusters, we have been
able to recreate the spatial distribution of stars in the region at their
approximate time of birth. We have found that the NGC 2547 cluster
and the ‘outlier’ group are interlopers in the Vela OB2 region, having
formed > 100 pc away and are only transiting the region at the current
time.

We have constrained the initial configuration of Vela OB2 and
probed its future evolution by tracing backwards and forwards in
time the motion of stars in Vela OB2 and the bulk motion of the
clusters in its vicinity. This, combined with the older age of NGC
2547 and the outlier group relative to the rest of the Vela region,
confirms that they are unrelated to the Vela OB2 association and its
clusters.

On the other hand, the y Vel and P Puppis clusters appear to have
formed within the volume of the Vela OB2 association, indicating
that they originated as compact substructures of Vela OB2. This is
supported by their similar ages to Vela OB2. The y Vel cluster appears
to have formed relatively 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, 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.

5.2 Expansion of the association

We found strong evidence (>11¢ in all directions) for expansion of
the Vela OB2 association that is not apparent in any of the clusters.
This is in line with expectations since Vela OB2 was predicted to be
an unbound association, while the compact clusters were likely to be
gravitationally bound. The expansion of Vela OB2 is in agreement
with past studies that have measured the expansion of the association
using PMs (Cantat-Gaudin et al. 2019b; Armstrong et al. 2020),
though this is the first time the expansion has been measured in 3D
and to such a significance (11o0). These expansion rates were then
used to calculate a kinematic age for the association (13-24 Myr),
which is in good agreement with literature ages for Vela OB2 (15—
20 Myr).

The expansion is also notably anisotropic, arguing against a simple
explosive radial expansion pattern from the rapid unbinding of a
compact group of stars. This is consistent with findings from other
OB associations (see discussion in Wright 2020).

The y Vel and P Puppis clusters show hints of expansion in the X
direction, with 4 and 3o correlations between position and velocity
in this axis, respectively. For the former, some contamination from
the co-spatial Vela OB2 association may have contributed to this
measurement, though our conservative cluster membership selection
process should have minimized this. There are a number of physical
explanations for the observed expansion. First, the clusters may be
gravitationally unbound and expanding. This would be surprising
for a cluster as compact as y Vel however, and for both clusters
the expansion is strongly anisotropic. In the Galactic Cartesian
coordinate system, the X is aligned towards the Galactic centre, so
the expansion in this direction may be due to tidal shearing, though
the time-scale for this is typically much older than the age of y Vel.
It is also possible that the P Puppis and y Vel clusters are being
pulled in a certain direction by the mass of the Vela OB2 association
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or its primordial molecular cloud that correlates strongly with the X
direction, though this is strongly dependent on the arrangement of
mass in the vicinity of the clusters.

We also observe significant signatures of rotation in the Vela OB2
association in Y versus W and Z versus V, which are both in the
Y-Z plane, but acting in opposite directions. This could be due to
subgroups within the association moving in opposite directions and
causing the appearance of bimodal rotation. However it could also
be caused by the combination of the elongation of the association in
the Y-Z plane (Fig. 14) and its expansion, which can give signatures
of rotation that are actually caused by expansion. In either case there
is certainly some degree of rotation, or residual angular momentum,
in the association, as evidenced by the change in inclination of the
association over time (see Y—Z plots in Fig. 14).

6 CONCLUSIONS

We have presented the first 6D kinematic study of the Vela OB2
association by combining Gaia astrometry with spectroscopic RVs
for 410 spectroscopically confirmed young stars. We used this data to
study the kinematics of the Vela OB2 association and its constituent
clusters.

We separated the sample into multiple kinematic groups, including
the y Vel, NGC 2547, and P Puppis clusters, and the Vela OB2
association. We measure 3D velocity dispersions, which for the
P Puppis cluster and the Vela OB2 association show evidence of
anisotropy, indicating that these groups are dynamically un-evolved,
while y Vel and NGC 2547 are consistent with isotropy. We calculate
expansion gradients and find very significant evidence for expansion
in Vela OB2 in all three dimensions, though this is significantly
anisotropic. The y Vel and P Puppis clusters also show some evidence
for expansion. We use an epicycle approximation to trace back the
positions of stars into the past. We find that the NGC 2547 cluster
likely originated > 100 pc away from Vela OB2 and is an interloper at
present, while the y Vel and P Puppis clusters appear to have formed
within the Vela OB2 association.

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 substruc-
ture and over what time-scales is it erased? Do all OB association
contains compact clusters within them, and are all open clusters
surrounded by a sparse OB association? The results we present
contribute to the growing wealth of evidence that OB associations are
not the remnants of initially bound clusters, but instead form across
extended regions with considerable substructure over time-scales of
up to ~10 Myr.
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