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A B S T R A C T 

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, ho we ver 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 surv e y 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 11 σ significance in 

all three dimensions, as well as some evidence for expansion in the γ 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 o v er 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 – surv e ys – stars: kinematics and dynamics – stars: pre-main-sequence – open clusters 
and associations: individual: Vela OB2, NGC 2547, γ , Vel, P Puppis. 
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 I N T RO D U C T I O N  

B associations are gravitationally unbound groups of young stars
hat share an associated motion through space. They are so named
fter their brightest members, OB stars, the grouping, and kinematics
f which have long been a subject of interest (Ambartsumian 1947 ;
laauw 1964 ; de Zeeuw et al. 1999 ). Ho we ver, the lo w-mass
embers of these associations have only more recently begun to

e identified and their complex substructures revealed (Preibisch
t al. 2002 ; Brice ̃ no et al. 2007 ; Cantat-Gaudin et al. 2019b ; Zari,
rown & de Zeeuw 2019 ). 
The origins of OB associations are still debated. It has been

uggested that they could be the remnants of young clusters which
ecame unbound through the process of residual gas expulsion and
e gan to e xpand (Tutuko v 1978 ; Hills 1980 ; Kroupa, Aarseth &
urle y 2001 ). Once massiv e O and B type stars have formed in a
oung cluster their stellar winds and photoionizing radiation expel
he molecular gas surrounding them and so the cluster loses the

ajority of its binding mass and becomes unbound. This hypothesis
ostulates that OB associations are an intermediate stage between
ound clusters and their dispersal into the Galactic field. 
 E-mail: joseph.armstrong@chalmers.se 
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Ho we ver , more recent in vestigations have found that groups of
oung stars form with considerable spatial substructure (S ́anchez &
lfaro 2009 ; Tobin et al. 2009 ; Andr ́e et al. 2010 ; Wright et al.
014 ), and with the availability of high precision astrometry from
aia (Gaia Collaboration 2016 , 2018 ), kinematic substructure has

lso been identified in OB associations (Wright et al. 2016 ; Wright &
amajek 2018 ; Armstrong et al. 2020 ). The spatial and kinematic

ubstructure has since been linked to age substructure as well
Cantat-Gaudin et al. 2019b ; Zari et al. 2019 ; Damiani et al.
019 ). This evidence better supports a scenario where stars form
n subgroups at a range of densities, at different times and with
ifferent kinematics (Kruijssen et al. 2012 ; Ward & Kruijssen 2018 ).
he densest regions of young stars may remain as bound clusters, but

he unbound majority form associations which expand and eventually
isperse. 
Vela OB2 is a nearby (411 ± 12 pc; de Zeeuw et al. 1999 )

ntermediate age (10–20 Myr; Sahu 1992 ; Cantat-Gaudin et al.
019b ) association which spans an area of ∼100 deg 2 on the sky
de Zeeuw et al. 1999 ; Armstrong, Wright & Jeffries 2018 ; Cantat-
audin et al. 2019b ). The seminal study of OB associations using
ipparcos astrometry by de Zeeuw et al. ( 1999 ) identified 93 O-B
embers of Vela OB2, though until the release of Gaia data (Gaia
ollaboration 2016 , 2018 ) the full extent of the low-mass population
as unknown. 
© 2022 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. Gaia DR2 G BP − G RP versus M G colour-absolute magnitude 
diagram showing sources from Jeffries et al. ( 2014 ) with EW(Li) > 150 m Å
(red) and EW(Li) < 150 m Å (blue) using distance estimates from Bailer- 
Jones et al. ( 2021 ). Also shown are 10 and 20 Myr PMS isochrones (Baraffe 
et al. 2015 ) after applying a reddening and extinction of E ( V − I ) = 0.055 and 
A V = 0.131 (Jeffries et al. 2014 ). The PMS selection box shown is designed to 
include the majority of confirmed PMS stars (red) abo v e the 20 Myr (Baraffe 
et al. 2015 ) isochrone and within the range 6.5 < M G < 9.5. The positions 
of 0.9 M � and 0.17 M � PMS stars on the 10 Myr isochrone are shown to 
indicate the mass range of our targets for spectroscopic observations. 
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Vela OB2 is known to contain the young open cluster γ Vel 
hose pre-main sequence (PMS) members have been identified with 
-ray (Pozzo et al. 2000 ; Jeffries et al. 2009 ) and spectroscopic
bserv ations (Jef fries et al. 2014 ; Armstrong et al. 2020 ). Using
he spectroscopic sample of γ Vel from the Gaia -ESO Surv e y
GES; Gilmore et al. 2012 ), Jeffries et al. ( 2014 ) identified two
opulations of young PMS stars, offset in their radial velocities (RVs)
y 2.15 ± 0.48 km s −1 . Population A has a narrow RV dispersion
A = 0.34 ± 0.16 km s −1 and population B has a broader RV
ispersion σ B = 1.60 ± 0.37 km s −1 , suggesting that population 
 correlates to the likely bound γ Vel cluster and population B

o the sparse Vela OB2 association. Indeed, Sacco et al. ( 2015 )
lso identified a sparse population towards NGC 2547, ∼2 degrees 
outh of γ Vel, which exhibits similar RVs to that of Jeffries et al.
 2014 ). 

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

In Armstrong et al. ( 2020 ), we presented the results of spec-
roscopic observations centred on the γ Vel cluster. We calculated 
qui v alent widths of the Li 6707 . 8 Å line (EW(Li)s), a youth indicator
or low-mass PMS stars, and RVs for 248 PMS candidates and, 
ombined with the sample of γ Vel cluster members from Jeffries 
t al. ( 2014 ), separated them into two distinct populations. We
earched for expansion trends in three dimensions for both the cluster 
population A) and association (population B) components of the 
ample. We found > 4 σ evidence for expansion in three dimensions 
or the Vela OB2 association component, though it was significantly 
nisotropic. 

In this study, we present results from a larger and wider scale
pectroscopic surv e y across the entire Vela OB2 association with 
he goal of identifying young stars and studying their kinematics. 
ection 2 outlines the data used and the spectroscopic observations 
erformed. Section 3 provides an o v erview of the region and dissects
he young stellar population into different groups, with Section 4 
oing on to analyse the dynamics of these groups. In Section 5 we
iscuss our results. 

 T H E  DATA  

n this section, we explain how the sample of young stars stud-
ed in this w ork w as compiled, including the spectroscopic data
btained from 2dF/AAT, astrometric data from Gaia , and pho- 
ometric data from various sources. We also outline our criteria 
or cleaning the sample and identifying a reliable list of young 
tars. 
.1 Spectroscopic target selection 

e began our selection of likely PMS stars for spectroscopic 
bservation by identifying the regions of Vela OB2 with the highest
ensities of PMS candidate stars using Gaia DR2 photometry and 
arallaxes (Fig. 1 ). We created a G BP − G RP versus M G colour-
bsolute magnitude diagram (CaMD) for Gaia DR2 sources and 
esigned a selection box to be used as the primary filter, based on
he positions of previously identified PMS members of the γ Vel 
luster and Vela OB2 (Jeffries et al. 2014 ; Fig. 1 ). We also employed
 parallax cut, removing objects with � > 4 or 2 > � (sources with
istance > 500 pc or < 250 pc, respectively), effectively eliminating
oreground and background contamination. 

This selection of candidate PMS stars allowed us to produce a
ap of the distribution of our targets (Fig. 2 ). This map clearly

hows a wide distribution of candidate PMS stars, as well as the
rominent γ Vel cluster (RA,Dec = 122.0 ◦, −47.5 ◦). Also visible is
he open cluster NGC 2547 (RA,Dec = 119.5 ◦, −49.3 ◦) and a smaller
luster to the west (RA,Dec = 122.0 ◦, −46.5 ◦) that appears to be
he P Puppis cluster identified by Caballero & Dinis ( 2008 ). Another
 v erdensity is visible at (RA,Dec = 119.5 ◦, −49.3 ◦). These clusters
orrelate well with the groups identified by Beccari et al. ( 2018 ) and
re also surrounded by a less dense, widespread population spanning 
15 × 8 degrees that broadly follow the distribution of known OB-

ype members of Vela OB2 (de Zeeuw et al. 1999 ). 

.2 Spectroscopic obser v ations and data reduction 

n order to obtain spectroscopic radial velocities to complement Gaia 
-parameter astrometry, and spectroscopic youth indicators for low- 
ass PMS stars (Li and H α) we made observations with the 2-degree
eld (2dF; Lewis et al. 2002 ) fibre positioner and the high-efficiency
nd resolution multi-element spectrograph (HERMES; Sheinis et al. 
015 ) at the Anglo-Australian Telescope (AAT). HERMES provides 
 resolution of R ∼ 28 000 in four optical bands. The red band
MNRAS 517, 5704–5720 (2022) 
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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 G BP , G RP 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. 
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o v ers the wavelength range 6478–6737 Å within which both the
 α 6562.8 Å and Li 6707.8 Å lines are found. 
Using the density map we selected the positions for eight target

elds (white circles in Fig. 2 , listed in Table 1 ), co v ering the re gions
f highest PMS star density and a more diffuse region in field 3. For
ach field we aimed to select 340–350 targets per field to make use of
ll available fibres on the 2dF/HERMES spectrograph, prioritizing
argets based on their proximity to 10–20 Myr PMS isochrones
Fig. 1 ). In total we assigned fibres to 2762 targets in 8 fields, 2635
f which were unique. 

.2.1 Observations and data reduction 

bservations were made on four nights from 2019 January 10–14.
ultiple 2400s exposures were taken for each of the 8 selected fields.
oordinates, total exposure time, numbers of targets, and numbers of
onfirmed PMS stars (Section 2.4 ) for each field are given in Table 1 .
alibration frames, including dark frames and multifibre flat fields
ere taken for each field. 25 fibres per field were positioned on

egions of empty sky to measure the sky spectrum. 

.2.2 Data reduction and analysis 

he spectroscopic data were calibrated and reduced using the 2dF
ata Reduction ( 2DFDR ) software tool (AAO Software Team 2015 ).
easurement of spectroscopic parameters (equi v alent widths of the

i 6707 . 8 Å line and H α 6562.8 Å line and H α core and wing
ndices; EW(Li)s, EW(H α)s, αc , αw ) from reduced spectra was done
NRAS 517, 5704–5720 (2022) 
ollowing the procedures of Damiani et al. ( 2014 ), Jackson, Deliyan-
is & Jeffries ( 2018 ), and Jeffries et al. ( 2021 ). The measurement
f RVs and EW(Li)s required synthetic spectra with matching T eff 

derived from G, BP, RP, and K -band photometry, Section 2.6 ) to our
educed target spectra. Synthetic spectra were produced using the

OOG spectral synthesis code (Sneden et al. 2012 ), with Kurucz
 1992 ) solar-metallicity model atmospheres, for log g = 4.5 and down
o T eff = 4000 K in 100k steps. Rotational broadening and instrument
esolution are accounted for in the extraction profile. 

F or sources observ ed in multiple fields, and where both observa-
ions have SNR < 10, we use the mean αw and EW(H α) values
nd weighted mean RVs and EW(Li)s, weighted by the square of the
nverse measurement uncertainties. 

.2.3 Radial velocities 

educed target spectra were cross-correlated with their matching
ynthetic spectra and RVs were determined from the position of the
eak in the cross-correlation function (CCF) by fitting a Gaussian
unction. Sources for which a Gaussian function cannot be satisfac-
orily fitted to the peak in the CCF (such as spectroscopic binaries)
re not given valid RVs and are rejected from our sample. 

RV uncertainties were determined empirically from the change
n RV between separate exposures of the same target ( E RV =
 RV / 

√ 

2 ). The RV uncertainties are normalized per field using a
caling function 

 RV = FWHM 

√ 

A 

2 + ( B/ SNR ) 2 , (1) 

art/stac3101_f2.eps
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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 o v erlapping 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 ( γ Vel) 122.14277093 −47.66916442 7200 348 181 

Total 2762 ( 2635 ) 671 ( 653 ) 

Figure 3. Equi v alent width of the lithium 6708 Å 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. 
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1 Spina et al. ( 2017 ) report median metallicities of −0.03 ± 0.02 dex for γ
Vel and −0.006 ± 0.009 dex for NGC 2547, consistent with solar metallicity 
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here A and B are determined per field as the gradient and intersec-
ion of a linear best fit to 1/SNR versus � RV/ � FWHM (Jeffries et al.
021 ). Normalized RV uncertainties are then calculated as E RV / S RV 

nd these are used in the following analyses. 
W e obtained R Vs and R V uncertainties for 46 per cent of our

nique targets. 
We also estimate gravitational redshifts for our sample using radii 

rom our SED fits (Section 2.6 ) and this induced a median offset of
.52 ± 0.16 kms −1 in the radial velocities (in good agreement with 
he findings of Guti ́errez & Ramos-Chernenko 2022 , for Pozzo 1,
.e, γ Vel). 

.2.4 Li equivalent widths 

he equi v alent width of the Li 6707 . 8 Å line (EW(Li)) was measured
y subtracting the synthetic spectrum from the target spectrum and 
hen integrating under the rele v ant profile. EW(Li) uncertainties are 
aken as the RMS value of the EWs measured using the same
rocedure with the Gaussian profile of the CCF centred at five
avelengths either side of the Li 6707 . 8 Å line (Jackson et al. 2018 ).
lended with the Li line is a weak Fe I line at 6707.4 Å which, though

he template subtraction should account for this, may mean that 
W(Li)s are underestimated by a few m Å if the targets have subsolar
etallicities. 1 

As in Armstrong et al. ( 2020 ), a small zeropoint error in EW(Li)
s expected for target stars cooler than 4000 K, the lowest T eff 

sed for the synthetic spectra. Ho we ver, sources where this is
pparent (with ne gativ e EW(Li)s) are still consistent with 0 m Å
onsidering their uncertainties ( σ EW(Li) ; Fig. 3 ), and the measured
W(Li)s are sufficiently accurate for the identification of PMS 
MNRAS 517, 5704–5720 (2022) 
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We obtained EW(Li)s and EW(Li) uncertainties for 74 per cent of
ur unique targets. 

.2.5 H α

or stars with high mass accretion rates, excess continuum emis-
ion can cause EW(Li)s to be underestimated (Palla et al. 2005 ),
o other spectroscopic youth indicators are needed to identify
uch stars. Excess emission of the H α line at 6562.8 Å is often
sed to distinguished between Classical T Tauri stars (CTTs) and
 eak-line T T auri stars (WTTs). Damiani et al. ( 2014 ) define

wo spectral indices, αc and αw , which respectively describe the
ore and wing components of the H α emission profile. They are
efined as 

c = 〈 f core 〉 / 〈 f continuum 

〉 (2) 

w = 〈 f wings 〉 / 〈 f continuum 

〉 − 0 . 4 × (1 − 〈 f A 2 〉 / 〈 f B2 〉 ) , (3) 

here 〈 f core 〉 is the mean flux in the wavelength range 6560.8–
564.8 Å 〈 f wings 〉 is the mean flux in the wavelength ranges 6556.8–
560.8 and 6564.8–6568.8 Å 〈 f continuum 

〉 is the mean flux in the
avelength ranges 6532.8–6542.8 and 6582.8–6592.8 Å 〈 f A 2 〉 is the
ean flux in the wavelength range 6530–6540 Å and 〈 f B 2 〉 is the mean
ux in the wavelength range 6544–6552 Å. We note the presence of

he [N II ] line at 6583 Å in many of our spectra and adjust the range
f the f continuum 

components to 6532.8–6542.8 and 6585.8–6592.8 Å
o exclude it. Damiani et al. ( 2014 ) establish αw > 1.1 as a threshold
or candidate CTTs, which we adopt for our selection of PMS stars. 

Damiani et al. ( 2014 ) also note that the equi v alent width of the
 α line can be computed using these indices, 

W ( H α)( Å) = 4 αc + 8 αw − 12 , (4) 

hich can also be used to identify candidate CTTs, the commonly
dopted threshold for which is EW(H α) > 10 Å (Nikoghosyan &
zatyan 2019 ). 
We obtained αc , αw , and EW(H α)s for 99 . 8 per cent ,

9 . 5 per cent , and 99 . 4 per cent of our unique targets. 
Given the limitations of ef fecti ve nebular sky subtraction, there is

 risk that background emission may affect our H α measurements,
ut with the steps we have taken we expect this to be minimal. 

.3 Gaia EDR3 astrometry 

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

arallax uncertainties ( σ� 

) may be underestimated, especially for
right sources, so we apply a G magnitude-dependent correction
actor q to σ� 

as described in equation (16) of El-Badry, Rix & Heintz
 2021 ). We also require that sources in our sample satisfy | � 

q∗σ� 
| > 2.

ll 1857 sources in our sample do satisfy this requirement and their
orrected parallax uncertainties are used in the subsequent analysis. 
NRAS 517, 5704–5720 (2022) 
.4 Identifying young stars 

or young, low-mass stars Li is a reliable age indicator since
t is rapidly depleted once the temperature at the base of
he convection zone reaches 3 × 10 6 K (Soderblom 2010 ).
he time-scale for Li depletion is ∼100 Myr for K-type and
20 Myr for mid M-type stars, making it an ef fecti ve discrim-

nator between Vela OB2 PMS members and field K- and M-
warfs (Fig. 3 ). This is our primary means for identifying PMS
tars. 

We set the threshold for a significant EW(Li) at EW(Li) −σEW(Li) >

00 m Å as a robust criteria for identifying PMS stars, consid-
ring the large σ EW(Li) values for redder sources (see Fig. 3 ).
his criteria may exclude a small fraction low-mass members that
ppear to have already depleted their Li in a narrow temperature
ange (3.7 < (G–K) < 4.0; see also Jeffries et al. 2014 ), but
or our subsequent kinematic analysis excluding these members
s preferable to the possible inclusion of older contaminating
tars. This may insert a modest bias against older PMS stars,
ince Li depletion progresses rapidly beyond the age of the γ

el cluster. 624 sources pass this criteria across all 8 fields, 395
f which have valid RVs and RV uncertainties and Gaia EDR3
UWE < 1.4. 
We also include in our PMS sample 15 other sources which have

alid RVs and RV uncertainties and Gaia EDR3 RUWE < 1.4 with
ignificant H α excess emission, which satisfy either the αw > 1.1
r the EW(H α) > 10 Å thresholds, but excluding sources with low
uality spectra (SNR < 10). 

.5 Calibration checks 

n our entire sample, there are 127 sources with repeat observations
n multiple fields, eight of which meet our spectroscopic youth
riteria and have valid RVs and uncertainties from each observation.
he standard deviation of the standardized difference in RVs for

hese sources is 3.226, which we would expect to be ≈1 if there
as no significant bias between different observations of the same

ource. This could suggest an additional source of uncertainty
xists in our RVs beyond that which we have already quantified,
o we ver the number of sources with spectroscopic youth criteria
bserved multiple times is low and therefore this value is highly
ncertain. 
To test this, we compare the measured RV to the fibre number

or all stars in each of our eight observed fields to search for any
ependence that could have introduced an R V bias. W e find that
he linear best-fitting gradients between RV and fibre number are
onsistent with 0 for 7 fields, while for field 8 ( γ Vel; Fig. 1 ) the
radient is only of 1.5 σ significance. 
As a further test we match the sources in our sample to sources

bserved by Armstrong et al. ( 2020 ), of which there are 36 young
tars with valid RVs and RV uncertainties in both the 2018 and
019 data. We find that the standard deviation of the standardized
ifference in RVs for these sources is 0.952, consistent with the
xpectation value of ∼1. 

We also note that binarity among the PMS targets is unlikely
o be the cause of the large standard deviation of the standardized
ifference in RVs since these observations were all taken within four
ights (see Section 2.2.1 ). 
We therefore conclude that there is no significant RV bias or

dditional RV uncertainty in our measurements and carry out our
nalysis using the RVs and uncertainties calculated as described
bo v e. 
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.6 Estimating stellar parameters with SED fits 

n order to estimate stellar ages and masses for our sources, we
erformed spectral energy distribution (SED) fits to the SEDs for 
hese sources. SEDs were compiled from Gaia , 2MASS (M. Cutri
t al. 2003 ) and VISTA Hemisphere Surv e y (VHS; McMahon et al.
013 ) photometry, 2 co v ering a wav elength range of ∼0.4–2.2 μm.
581 sources have at least one infrared band, while 276 sources lack
ny infrared photometry (though they have Gaia photometry and so 
ED fits are still possible). 
The SEDs were fit using a forward model and Bayesian inference, 

ith the posterior distribution function sampled using the MCMC 

ampler emcee (F oreman-Macke y et al. 2013 ) for the free parameters
f stellar mass and age. The model SEDs were derived using the
ARSEC stellar evolution models (Marigo et al. 2017 ), which pro-
ide ef fecti ve temperature, luminosity , and unreddened photometry . 
he model SEDs were then reddened by applying a fixed extinction 
f A V = 0.131 mag ( γ Vel cluster; Jeffries et al. 2014 ) and placed at
he distance of each source according to their Gaia EDR3 parallaxes 
varying the distance according to the parallax uncertainties). The 

CMC sampler was run using 1000 walkers and 500 iterations, with 
he first half of the posterior distribution discarded as a burn-in and
he second half used to derive the best fit (from the median) and the
 σ bounds (from the 16th and 84th percentiles). 
The resulting ages and masses may be biased by uncertainties 

ue to unresolved binarity and variability, which are not accounted 
or in the models. This may introduce a bias in the best-fitting ages
erived, though the relative ages of the different groups of stars will
till be useful. Binarity in particular will mean that observed sources
ppear more luminous and redder than single stars of the same mass
nd age, causing their masses to be o v erestimated and their ages to
e underestimated. This will create a tail in the age distribution of
ources in our sample extending towards younger ages. 

.7 Deriving 3D positions and velocities 

e use Bayesian inference to obtain Cartesian positions XYZ 

nd velocities UVW on the Galactic Cartesian system using the 
oordinate transformation matrices from Johnson & Soderblom 

 1987 ). To sample the posterior distribution function, we use the
CMC sampler emcee . For each star, we perform 1000 iterations 
ith 100 w alk ers in an unconstrained parameter space with flat and
ide priors (distance priors of 0–10 kpc and UVW velocity priors
f −200–200 kms −1 ). We discard the first half of our iterations as
 burn in and from the second half we report the medians of the
osterior distribution function as the best fit and use the 16th and
4th percentiles as the 1 σ uncertainties (similar to the method used 
n Wright & Mamajek 2018 ). Due to the position of Vela OB2 on
he sky the Galactic Cartesian Y direction correlates most closely 
ith the line-of-sight and thus has larger uncertainties than X or
 coordinates due to the contribution from parallax uncertainties. 
imilarly, the uncertainties on Cartesian velocity in the Y direction, 
, have a larger contribution from RV uncertainties than velocities U 

r W. 
 For sources with K -band magnitudes in both catalogues, we select the 
hotometry as follows; for K 2MASS < 12 we use the 2MASS K band, for 
ources with K VHS > 13 we use the VHS K band, otherwise we use the mean 
f both values. As these sources are nearby and the stellar density of the 
egion is low, we do not expect the difference in resolution of the 2MASS 
nd VHS surv e ys to introduce any significant bias. 
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.8 Summary of the data 

fter reducing the spectra of our AAT sources, we have 1212
nique sources with spectroscopic RV and EW(Li) spread across 
ight fields o v er the Vela OB2 region, with 5-parameter as-
rometry from Gaia EDR3, with which we calculate Cartesian 
YZ positions and UVW velocities. 410 of these sources are 

dentified as PMS stars with significant EW(Li)s, EW(H α)s, or 
w s. The median uncertainties on distance, proper motion, and 
V for the confirmed PMS stars are 6.50 pc, 0.033 mas yr −1 

0.06 km s −1 at the median distance of 382 pc) and 0.20 km s −1 ,
espectively. 

 OV ERVIEW  O F  T H E  SAMPLE  

ig. 4 shows the spatial distribution of the 410 confirmed PMS stars
ith their markers colour-coded according to their relative proper 
otion (relative to the median of the sample). Fig. 5 shows another

ersion of this figure with the proper motion vectors shown. 
Multiple groups of sources are immediately apparent from both the 

patial distribution of sources and their proper motions. The dense 
roup of purple-coloured sources at (8 h 10 m , −47.5 ◦) corresponds to
he γ Vel cluster, the sparser group of yellow-coloured sources at 
8 h 10 m , −49 ◦) corresponds to the open cluster NGC 2547 and the
roup of cyan-coloured sources at (7 h 50 m , −46.5 ◦) is the P Puppis
luster. There are other substructures that are also apparent. While 
he majority of Vela OB2 sources appear green, with relative motion
owards the south-east, a group can be seen in the two eastern-most
elds moving southwards and another group in field five in red is
oving north-west. There are also a number of sources across all
elds with proper motions different to the nearest significant groups, 
ome of which might possibly be runaway stars ejected from the
lusters in this region. 

Fig. 6 shows the distribution of these sources in proper motion
pace. Again, our sample can be divided into distinct groups. We
nd that the densest region of sources at ( μα , μδ) ∼ ( −6.5, 9.5)
as yr −1 corresponds to the γ Vel cluster, the smaller dense group

t ( μα , μδ) ∼ ( −4.5, 9) mas yr −1 is the P Puppis cluster, and the
wathe of sources around these two clusters corresponds to the wider
ela OB2 association. It is clear from this that both of these clusters
re spatially and kinematically related to Vela OB2. The sources 
elonging to NGC 2547 are located at ( μα , μδ) ∼ ( −8.5, 4.5) mas
r −1 and appear kinematically distinct from Vela OB2 ho we ver. 
In Fig. 7 , we plot RV versus parallax for our confirmed PMS

tars. The γ Vel and P Puppis clusters are not as distinct from
he Vela OB2 association in this plot, due mostly to the greater
ncertainties on both of these quantities, but are visible at around
 � = 2.85 mas, RV = 17 kms −1 ) and ( � = 2.5 mas, RV = 21
ms −1 ), respectively. NGC 2547 is a distinct group at ( � = 2.6 mas,
V = 14 kms −1 ). In addition to the widespread population apparent

n this figure, we note the presence of a number of stars whose
arallaxes are too small ( � < 2.3 mas) to be a part of the Vela OB2
ssociation, and may represent another group of young stars in the
ackground. 
Fig. 8 shows the distribution of distances of sources (from Bailer-

ones et al. 2021 ) belonging to Vela OB2 and the γ Vel, NGC 2547,
nd P Puppis clusters. Noticeably, while the members of the sparse
ela OB2 association span ∼100 pc, the peak of the distributions for
ela OB2, NGC 2547, and the P Puppis cluster are located at 380–
00 pc (see Table 2 ), whereas the peak of the distance distribution
or γ Vel is ∼40 pc closer, in agreement with the findings of Beccari
t al. ( 2018 ) in their fig. 2. 
MNRAS 517, 5704–5720 (2022) 
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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 Surv e y; Miville-Desch ̂ enes & Lagache 2005 ). The half-mass radii of the three known clusters ( γ Vel, NGC 2547, and P Puppis) are 
indicated by dashed circles. 
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.1 Identifying subgroups in the sample 

n order to study the properties and kinematics of the different groups
f stars in our sample we need to separate them, ideally in a way that
oes not introduce any kinematic biases. First, we identify the regions
f proper motion space occupied by the main clusters (Fig. 6 ). We
efine a selection area for the γ Vel cluster of radius 0.7 mas yr −1 

entred on ( μα , μδ) = ( −6.53, 9.8) mas yr −1 , an area for the P Puppis
luster of radius 0.7 mas yr −1 centred at ( μα , μδ) = ( −4.7,9) mas
r −1 and an area for NGC 2547 within −9.6 < μα /mas yr −1 < −7.5
nd 3 < μδ /mas yr −1 < 5.5. We also define boundaries for these
lusters in RV and parallax (Fig. 7 ). For γ Vel we require sources to
ave 2.8 <� /mas < 3.0 and 16 < RV/kms −1 < 18, for P Puppis we
equire sources to have 2.4 <� /mas < 2.65 and 20 < RV/kms −1 <

2.5 and for NGC 2547 we require sources to have 2.5 <� /mas <
.65 and 12 < RV/kms −1 < 14. 
These boundaries for membership of the clusters are designed

o be strict, minimizing contamination of the samples at the risk
f a reduced completeness. As a consequence, it is likely that the
ela OB2 sample will contain sources that are really members of

he clusters. Ho we ver, as it is by far the most populous group, a
NRAS 517, 5704–5720 (2022) 
mall amount of contamination will affect our results much less than
ontamination of the cluster groups would. In Figs 4 and 5 we show
ith dashed lines the areas enclosed within each clusters’ half-mass

adius. These are determined as the radius that contains half of all
oung stars within these cluster samples. 
There is a distinct group of more distant sources at � < 2.25 mas

 d � 450 pc) which we plot in purple in Figs 6 and 7 . Sources which
re not allocated to the γ Vel, P Puppis, or NGC 2547 clusters or the
istant group but are within the large o v erdensity in proper motion
pace ( −7.7 < μα /mas yr −1 < −3.8 and 7.4 < μδ /mas yr −1 < 11.5)
re allocated to the Vela OB2 association group and are plotted in
ed in Figs 6 and 7 . This is the largest group in our sample. All
emaining PMS stars not in these five groups are plotted in cyan in
igs 6 and 7 . These sources have kinematics very different from the
ain groups and may be unrelated to these regions or runaway stars

hat have been ejected from one of these clusters. 
In total, we allocate 50 sources to the γ Vel cluster, 32 to the

 Puppis cluster, 21 to NGC 2547, 246 to Vela OB2, identify 11
ources as distant objects, and 26 sources as kinematic outliers. The
ow number of sources identified as part of NGC 2547 (compared to

art/stac3101_f4.eps
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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 −1 ) 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 Surv e y, Miville-Desch ̂ enes & Lagache 2005 ). The half-mass radii of the three major clusters ( γ Vel, NGC 2547 and P Puppis) are indicated by dashed 
circles. 
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he number of low-mass members identified by Jackson et al. 2022 ,
or example) is due to the age of this cluster ( ∼35 Myr; Jeffries &
liveira 2005 ) being greater than either the range of ages our CMD

election box was designed for (Fig. 1 ) and the ages at which many
ow-mass PMS stars deplete their Li (see Section 2.4 ). 

.2 Comparing the sample to other works 

f the 410 PMS stars we have confirmed, 386 were included by
antat-Gaudin et al. ( 2019a ) as candidate young stars, which we
an now confirm. The populations of Cantat-Gaudin et al. ( 2019a )
epresent groups of young stars in the extended Vela-Puppis region 
hich are distinguished by their different ages and kinematics, but 

ogether suggest a prolonged period of connected star formation 
vents from a turbulent molecular cloud. We also note that 418 of
ur sources with measured EW(Li)s which fail our spectroscopic 
MS criteria match to candidate young stars of Cantat-Gaudin et al. 
 2019a ). 

Overall, the membership of sources in the Vela OB2 association 
nd the three clusters studied here agrees very well with the popula-
ions of Cantat-Gaudin et al. ( 2019a ). From the matches between our
ample and the populations of Cantat-Gaudin et al. ( 2019a ) all the
ources in the γ Vel and P Puppis clusters and all but one source in the
ela OB2 association match to population 7 of Cantat-Gaudin et al.
 2019a ), their youngest population (10–15 Myr). All our sources in
GC 2547 and the majority of our kinematic outliers match to their
opulation 4, an older population (35–40 Myr), suggesting that most 
f our kinematic outliers may not be related to the young stars of Vela
B2 and its associated clusters. Sources in our ‘distant’ group are

hared between several populations of Cantat-Gaudin et al. ( 2019a ).
ost belong to their population 6, a young population associated 
ith the cluster BH 23 (located outside our area of observation),
ut 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
ix clusters, of which their clusters 4, 3, and 1 correspond to γ Vel,
GC 2547, and P Puppis, respectiv ely. The y estimated isochronal

ges of 10 Myr for γ Vel and P Puppis and 30 Myr for NGC 2547
sing OmegaCAM photometry. 
MNRAS 517, 5704–5720 (2022) 
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Figure 6. Proper motions of confirmed PMS stars colour-coded according 
to their grouping (see Section 3.1 ): γ 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 γ Vel, P Puppis, and NGC 2547 clusters, as well as Vela OB2 
are also shown. 

Figure 7. RV versus parallax for the confirmed PMS stars, with the colour- 
coding as per Fig. 6 . Selection areas for the γ Vel, NGC 2547, and P Puppis 
clusters are shown. The anticorrelation between RV and parallax for Vela 
OB2 sources is evidence of expansion in the association. The dashed line at 
� = 2.3 mas indicates the boundary between Vela OB2 and the background 
population. 

 

t  
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a

Figure 8. Distribution of distances (Bailer-Jones et al. 2021 ) of confirmed 
PMS stars in Vela OB2 (red), γ Vel (blue), NGC 2547 (green), and P Puppis 
(yellow). 
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Pang et al. ( 2021 ) applied the StarGo algorithm (Yuan et al. 2018 )
o Gaia EDR3 sources in the region and identified five kinematic
roups, of which their groups Huluwa 1 and 3 correspond to γ Vel
nd P Puppis, respectiv ely. The y estimated isochronal ages of 12.1–
NRAS 517, 5704–5720 (2022) 
2.4 Myr for γ Vel and 10.6–19.6 Myr for P Puppis using Gaia
DR3 photometry. 

.3 Ages of the subgroups 

n Fig. 9 , we show the distribution of ages derived for our confirmed
MS stars from their SED fits. The weighted mean values are
0.3 Myr for the Vela OB2 group, 26.8 Myr for NGC 2547, 9.8 Myr
or P Puppis, 14.1 Myr for γ Vel, and 16.3 Myr for the distant
opulation. We do not report uncertainties on these SED ages
ince there are many factors which could contribute bias which
re not modelled. These ages are in reasonable agreement with,
ut systematically lower than, the literature ages for these groups
e.g. Sahu 1992 ; Jeffries & Oliveira 2005 ; Jeffries et al. 2014 , 2017 ;
antat-Gaudin et al. 2019a ). This underestimation is probably due

o a combination of factors, that our photometric target selection is
iased against stars older than previously identified members of γ
el (Section 2.1 ), the fact that our SED fits do not account for binarity

which will make stars appear more luminous and therefore younger)
nd the inaccuracy of some evolutionary models that do not account
or radius inflation in young, low-mass stars (Jeffries et al. 2017 ),
hough the PARSEC stellar evolution models used to derive model
EDs are calibrated to match isochrones of young low-mass stars
Chen et al. 2014 ) and so produce older ages than other conventional
sochrones. 

Scaling up our mean ages by 25–30 per cent brings them into good
greement with literature ages and allows us to estimate ages for the
 Puppis cluster ( ∼12.5 Myr) and the distant population ( ∼20 Myr)

hat are on the same scale as the literature ages for these groups.
egardless of the scaling it is notable that while γ Vel and Vela
B2 have similar ages, the P Puppis cluster is distinctly younger,

ndicating a time-scale of star formation in this region spanning up
o ∼10 Myr assuming the age scale used here. 

The kinematic outliers have similar ages to the stars of NGC 2547,
s well as having similar proper motions (Fig. 6 ) and belonging to
opulation 4 of Cantat-Gaudin et al. ( 2019a ). Ho we ver, we do not
nclude 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 γ Vel cluster. See the text for a 
discussion of how these quantities were derived. 

Vela OB2 γ Vel NGC 2547 P Puppis 

Median μα (mas yr −1 ) −5.92 ± 0.43 −6.39 ± 0.18 −8.52 ± 0.22 −4.67 ± 0.10 
Median μδ (mas yr −1 ) 8.60 ± 0.59 9.71 ± 0.23 4.47 ± 0.17 9.00 ± 0.17 
Median RV (km s −1 ) 20.03 ± 1.65 17.28 ± 0.40 13.23 ± 0.40 21.29 ± 0.33 
Median distance (pc) 382 . 8 + 0 . 8 −0 . 7 345 . 6 + 1 . 1 −1 . 1 386 . 2 + 1 . 3 −1 . 2 391 . 8 + 1 . 8 −1 . 8 

Central position X (pc) −45 . 8 + 0 . 1 −0 . 1 −41 . 8 + 0 . 2 −0 . 2 −38 . 4 + 0 . 2 −0 . 2 −66 . 0 + 0 . 4 −0 . 4 

Central position Y (pc) −376 . 0 + 0 . 8 −0 . 8 −339 . 5 + 1 . 2 −1 . 1 −379 . 8 + 1 . 2 −1 . 2 −380 . 0 + 2 . 0 −1 . 8 

Central position Z (pc) −53 . 4 + 0 . 2 −0 . 2 −48 . 1 + 0 . 3 −0 . 3 −57 . 7 + 0 . 2 −0 . 2 −68 . 6 + 0 . 4 −0 . 4 

Central velocity U (km s −1 ) −21 . 21 + 0 . 04 
−0 . 03 −21 . 03 + 0 . 08 

−0 . 07 −16 . 34 + 0 . 06 
−0 . 06 −22 . 22 + 0 . 11 

−0 . 12 

Central velocity V (km s −1 ) −17 . 32 + 0 . 10 
−0 . 10 −14 . 53 + 0 . 05 

−0 . 06 −10 . 04 + 0 . 06 
−0 . 05 −17 . 45 + 0 . 05 

−0 . 05 

Central velocity W (km s −1 ) −3 . 61 + 0 . 02 
−0 . 02 −2 . 88 + 0 . 03 

−0 . 02 −10 . 85 + 0 . 05 
−0 . 04 −3 . 13 + 0 . 02 

−0 . 02 

σμα (mas yr −1 ) 0 . 595 + 0 . 037 
−0 . 031 0 . 240 + 0 . 031 

−0 . 027 0 . 191 + 0 . 050 
−0 . 036 0 . 183 + 0 . 037 

−0 . 027 

σμα (km s −1 ) 1 . 080 + 0 . 067 
−0 . 057 0 . 393 + 0 . 051 

−0 . 044 0 . 350 + 0 . 091 
−0 . 066 0 . 340 + 0 . 068 

−0 . 051 

σμδ
(mas yr −1 ) 0 . 433 + 0 . 026 

−0 . 022 0 . 185 + 0 . 027 
−0 . 021 0 . 249 + 0 . 065 

−0 . 046 0 . 108 + 0 . 023 
−0 . 017 

σμδ
(km s −1 ) 0 . 786 + 0 . 047 

−0 . 039 0 . 303 + 0 . 044 
−0 . 034 0 . 456 + 0 . 119 

−0 . 084 0 . 200 + 0 . 043 
−0 . 032 

σRV (km s −1 ) 1 . 424 + 0 . 153 
−0 . 133 0 . 310 + 0 . 085 

−0 . 074 0 . 426 + 0 . 199 
−0 . 130 0 . 255 + 0 . 121 

−0 . 112 

σ 3D (km s −1 ) 1 . 952 + 0 . 167 
−0 . 145 0 . 586 + 0 . 102 

−0 . 086 0 . 716 + 0 . 239 
−0 . 163 0 . 469 + 0 . 133 

−0 . 112 

Virial mass (M �) 7073 + 1212 
−1048 272 + 95 

−80 285 + 190 
−130 133 + 75 

−63 

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 γ Vel (blue), and 
16.3 Myr for the distant population (purple). 
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 DY NA MIC S  O F  T H E  SUBGRO UPS  

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

.1 Velocity dispersions 

elocity dispersions can be a useful indication of the dynamical state 
f a group of stars and its gravitational boundedness. We estimate 
he velocity dispersions for each group and cluster in our sample 
sing Bayesian inference, sampling the posterior distribution with 
 Markov Chain Monte Carlo (MCMC) sampler and comparing the 
bservations to the model using a maximum likelihood (see e.g. 
right et al. 2019 ). 
The model velocity distributions are 3D Gaussians with a total 

f six free parameters (the central velocity and velocity dispersion 
n each dimension). For each star modelled we then add an uncer-
ainty sampled from the observed uncertainty distribution in each 
imension. 
To model the effects of unresolved binarity on our RV distribution

e add instantaneous velocity offsets to the modelled RVs for a
raction of the modelled stars equal to the binary fraction, which
e take to be 46 per cent (Raghavan et al. 2010 ). The velocity
ffsets are taken from a population of modelled binaries with primary
tar masses between 0.1 and 0.65 M � (to match the range of our
bserved sample) using a Maschberger ( 2013 ) IMF. Secondary star
asses are sampled between 0.1 and 1.0 of their primary star mass
ith a uniform probability. The distribution of orbital periods is 

ognormal with mean period log 10 (5.03) and dispersion log 10 (2.28) 
 (Raghavan et al. 2010 ). The distribution of eccentricities is flat
etween e = 0 to a maximum that scales with the orbital period
Parker et al. 2009 ). We randomize the inclination of binaries in
D relative to the line of sight and choose random times in the
inary orbits to calculate velocities along the line of sight of each
tar. We then apply a luminosity weighting between the velocities 
f each star in the binary. We do not consider triple systems, as
he contribution of the third star to the observed RV is likely
o be small, and the properties of these systems are not well
onstrained. 

We sample the posterior distribution function using the MCMC 

nsemble sampler emcee and use an unbinned maximum-likelihood 
est to compare the model and observations. We use wide and uniform 

riors for each free parameter, of −100 to + 100 kms −1 for central
elocities and 0 to 100 kms −1 for velocity dispersions. We use
000 w alk ers and perform 2000 iterations, the first half of which
s discarded as burn-in. We take the median value of the posterior
MNRAS 517, 5704–5720 (2022) 
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M

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. 
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istribution as the best fit and the 16th and 84th percentiles as 1 σ
ncertainties. 
Table 2 lists the best-fitting central velocities and velocity disper-

ions for all the groups and clusters studied. Fig. 10 shows the 3D
elocity distributions for stars in Vela OB2 as an example, with the
est-fitting velocity dispersion models overplotted. The best-fitting
elocity dispersions for Vela OB2 are significantly anisotropic, with
μδ

(km s −1 ) = 0 . 786 + 0 . 047 
−0 . 039 and σ RV (km s −1 ) = 1 . 424 + 0 . 153 

−0 . 133 implying
nisotropy with a confidence of 4.5 σ . As OB associations are sparse
nd unbound they are believed to be dynamically un-evolved (Wright
t al. 2016 ) and so retain their initial substructure, which is indicated
y velocity anisotropy. 
NRAS 517, 5704–5720 (2022) 
The best-fitting velocity dispersions for the P Puppis cluster
lso sho w e vidence of anisotropy ( σμα

(km s −1 ) = 0 . 340 + 0 . 068 
−0 . 051 and

μδ
(km s −1 ) = 0 . 200 + 0 . 043 

−0 . 032 ), albeit of only 2 σ significance. This
ould suggest that the P Puppis cluster has not yet undergone
ufficient dynamical mixing to develop isotropy, though more precise
easurements are needed to confirm this. 
Both the γ Vel and NGC 2547 clusters have velocity dispersions

onsistent with being isotropic at the 1.5 and < 1 sigma levels. This
uggests that both of these clusters are sufficiently mixed to have
rased any primordial anisotropy they may have possessed. This is
ot particularly surprising for NGC 2547 given its age as it would
e expected to be reasonably well mix ed. The v elocity dispersions
n radial velocity for γ Vel ( σ RV (km s −1 ) = 0 . 310 + 0 . 085 

−0 . 074 ) and for
ela OB2 ( σ RV (km s −1 ) = 1 . 424 + 0 . 153 

−0 . 133 ) are in good agreement
ith the velocity dispersions calculated by Jeffries et al. ( 2014 )

or their concentrated ( σ RV (km s −1 ) = 0.34 ± 0.16) and dispersed
opulations ( σ RV (km s −1 ) = 1.6 ± 0.37). 
We calculate 3D velocity dispersions, which are also listed in

 able 2 . W e calculate virial masses for each group and cluster
ccording to 

 vir = η
σ 2 

3 D 

r eff 

3 G 

, (5) 

here η = 10, and r eff is the radius within which half of a group or
luster’s members are located. These are given in Table 2 . 

The virial mass estimated for Vela OB2 (7073 + 1212 
−1048 M �) is

ignificantly larger than the total stellar mass of 1285 ± 110 M �
stimated by Armstrong et al. ( 2018 ), as expected for an unbound OB
ssociation. The virial masses for the γ Vel, NGC 2547, and P Puppis
lusters are likely to be more consistent with their stellar masses as
he long-lived nature of these clusters, coupled with their broadly
sotropic velocity dispersions, suggests that they are gravitationally
ound. These are also broadly consistent with literature estimates;
70 M � (Littlefair et al. 2003 ) and 450 ± 100 M � (Jeffries et al.
004 ) for NGC 2547, 152 M � (Jeffries et al. 2014 ) for γ Vel. 

.2 Expansion 

o determine whether any of the groups or clusters are expanding we
earch for correlations between velocity and position in each dimen-
ion. Positiv e or ne gativ e correlations between positions and velocity
n the same dimension indicate either expansion or contraction,
espectively. We do this in the Galactic Cartesian coordinate system
YZ and fit a linear relationship between position and velocity. To
inimize the effect of outliers we remo v e > 3 σ outliers in position

nd velocity before conducting the fits. We determine the best-fitting
arameters of this relationship using Bayesian inference and explore
he posterior distribution using MCMC. 

We model the gradient and intersect of the linear fit and the
ractional amount by which the uncertainties are underestimated ( m ,
 , f ). We assume that errors follow a Gaussian distribution and are
ndependent, and use linear least squares for maximum-likelihood
stimation. The likelihood function is given as 

n p( y | x , σ, m, b, f ) = −1 

2 

∑ 

n 

[
( y n − mx n − b) 2 

s 2 n 

+ ln (2 πs 2 n ) 

]
, (6) 

here 

 

2 
n = σ 2 

n + f 2 ( mx n + b) 2 (7) 

nd where σ n are velocity uncertainties for the n data points and
 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 −1 pc −1 ) 

Vela OB2 U X 0 . 074 + 0 . 005 
−0 . 005 14 σ

V Y 0 . 046 + 0 . 004 
−0 . 004 11 σ

W Z 0 . 050 + 0 . 004 
−0 . 004 12 σ

P Puppis U X 0 . 094 + 0 . 025 
−0 . 026 3 σ

V Y 0 . 003 + 0 . 029 
−0 . 025 –

W Z 0 . 030 + 0 . 014 
−0 . 015 2 σ

γ Vel U X 0 . 062 + 0 . 012 
−0 . 013 4 σ

V Y 0 . 007 + 0 . 012 
−0 . 012 –

W Z 0 . 034 + 0 . 011 
−0 . 012 2 σ
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or by varying the measured position according to its uncertainties 
uring the MCMC simulation. This is repeated for 2000 iterations 
ith 200 w alk ers, half of which are discarded as burn in, the second
alf from which medians, and 16th and 84th percentiles are reported 
rom the posterior distribution function as the linear best-fitting 
radient and uncertainties. 
The best-fitting gradients are listed in Table 3 and are shown in

ig. 11 for position versus expansion component of velocity. We 
nd very strong evidence for expansion in Vela OB2, with a strong
orrelation between position and velocity in each dimension that 
e have measured with significances of 11–14 σ . The expansion is

trongest in X versus U , which is similar to the findings of Armstrong
t al. ( 2020 ) who also found a strong level of anisotropic expansion
n Vela OB2, though the signatures of e xpansion the y found were
ess significant than ours. 

There is some evidence for expansion in the P Puppis and γ Vel
lusters, both of which show significant expansion in the X direction 
at 3 and 4 σ , respectively), some evidence of expansion in the Z
irection (2 σ ), but no significant expansion in the Y direction. There
s no significant evidence for expansion in NGC 2547, due mostly to
he small number of sources observed in this cluster. 

Given that both the P Puppis and γ Vel clusters show their 
trongest expansion in X versus U , the same direction in which Vela
B2 e xhibits e xpansion, there is a risk that contamination from the

atter to the former has contributed to the measured expansion in 
he clusters. Our membership criteria for the compact clusters was 
ntentionally conserv ati ve, to minimize such ef fects, but it may still
e an issue. Comparison of the distribution of Vela OB2 sources
n Fig. 11 with the distribution of γ Vel sources shows they overlap
eavily, particularly in the U versus X plot (see Fig. 12 ), and therefore
he strong gradient measured in this dimension may be due to 
ontamination from Vela OB2. Fig. 12 also compares the distribution 
f P Puppis sources in X versus U compared to the distribution of Vela
B2 sources. The two groups are clearly separated, which indicates 

hat the P Puppis group is unlikely to be highly contaminated by
ela OB2 sources, and that the expansion gradients for this group do

epresent its true physical state. 

.3 Rotation 

orrelations between position and velocity in different dimensions 
an provide an indication of rotation in a group of stars. We repeat
he same gradient fits performed in Section 4.2 between position and 
elocity in different dimensions to search for evidence of rotation in
ur groups. 
Table 4 lists the best-fitting rotation gradients for Vela OB2 and

he P Puppis and γ Vel clusters (NGC 2547 is too sparsely sampled
o provide reliable rotation fits). In the two clusters, we find no
ignificant evidence for expansion in any dimension. Ho we ver, in
ela OB2 there is strong evidence for expansion between W and Y
nd between V and Z , of 9 and 6 σ , respectively. 

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

.4 Estimating kinematic ages 

f a group of stars is expanding, and one assumes that the stars were
riginally in a very compact configuration (such as a star cluster)
hen the expansion gradient can be used to estimate the time-scale
or the expansion. This is known as the kinematic age and is derived
rom the reciprocal of the expansion gradient in each dimension. We
erived kinematic ages in each dimension for Vela OB2, the only
ne of our groups to be conclusi vely sho wn to be expanding. The
ges are 13 . 8 + 1 . 0 

−0 . 9 Myr in X , 22 . 2 + 2 . 1 
−1 . 8 Myr in Y and 20 . 5 + 1 . 8 

−1 . 5 Myr in Z .
he anisotropic expansion observed clearly gives unequal kinematic 
ges, implying that the Vela OB2 association did not expand from a
ompletely compact (cluster-like) configuration. The kinematic ages 
f 13–24 Myr are broadly consistent with the literature age of 16–
0 Myr (Sahu 1992 ), suggesting that the expansion of Vela OB2 may
av e be gun at, or close to, the time of its formation, and that it has
een e xpanding ev er since. Ho we ver, it is older than the age suggested
y the fit of low-mass members to PMS isochrones (Jeffries et al.
017 ; Cantat-Gaudin et al. 2019a ) our SED age estimates, and the
ge of γ 2 Vel (3.5 Myr; North et al. 2007 ), again hinting at the
naccuracy of some evolutionary models (Section 3.3 ). 

.5 Past and future structure of the Vela region 

he three clusters γ Vel, P Puppis, and NGC 2547 hav e v ery different
inematics not just from each other, but also from the wider Vela OB2
ssociation. To analyse the past and future structure of the Vela region
e can use the 3D positions and velocities to trace back the motions
f stars and clusters to study their distribution in the past (including
t their birth) and in the future. 

We calculate 3D positions as a function of time using the epicycle
pproximation and the orbital equations from Fuchs et al. ( 2006 ).
e use the Oort A and B constants from Feast & Whitelock ( 1997 ),

he local disc density from Holmberg & Flynn ( 2004 ), the local
tandard of rest velocity from Sch ̈onrich, Binney & Dehnen ( 2010 )
nd a solar Z distance abo v e the Galactic plane of 17 pc (Karim &
amajek 2017 ). We perform this traceback on the individual stars in

ela OB2, the distant group, and the outlier group. For the clusters
Vel, P Puppis, and NGC 2547 we perform the traceback on the

ntire clusters, on the assumption that they are (or are close to)
ravitationally bound. Note that our traceback does not take into ac-
ount dynamical interactions between stars and investigations using 
 -body simulations would be needed to probe the past dynamics in
ore detail. 
Fig. 14 shows the spatial distribution of sources and clusters in the

ela o v er the last 20 Myr. It is clear that NGC 2547 is an interloper
o the Vela OB2 region and is just projected against the association
t the present time. The position of NGC 2547 is outside the volume
MNRAS 517, 5704–5720 (2022) 
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Figure 11. Cartesian velocity versus position in each of the three dimensions XYZ for stars in the Vela OB2 association (red, left-hand panel), the P Puppis 
cluster (yellow, middle), and the γ Vel cluster population (blue, right-hand panel) with uncertainties shown. The best-fitting gradients and the 16th and 84th 
percentiles values of the fit are shown as solid and dashed lines, respectively, in each panel. 

Figure 12. Top: U versus X for sources in γ Vel (blue) and Vela OB2 (grey) 
with MCMC linear best fits shown as solid lines. Bottom: U versus X for 
sources in the P Puppis cluster (yellow) and in Vela OB2 (grey) with MCMC 

linear best fits shown as solid lines. 

Table 4. Rotation gradients for Vela OB2, the P Puppis, and γ Vel clusters 
derived from fitting linear gradients between position and velocity in different 
dimension. 

Group Velocity Position Gradient (kms −1 pc −1 ) Signif. 

Vela OB2 V X −0 . 004 + 0 . 016 
−0 . 015 –

W X 0 . 003 + 0 . 006 
−0 . 006 –

U Y 0 . 001 + 0 . 002 
−0 . 002 –

W Y 0 . 019 + 0 . 001 
−0 . 002 9 σ

U Z −0 . 015 + 0 . 005 
−0 . 005 2 σ

V Z 0 . 076 + 0 . 011 
−0 . 011 6 σ

P Puppis V X 0 . 052 + 0 . 050 
−0 . 054 –

W X −0 . 033 + 0 . 028 
−0 . 023 1 σ

U Y 0 . 023 + 0 . 012 
−0 . 015 1 σ

W Y −0 . 011 + 0 . 012 
−0 . 012 1 σ

U Z 0 . 002 + 0 . 029 
−0 . 027 –

V Z 0 . 021 + 0 . 042 
−0 . 041 –

γ Vel V X −0 . 023 + 0 . 012 
−0 . 011 1 σ

W X −0 . 014 + 0 . 012 
−0 . 011 1 σ

U Y 0 . 002 + 0 . 015 
−0 . 015 –

W Y 0 . 018 + 0 . 009 
−0 . 009 1 σ

U Z −0 . 035 + 0 . 018 
−0 . 017 1 σ

V Z 0 . 017 + 0 . 013 
−0 . 014 1 σ
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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. 
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f Vela OB2 5 Myr ago and is > 100 pc away at 20 Myr in the past.
imilar motion is seen for stars in the ‘outlier group’, a group that
e noted had stars of a similar age to NGC 2547 (Section 3.3 ). This

mplies that the formation of these stars may be closely linked to the
ormation of NGC 2547 itself. 

The γ Vel and P Puppis clusters remain within the volume of the
ela OB2 association up to 20 Myr backwards in time, which includes

heir estimated ages, therefore implying that they formed within the 
ela OB2 association. Their future motion suggests the two clusters 
ill continue to mo v e apart, following the o v erall e xpansion pattern
f the Vela OB2 association. 
Notable in the Z versus Y plots is the change in the apparent ‘tilt’ of

he Vela OB2 association in the past and in the future, indicating that
he association is rotating. This plane is of course the same plane in
hich we observed a 9 σ correlation between position ( Y ) and velocity

 W , the component of velocity in the Z direction) that indicates
otation (Section 4.3 ). This provides an important verification of the 
ignature of rotation we observed. 

.6 Identifying candidate runaway stars 

here are a number of confirmed young stars in our sample whose
inematics are distinct from that of either the Vela OB2 association 
r the three clusters identified. The PMs of some of these sources
oint away from the clusters in the region, suggesting that some may
e ’runaway stars’ that have been ejected from one of the clusters
ue to dynamical interactions. 
To identify runaway stars, we consider the past motion of these 

tars relative to each of the star clusters to see if their traceback
ntercepts with the half-mass radius of each cluster. We perform this
raceback in two dimensions, using a linear projection coordinate 
rame (Helmi et al. 2018 ) with a set distance (400 pc). This allowed
s to identify 12 sources as candidate runaways whose past motion 
ntercepts with one (or more) of the star clusters. 

To verify these runaways we perform three tests to confirm the 
ource as a runaway star. First we require that the SED-fitted age of
he star is broadly consistent with the age of the cluster it was ejected
rom ( ±40 per cent of cluster age from Section 3.3 ). Approximately 
alf of our candidate runaway stars passed this test, with the majority
f failures being candidates ejectees from NGC 2547 which were 
ound to be much younger than this cluster. The second test requires
hat the ejection time-scale for the star (the time required for it to
ransit to its current position) is less than or equal to the age of the
luster. Due to the proximity of these sources to the cluster all of
ur stars pass the ejection time-scale test. The final test requires that
he relative line-of-sight distance between the star and the cluster is
onsistent with their relative RVs. Most sources were found to fail
his test, either because their relative RV was in the wrong direction
r was too small or too large to be consistent with being ejected from
he cluster. 

The only source that passes all of our tests is Gaia ID
530691754285644032, which has an SED age ( ∼17 Myr) 
nd kinematics consistent with having been recently ejected 
0.07 ± 0.01 Myr) from the P Puppis cluster at a velocity of
.43 ± 0.01 kms −1 . This would classify the source more as a ‘walk-
way’ rather than a runaway (de Mink et al. 2014 ; Schoettler et al.
020 ). The remaining sources may be examples of kinematically 
hot’ young stars (Binks, Jeffries & Wright 2020 ) or they may be
ssociated with NGC 2547, as previously noted. 

 DI SCUSSI ON  A N D  F U T U R E  WO R K  

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

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

nd the association itself. 
(ii) We calculate velocity dispersions and virial masses for all these 

roups, finding significant anisotropy for Vela OB2 and the P Puppis
luster. The small 3D velocity dispersions of the γ Vel, NGC 2547,
nd P Puppis clusters indicate that they are likely gravitationally 
ound. We calculate virial masses of 272 + 95 

−80 , 285 + 190 
−130 , and 133 + 75 

−63 

 �, respectively. 
(iii) We find significant evidence ( > 11 σ ) of expansion for the Vela

B2 association in all directions, though it is somewhat anisotropic. 
e calculate a kinematic traceback age of 13–24 Myr for Vela OB2

ased on its expansion pattern, which is in good agreement with its
iterature age of 15–20 Myr (Section 3.3 ). 

(iv) We have used an epicycle approximation to investigate the 
elative positions of these groups up to 20 Myr into the past. We
nd that NGC 2547 is an interloper to Vela OB2 and is just passing

hrough the region at the present time. Both the γ Vel and P Puppis
lusters formed within the Vela OB2 association. 

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

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

.1 Structure of Vela OB2 and nearby clusters 

revious studies have not resolved the full 3D structure and dynamics
f Vela OB2 and its surrounding clusters. Pre- Gaia studies of the
egion hinted at the existence of a sparse, widespread population of
oung stars (Jeffries et al. 2014 ; Sacco et al. 2015 ) but it was not
ntil the availability of Gaia DR2 proper motions and parallaxes that
 structural and kinematic investigation over the whole region could 
e done (Cantat-Gaudin et al. 2019a ). Even then, radial velocities
ere lacking. 
We have found that Vela OB2 is not a single homogenous entity.

ather, it is a highly substructured complex containing multiple 
lusters with a range of ages, surrounded by a widespread and
MNRAS 517, 5704–5720 (2022) 
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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 γ 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. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5704/6783173 by guest on 28 N
ovem

ber 2022
NRAS 517, 5704–5720 (2022) 

art/stac3101_f14.eps


The structure and 3D kinematics of vela OB2 5719 

d
W
V  

b  

c
 

a  

a  

a  

f  

t

p
t  

c  

2  

c  

c
 

f
t  

s  

t
s  

l  

P  

o  

1

5

W  

t  

T  

a
g
w
u  

t  

a  

u  

w
2

e  

c
O

 

d
i  

t
m
p
e
g
f  

t
c  

t  

t  

I  

p  

o  

d
m

 

a  

Y  

s
c  

b  

t  

o  

i
i  

a

6

W  

a
f  

s  

c

t  

a
P  

a
w
e
i  

a  

f  

p  

l  

p  

w

s
o
s
a
t  

c
s
c  

n  

e  

u

A

W  

t  

f
a  

s
i  

i
A
c
A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5704/6783173 by guest on 28 N
ovem

ber 2022
ispersed population of young stars, exhibiting complex dynamics. 
e have confirmed that the sparse population surrounding the γ

el and NGC 2547 clusters (Jeffries et al. 2014 ; Sacco et al. 2015 )
elongs to the Vela OB2 association and have also identified a third
luster in the region, the P Puppis cluster. 

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

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

On the other hand, the γ Vel and P Puppis clusters appear to have
ormed within the volume of the Vela OB2 association, indicating 
hat they originated as compact substructures of Vela OB2. This is
upported by their similar ages to Vela OB2. The γ Vel cluster appears
o have formed relatively centrally within the association, and at a 
imilar time to it, suggesting its formation may have been strongly
inked to the formation of the association as a whole, whereas the P
uppis cluster is younger and appears to have formed on the edge
f the association, suggesting a total period of star formation up to
0 Myr within the region. 

.2 Expansion of the association 

e found strong evidence ( > 11 σ in all directions) for expansion of
he Vela OB2 association that is not apparent in any of the clusters.
his is in line with expectations since Vela OB2 was predicted to be
n unbound association, while the compact clusters were likely to be 
ravitationally bound. The expansion of Vela OB2 is in agreement 
ith past studies that have measured the expansion of the association 
sing PMs (Cantat-Gaudin et al. 2019b ; Armstrong et al. 2020 ),
hough this is the first time the expansion has been measured in 3D
nd to such a significance (11 σ ). These expansion rates were then
sed to calculate a kinematic age for the association (13–24 Myr),
hich is in good agreement with literature ages for Vela OB2 (15–
0 Myr). 
The expansion is also notably anisotropic, arguing against a simple 

 xplosiv e radial expansion pattern from the rapid unbinding of a
ompact group of stars. This is consistent with findings from other 
B associations (see discussion in Wright 2020 ). 
The γ Vel and P Puppis clusters show hints of expansion in the X

irection, with 4 and 3 σ correlations between position and velocity 
n this axis, respectiv ely. F or the former, some contamination from
he co-spatial Vela OB2 association may have contributed to this 

easurement, though our conserv ati ve cluster membership selection 
rocess should have minimized this. There are a number of physical 
xplanations for the observed expansion. First, the clusters may be 
ravitationally unbound and expanding. This would be surprising 
or a cluster as compact as γ Vel ho we ver, and for both clusters
he expansion is strongly anisotropic. In the Galactic Cartesian 
oordinate system, the X is aligned towards the Galactic centre, so
he expansion in this direction may be due to tidal shearing, though
he time-scale for this is typically much older than the age of γ Vel.
t is also possible that the P Puppis and γ Vel clusters are being
ulled in a certain direction by the mass of the Vela OB2 association
r its primordial molecular cloud that correlates strongly with the X
irection, though this is strongly dependent on the arrangement of 
ass in the vicinity of the clusters. 
We also observe significant signatures of rotation in the Vela OB2

ssociation in Y versus W and Z versus V , which are both in the
 –Z plane, but acting in opposite directions. This could be due to
ubgroups within the association moving in opposite directions and 
ausing the appearance of bimodal rotation. Ho we ver it could also
e caused by the combination of the elongation of the association in
he Y –Z plane (Fig. 14 ) and its expansion, which can give signatures
f rotation that are actually caused by expansion. In either case there
s certainly some degree of rotation, or residual angular momentum, 
n the association, as evidenced by the change in inclination of the
ssociation o v er time (see Y –Z plots in Fig. 14 ). 

 C O N C L U S I O N S  

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

We separated the sample into multiple kinematic groups, including 
he γ Vel, NGC 2547, and P Puppis clusters, and the Vela OB2
ssociation. We measure 3D velocity dispersions, which for the 
 Puppis cluster and the Vela OB2 association show evidence of
nisotropy, indicating that these groups are dynamically un-evolved, 
hile γ Vel and NGC 2547 are consistent with isotropy. We calculate 

xpansion gradients and find very significant evidence for expansion 
n Vela OB2 in all three dimensions, though this is significantly
nisotropic. The γ Vel and P Puppis clusters also show some evidence
or expansion. We use an epicycle approximation to trace back the
ositions of stars into the past. We find that the NGC 2547 cluster
ikely originated > 100 pc away from Vela OB2 and is an interloper at
resent, while the γ Vel and P Puppis clusters appear to have formed
ithin the Vela OB2 association. 
We have established that the Vela OB2 association is highly 

ubstructured, both spatially and kinematically. It contains multiple 
pen clusters of different ages with distinct kinematics, which are 
urrounded by a sparse, expanding population. This raises questions 
bout other associations, do they typically form with such substruc- 
ure and o v er what time-scales is it erased? Do all OB association
ontains compact clusters within them, and are all open clusters 
urrounded by a sparse OB association? The results we present 
ontribute to the growing wealth of evidence that OB associations are
ot the remnants of initially bound clusters, but instead form across
 xtended re gions with considerable substructure o v er time-scales of
p to ∼10 Myr. 
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