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ABSTRACT

We present the results of a photometric BV I survey of 0.9 square degrees around the
Wolf-Rayet binary γ2 Vel and its early-type common proper motion companion γ1 Vel
(together referred to as the γ Vel system). Several hundred pre-main-sequence (PMS)
stars are identified and the youth of a subset of these is spectroscopically confirmed
by the presence of lithium in their atmospheres, Hα emission and high levels of X-
ray activity. We show that the PMS stars are kinematically coherent and spatially
concentrated around γ Vel. The PMS stars have similar proper motions to γ Vel,
to main-sequence stars around γ Vel and to early-type stars of the wider Vela OB2
association of which γ2 Vel is the brightest member. The ratio of main-sequence stars
to low-mass (0.1–0.6M⊙) PMS stars is consistent with a Kroupa (2001) mass function.
Main-sequence fitting to stars around γ Vel gives an association distance modulus of
7.76±0.07 mag, which is consistent with a similarly-determined distance for Vela OB2
and also with interferometric distances to γ2 Vel. High-mass stellar models indicate
an age of 3–4Myr for γ2 Vel, but the low-mass PMS stars have ages of ≃ 10Myr
according to low-mass evolutionary models and 5–10Myr by empirically placing them
in an age sequence with other clusters based on colour-magnitude diagrams and lithium
depletion. We conclude that the low-mass PMS stars form a genuine association with
γ Vel and that this is a subcluster within the larger Vela OB2 association. We speculate
that γ2 Vel formed after the bulk of the low-mass stars, expelling gas, terminating star
formation and unbinding the association. The velocity dispersion of the PMS stars is
too low for this star forming event to have produced all the stars in the extended Vela
OB2 association. Instead, star formation must have been initiated at several sites
within a molecular cloud, either sequentially or, simultaneously after some triggering
event.

Key words: stars: formation – stars: pre-main-sequence – stars: Wolf-Rayet – open
clusters and associations: Vela OB2

1 INTRODUCTION

The double lined spectroscopic binary system γ2 Vel (HD
68273) contains the closest example of a Wolf-Rayet star.
The two components of the binary orbit with a period of
78.5 days and have spectral types WC8 (Smith 1968) and
O8III (Schaerer, Schmutz & Grenon 1997). Although the
Hipparcos parallax to the system yields a distance of only
258+41

−31 pc, de Zeeuw et al. (1999) classify it as belonging to
the Vela OB2 association, a group of some 100 early-type
stars spread over an angular diameter of ∼ 10◦ and at a
mean distance of 410± 12 pc. Indeed, the distance to γ2 Vel

is somewhat controversial. Millour et al. (2007) found an in-
terferometric distance of 368+38

−13 pc, while North et al. (2007)
have combined interferometry with radial velocity measure-
ments to estimate a distance of 336+8

−7 pc. A revised analysis
of the Hipparcos data by van Leeuwen (2007) quotes a dis-
tance of 334+40

−32 pc. A further common proper-motion com-
ponent of the system, γ1 Vel (HD 68243), lies 41 arcseconds
to the south-west of γ2 Vel. It is an SB1 binary with a B2III
primary and a period of 1.48 days (Hernández & Sahade
1980). The system formed by γ1 and γ2 Vel will hereafter
be referred to as γ Vel.

Pozzo et al. (2000) presented results of ROSAT X-ray
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observations combined with a photometric survey in a region
surrounding γ Vel. A large number of X-ray sources were
found coinciding with low-mass stars that were identified
with a few Myr pre-main-sequence (PMS) isochrone at a
distance of 350–450 pc. Pozzo et al. argued that these low-
mass stars were physically associated with γ Vel and that
they are all part of the Vela OB2 association.

In this paper we present a BV I photometric survey of
about 0.9 square degrees around γ Vel which is complete to
V ∼ 20. This area is more extended than that considered
by Pozzo et al. (2000) and allows us to revisit the ques-
tion of the spatial distribution of the low-mass association.
We present optical spectroscopy of a subsample of the PMS
candidates which confirms both the youth and kinematic co-
herence of the association. We have also used XMM-Newton

observations around γ Vel to examine the X-ray properties
of the low-mass PMS candidates and define a secure sam-
ple of association members with which to investigate their
age. Finally, by combining what we have learned about the
low-mass PMS stars with distances obtained from modelling
upper main sequence stars around γ Vel and the age of γ Vel
itself, we examine the relationship between the high- and
low-mass members of this group and its place within the
wider Vela OB2 association.

2 OBSERVATIONAL DATA

2.1 Optical photometry

A photometric survey of an area around γ Vel was performed
at the Cerro Tololo Interamerican Observatory (CTIO) 0.9-
m telescope. The survey was done in two parts in differ-
ent years, but using the same instrumentation and filters,
namely a Tek 2048×2048 CCD with a 13.5 × 13.5 arcmin2

field of view, the Harris B and V filters and a Kron-Cousins
I filter.

The first set of observations, described in Pozzo et al.
(2000), consisted of eight overlapping fields surveyed on the
night beginning 8 February 1999, together with five stan-
dard star fields taken from the Landolt (1992) catalogue.
Both short (20, 10, 6s) and long (300, 120, 60s) exposures
were taken through the B,V, I filters at each of the field cen-
tres listed in Table 1. The data were taken in photometric
conditions.1

The second set of observations consisted of twenty fields
which were surveyed on the nights beginning 8, 10 and 11
February 2002. These twenty fields had substantial overlap
with the original eight fields and the field centres are given
in Table 1. The short and long exposures also consisted of
(20, 10, 6s) and (300, 120, 60s) through the B,V, I filters re-
spectively. The data were obtained in good to photometric
conditions and again observations of several Landolt (1992)
fields were taken each night, some on more than one occa-
sion. The combined 28 overlapping fields make a survey of
roughly constant sensitivity over a rectangular area of ap-
proximately 0.93 × 0.95 degrees, centred upon γ2 Vel.

1 The exposure times of (20, 10, 10s) and (200, 100, 100s) previ-

ously stated by Pozzo et al. (2000) were incorrect, but this error
was not present in the calculated magnitudes in that paper.

Table 1. A log of the observations used in this work. For each of
the fields below, we obtained exposures of (300, 20s), (120, 10s)
and (60, 6s) through the B, V and I filters respectively.

Field Date Field Centre (J2000)
RA Dec

01 1999-02-09 08 10 17 -47 20 29
02 1999-02-09 08 09 36 -47 13 32
03 1999-02-09 08 08 52 -47 20 39
04 1999-02-09 08 09 32 -47 27 48
05 1999-02-09 08 10 35 -47 09 47
06 1999-02-09 08 08 24 -47 09 44
07 1999-02-09 08 08 24 -47 31 42
08 1999-02-09 08 10 34 -47 31 38
09 2002-02-09 08 09 31 -47 09 24
10 2002-02-09 08 10 26 -47 20 23
11 2002-02-09 08 09 31 -47 31 24
12 2002-02-09 08 08 26 -47 20 23
13 2002-02-12 08 07 22 -47 41 42

14 2002-02-12 08 07 22 -47 31 22
15 2002-02-11 08 07 22 -47 20 23
16 2002-02-11 08 07 22 -47 09 22
17 2002-02-11 08 07 22 -46 58 23
18 2002-02-11 08 08 26 -46 58 21
19 2002-02-11 08 09 31 -46 58 22
20 2002-02-11 08 10 26 -46 58 23
21 2002-02-11 08 11 30 -46 58 23
22 2002-02-11 08 11 30 -47 09 23
23 2002-02-11 08 11 30 -47 20 23
24 2002-02-12 08 11 30 -47 31 24
25 2002-02-12 08 11 30 -47 41 24
26 2002-02-12 08 10 26 -47 41 22
27 2002-02-12 08 09 31 -47 41 23
28 2002-02-12 08 08 26 -47 41 22

The data were initially reduced by subtracting a me-
dian stacked bias frame and overscan and then normalising
with flat fields taken during twilight sky on each night. A
bad pixel mask was constructed to identify hot pixels and
a few bad columns on the CCD. The data were analysed
using the cluster software package described by Naylor
et al. (2002), with updates described in Burningham et al.
(2003) and Jeffries et al. (2004). Objects were identified in
the long V -band exposures (or short V exposures if satu-
rated in the long). Spatial transformations were calculated
between the separate exposures for each field and optimal
photometry (Naylor 1998) was performed to obtain a flux for
each object in each exposure at a given position. A spatially
varying “profile correction” was calculated from bright, un-
saturated stars in each frame so that the photometry could
later be calibrated with standard star observations. The
profile-corrected photometry in each band was combined in
a weighted fashion after adjustments were made for any air-
mass difference. An additional statistical uncertainty was
added to each measurement at this stage to ensure that a
plot of signal-to-noise versus chi-squared for the combined
measurements was flat and approximately equal to unity
(see Naylor et al. 2002 for details). This additional uncer-
tainty ranged from 0.007 to 0.015 mag for the 28 fields and
reflects uncertainties in the profile correction. Astrometric
calibration of each frame was performed using the positions
of 600–900 stars from the 2MASS point source catalogue
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(Cutri et al. 2003). The rms residuals were approximately
0.08 arcseconds in each coordinate.

Standard star magnitudes were measured through a 15
pixel (6 arcsec) radius aperture and weighted least squares
solutions to the following equations were found for each
night.

B − V = ψbv (b− v) − kbvX + zbv , (1)

V − I = ψvi (v − i) − kviX + zvi , (2)

V = v + ψv (B − V ) − kvX + zv , (3)

where b, v, i are the instrumental magnitudes, X is the air-
mass, k are the extinction coefficients, z the zeropoints and
ψ are the colour terms. Standard stars were measured with a
range of colours, but included only two with V −I > 2.5 (the
reddest had V − I = 5.8). The means of the colour terms
were found to be ψbv = 0.89, ψvi = 1.00 and ψv = 0.02,
indicating that the filter set used was close to the natu-
ral Johnson-Kron-Cousins system defined by the standards.
Using these transformations the magnitudes were place onto
the Johnson-Kron-Cousins BV I system. The last step in the
construction of the catalogue was to make the photometric
calibration uniform across the mosaic using stars in the over-
lapping regions of each frame (see Jeffries et al. 2004). The
adjustments made here were generally less than 0.02 mag
and the remaining rms differences for stars in the overlap
regions was about 0.01 mag in V , B − V and V − I .

The final optical catalogue is presented in Table 2 (avail-
able fully in electronic form only). The flags applied to the
photometric values (non-stellar, bad sky, saturation etc.) are
detailed in Burningham et al. (2003). Some of these flags,
particularly the ill-determined background (flagged “I”), are
quite conservative but this ensures that the unflagged stars
have photometry of very high quality. The final photometric
uncertainties listed in the catalogue include the additional
systematic error associated with the profile correction but
do not include the 0.01 mag rms found for stars in the over-
lapping field regions. This additional error should be added
when comparing or combining stars across different fields
or the whole survey (as in this paper). Finally there are
likely to be external systematic photometric uncertainties
associated with placing our photometry onto the standard
system. The residuals of the fits to the standard star magni-
tudes suggest that any uncertainties are limited to less than
0.02 mag in the reported magnitudes and colours for stars
with V − I 6 2.5. This may rise for redder stars where there
is a paucity of available photometric standards.

The final colour-magnitude diagrams (CMDs) are
shown in Fig. 1 for unflagged stars with statistical uncertain-
ties of less than 0.1 mag on each axis. The PMS identified
by Pozzo et al. (2000) is readily appearent, especially in the
V vs V −I CMD where for V −I > 1.6 it stands well clear of
contamination. In the V vs B− V CMD there appear to be
some very faint blue objects. Upon visual inspection most
of these appear to be situated along the diffraction spikes of
bright, presumably early-type stars, but the detections were
too faint for them to be correctly identified as non-stellar.

A histogram of V magnitudes suggests that the V vs
V − I CMD is almost complete to V = 20 for colours
and magnitudes with uncertainties < 0.1 mag. The cata-
logue is “almost” complete to this level because there are
instances where brighter stars are flagged as non-stellar or

have a bad or ill-determined sky flag. This is especially true
in a 3 arcminute radius immediately around γ Vel itself,
where almost every star is saturated or has photometry af-
fected by scattered light from γ Vel, but is also the case for
much smaller regions around other bright stars in the sur-
vey area. The completeness at the bright end is governed
by the saturation level in the short exposures which is at
about V = 10.5 mag, with small variations across the mo-
saic. Excluding the central 3 arcminute radius, 86 per cent
of stars with 11 < V < 20 have unflagged photometry and
photometric uncertainties of < 0.1 mag. This fraction is not
very magnitude dependent, falling from ≃ 93 per cent for
V < 16 to 83 per cent for 19 < V < 20.

2.2 Optical Spectroscopy

On 24 and 25 November 1999 we used the 4-m Blanco tele-
scope at CTIO in conjunction with the Hydra multi-fibre
spectrograph to obtain high resolution (R ≃ 25000) spec-
tra of 120 candidate members of the low-mass association
around γ Vel. Targets were selected from the original pho-
tometric survey discussed in Pozzo et al. (2000) (the eight
fields observed in February 1999) and so come from the cen-
tral ∼ 0.3 square degrees of our total optical survey. Targets
were chosen solely on the basis of their position in the V vs
V − I CMD.

The 31.6 l/mm echelle grating and filter #5 were used to
isolate order 8, achieving a wavelength coverage from about
6450Å to 6750Å. The detector was a Loral 3k with 15 micron
pixels. We operated at gain setting 4, which yields about 2
electrons per ADU and 7.5 electrons of read noise per pixel.

The same field centre was observed twice on successive
nights, observing mainly different stars on each occasion.
There were 70 fibres in use at the time of our observations.
We observed 62 and 58 targets in the two observations with
3×600s exposures. A few targets were included in both con-
figurations, so a total of 112 separate targets were observed.
Sky spectra were obtained through 7 and 6 fibres, respec-
tively, on the two nights. Not all fibres were used because
of targeting constraints. Spectra of the daylight sky were
used to establish fibre throughputs - with two exceptions
they vary by less than a factor of 2, although two fibers had
a very low throughput. One or two stars were abnormally
faint (for their magnitude) in each field. We attribute this
to mispositioning of the fibre.

A Th-Ar calibration lamp was observed at the start
and end of the night to establish the dispersion solution. An
etalon lamp was observed before and after each observation
to track shifts in the zero-point of the wavelength solution.
The data were flattened using dome flats illuminated by a
quartz lamp.

Data reductions and extractions were accomplished
using standard iraf tasks including the extraction of 1-
dimensional spectra and application of the dispersion solu-
tion. A scattered light correction was applied. The twilight
sky was observed each night to establish the zero point of the
radial velocities. Some examples of the spectra are shown in
Fig. 2.

Radial velocities (RVs) were measured by cross-
correlating the spectra against those of the sky taken
through the same fibre. The statistical uncertainties are
estimated to be about 2–3 kms−1 for the reported RVs,

c© 2007 RAS, MNRAS 000, 1–21
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Table 2. The photometric catalogue for a 0.9 square degree area around γ Vel. Only a few rows are shown here to illustrate the content,
the full table is available in electronic form. The columns list two identifying numbers (the first of which is the field number from Table 1),
the RA and Dec (J2000), an x,y pixel position on the CCD where the object was identified and then for each of V , B − V and V − I
there is a magnitude, uncertainty and a quality flag. The flagging system is described in detail by Burningham et al. (2003).

Identifier RA Dec x y V B − V V − I

14 6058 08 06 38.742 -47 37 17.96 2057.835 1900.018 21.483 0.680 EN 2.936 0.898 EN 1.789 0.868 NN
14 413 08 06 38.756 -47 33 56.51 2058.757 1398.062 17.033 0.029 EO 6.987 0.667 EO 0.878 0.028 OO
14 1571 08 06 38.756 -47 34 46.17 2058.448 1521.786 18.915 0.025 EO 5.285 0.667 EO 1.883 0.070 OO
14 4261 08 06 38.787 -47 36 03.27 2057.166 1713.902 20.921 0.098 EO 3.462 0.672 EO 1.337 0.159 OO
14 1040 08 06 38.838 -47 35 43.23 2056.024 1663.976 18.323 0.016 OO 0.723 0.021 OO 0.889 0.029 OO

...
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Figure 1. Colour-magnitude diagrams (CMDs) from the entire survey area. Only unflagged photometric points with uncertainties less

than 0.1 mag in each coordinate are plotted – 38345 stars for the V , B − V diagram and 40185 stars for the V , V − I diagram. A clear
PMS stands out in the V versus V − I CMD for V − I > 1.6.

Table 3. Spectroscopy results. Only a few rows are shown here to illustrate the content. The full table is available in electronic form.
Column 1 lists which night the spectra were obtained: 1 = 24 November 1999, 2 = 25 November 1999. Columns 2 and 3 give the source
identification number (as in Table 2). Columns 4–14 (omitted from the table sample shown below, but included for convenience in the
electronic version) repeats the Table 2 values of RA, Dec (J2000) and the photometry values, uncertainties and flags for these sources.
Column 15 gives the signal-to-noise ratio per pixel for the spectrum estimated from the continuum around the Li i line. Columns 16 and
17 give the EW and EW uncertainty for the Li i 6708Å line – a zero uncertainty indicates that the quoted W[Li] is a 2-sigma upper limit.
Columns 18 and 19 give the emission EW of the Hα line – here a negative value indicates absorption. Column 20 gives the heliocentric RV
measured from the spectrum. Columns 21 to 24 list the Nomad proper motions and uncertainties (in milli-arcsec/year) where available.
Column 25 gives a comment based on the cross-correlation function (ccf) used to derive the RV: SB2 indicates a double peaked ccf,
SB2? indicates a possible double peaked ccf, RR means the star is probably a rapid rotator (in excess of ≃ 30 kms−1) and E indicates
an early-type spectrum. Column 26 lists log(Lx/Lbol) where available (see section 3.2). Column 27 gives our assessment of association
membership: 1 indicates a member, 2 indicates a non-member and 3 indicates uncertain membership (see section 3.1).

(1) (2) (3) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27)
Night Identifier SN W[Hα] δW[Hα] W[Li] δW[Li] RV PMRa δPMRa PMDec δPMDec Comment log Member

(Å) (Å) (Å) (Å) (km s−1) (mas/yr) (Lx/Lbol)

1 16 40 22 4.99 0.29 0.49 0.07 18 -5.7 5.6 13.4 5.6 1
1 7 35 14 -0.40 0.31 0.31 0.08 21 0.6 5.6 12.4 5.6 -2.91 1
1 6 216 5 4.3 2.2 0.43 0.15 14 1
1 9 131 6 0.52 0.56 0.50 0.13 20 -5.2 5.6 2.4 5.6 -3.45 1
2 12 123 6 0.21 0.26 0.46 0.13 30 -11.1 5.7 4.9 5.6 SB2? -3.82 1

...
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Figure 2. Examples of our spectra in the vicinities of the Hα and Li i 6708Å lines. The spectra have been normalised to unity and offset
for clarity. These examples show the full diversity of signal-to-noise ratios in our sample.

although are probably worse for a few objects with the
lowest signal-to-noise. In some cases no meaningful cross-
correlation peak could be measured.

The equivalent widths (EWs) of the Li I 6708Å line
(W[Li]) were estimated using the splot task in iraf and a
continuum estimated from a clipped fit to the surrounding
continuum. Estimated uncertainties are based upon the for-
mula δW[Li]=

√

(fp)/SN where f and p are the full width

half maximum of the line (about 0.7Å for most objects) and
the pixel size (about 0.14Å), and SN is the signal-to-noise
ratio of the spectrum which is empirically estimated from
the residuals to the continuum fit described above. Where
the line was not significantly detected, a 2-sigma upper limit
is reported.

Hα EWs were estimated in a similar way. However it
should be noted that the strong Hα background signal from
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the sky, as seen in the sky fibres, meant that the signal-
to-noise ratio in the Hα line was usually much worse than
the surrounding continuum. The EW uncertainties are dom-
inated by errors in the fibre throughput estimates in the
fainter stars. The contribution of this to the EW uncertain-
ties was estimated using the standard deviation of the resid-
ual flux around Hα seen in the sky-subtracted spectra from
fibres placed on the night sky.

The results of these analyses are presented in Table 3.
In many cases, especially for spectra from the second night
or for faint targets, the spectra were too poor to provide
any reliable information and so Table 3 only contains re-
sults from 91 spectra of 84 individual targets. Note that
seven targets have photometry flags set – indicating that
their photometry cannot be considered as reliable as for the
rest. The initial photometry analysis of Pozzo et al. (2000)
did not flag these stars, indicating that the more stringent
quality control applied here, particularly with regard to“ill-
determined sky” (see section 2.1), has flagged these stars
but that their photometry cannot be of very poor quality.
Five of these stars are judged to be members in section 3.1
and their photometry places them squarely in the cluster
pre-main-sequence. We will continue to use these stars in
our analysis and in any event, their inclusion affects none of
the paper’s conclusions.

2.3 XMM-Newton Observations

The X-ray data used in this paper come from two observa-
tions performed in 2001 by the XMM-Newton satellite. The
first started at at MJD 52013.473 and lasted 29.7 ks and
the second began at MJD 52033.4213 and lasted 59.1 ks.
The central pointing positions were close, but slightly dif-
ferent for each observation at RA= 122.407208 degrees,
Dec = −47.358139 degrees and RA= 122.397042, Dec =
−47.362889 degrees respectively. Both observations made
use of the European Photon Imaging Camera (EPIC) cam-
era with the “thick” optical filter covering the pn, m1 and
m2 detectors (see Strüder et al. 2001; Turner et al. 2001).

These EPIC datasets were reduced as part of the sec-
ond XMM-Newton Serendipitous Source Survey (2XMM)
cataloguing effort and the positions and X-ray count rates
for sources detected in these two observations were obtained
from the 2XMM database (pre-release version) held at the
XMM-Newton Survey Science Centre at Leicester Univer-
sity.

The data available consist of the positions and detec-
tion likelihoods, together with count rates determined in a
number of separate energy bands and their corresponding
uncertainties. For the purposes of this paper we created a
merged X-ray catalogue consisting of all those sources in
the longer observation plus those sources in the shorter ob-
servation with no counterpart (within 6 arcseconds) in the
longer observation. Anything correlated within 6 arcseconds
was assumed to be the same X-ray source – there is only a
likelihood of 1 random correlation within this radius. The
merged X-ray catalogue contained positions and count rates
for 276 separate sources, of which just 26 were found only
in the shorter observation.

3 ASSOCIATION MEMBERSHIP

3.1 Spectroscopic members

The primary basis for assigning secure membership is the
optical spectroscopy, which provides two good membership
indicators – the RV and strength of the Li I 6708Å feature.
The RVs of association members should lie close to a uni-
form value, after allowing for some velocity dispersion, ob-
servational uncertainties and the possibility of close binaries.
The abundance of lithium, and by extension W[Li], is an age
indicator for young, cool stars (see Jeffries 2006). Lithium
is depleted during the PMS phase in cool stellar envelopes
leading to a decline in W[Li] at a rate which depends on the
mass and hence effective temperature and colour of a star.
We refrain from using Hα strength as a membership indica-
tor because we would like to comment later on the frequency
with which strong, accretion-related Hα emission is seen.

Figure 3a shows a plot of W[Li] versus RV. Where two
spectra are available, the plotted information comes from
the spectrum with the highest signal-to-noise ratio. This plot
shows a concentration of RV values at 15–20 kms and that
objects with this RV tend to have the largest values of W[Li].

Figure 3b shows W[Li] as a function of V − I , again
plotting information from the best spectrum. The symbols
are coded to indicate which targets have an RV in the range
11 6RV6 22 kms−1. Also shown are loci defining the ob-
served upper and lower envelopes of W[Li] as a function
of V − I for stars in the IC 2391, IC 2602 and NGC 2547
open clusters (Randich et al. 1997, 2001; Jeffries et al. 2003),
which have ages in the range 30–50 Myr. We also show a
locus appropriate for a Li abundance A(Li) = 3.1 (where
A(Li) = 12 + logN(Li)/N(H)), which corresponds approx-
imately to an undepleted level of atmospheric Li. This lo-
cus was calculated using atmospheric models and colour-
temperature relations described in Jeffries et al. (2003).
These additional loci have been corrected by small amounts
to correspond to the reddening of the γ Vel association
(E(V − I) = 0.055, see section 4.2).

RV selection alone is unable to secure cluster member-
ship. Fig. 3b shows that there are several stars with a “mem-
bership RV” but with a W[Li] inconsistent with being very
young stars (< 30Myr). Membership or otherwise of the
“γ Vel association” is assigned as follows:

(i) We consider all those stars in Fig. 3b with W[Li] above
the upper empirical locus for a 30–50 Myr star to be almost
certain cluster members with one exception. The star ID 6-
122 is at the boundary but distinct from many other objects
with V − I ≃ 1.8. Whilst this probably is a young star, its
lack of a very large W[Li] and anomalous RV make mem-
bership of the γ Vel association doubtful.

(ii) There are five objects among the Li-rich members de-
fined above where the RV is not in the range 11–22 kms−1.
One of these is a clear double-lined spectroscopic binary
(SB2, ID 4-34), one is a possible SB2 (ID 12-123) and for the
other three (ID 1-118, ID 2-256, ID 10-228) we were unable
to determine the RV because of the poor spectrum quality.
The spectra of these five stars are shown in Fig. 2. On the
basis of their W[Li] we consider all these to be association
members.

(iii) There are eight objects with V − I < 1.4 that have a
strong Li feature which is at or below (by less than 1.5 error
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Figure 3. (a) Strength of the Li i 6708Å feature versus the heliocentric RV. The triangles represent upper limits. There is a clear
concentration of objects exhibiting strong Li in a narrow range of RV. (b) Strength of the Li i 6708Å feature versus V − I colour.
Encircled objects have 11 6RV6 22 km s−1. The dashed loci show observationally determined ranges of W[Li] in the 30–50 Myr old open
clusters IC 2391, IC 2602 and NGC 2547 open clusters. The dotted locus corresponds to a Li abundance A(Li)= 3.1 which approximates
a star that has not depleted its initial Li.
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Figure 4. (a) The CMD for unflagged optical sources correlated (up to a maximum of 6 arcsecs) with the merged 2XMM catalogue (see
text). (b) The likely distribution of spurious correlation in this CMD, obtained by offsetting all the X-ray sources by 30 arcsecs before
performing the correlation. Only 3 correlations above and to the right of the dashed PMS boundary defined in section 2.3 are expected
to be spurious.

bars) the empirical upper limit to W[Li] for a 30–50 Myr old
star. The usefulness of W[Li] as a youth indicator declines
for these warmer stars because the timescale for Li-depletion
is longer. However, because all eight have a RV consistent
with association membership we assume they are members.

(iv) The five bluest stars in the sample (with V −I < 0.5)
have only upper limits for W[Li] which might be consistent
with undepleted Li. Three are also early-type stars for which
we have been unable to ascertain an accurate RV. These
three objects could be association members, but equally
could be field objects and are classed as “uncertain”. The
RV of the remaining two objects is incompatible with cluster
membership, so we class them as non-members.

(v) The rest of the objects which have only upper lim-
its to their W[Li] are assumed to be non-members of the
association. They either have a RV inconsistent with mem-
bership or lie far enough below the Li-rich members to make
membership unlikely.

A summary of our spectroscopic membership judgements is
included as a column in Table 3. All together there are 32
stars considers as members, 49 as non-members and 3 with
uncertain membership.
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Table 4. (a) X-ray sources from the 2XMM catalogue which are correlated with 131 unflagged PMS optical counterparts in our
photometric catalogue (those lying above the locus defined in Fig. 4), appended with the details for 5 sources correlated with PMS
counterparts that have flagged photometry, but which were included as spectroscopic targets. Column 1 gives the IAU name of the
2XMM source, column 2 lists which observation the X-ray source parameters come from (1 = the observation beginning on MJD 52013,
2 = the observation beginning on MJD 52033), column 3 gives the source detection likelihood, columns 4–9 gives the count rates and
uncertainties in the 0.5-4.5 keV range for the pn, m1 and m2 instruments respectively (a zero here indicates the source was not found
in that detector). Column 10 is the separation between X-ray source and optical counterpart,columns 11–12 are the optical counterpart
identifiers from Table 2. Columns 13–14 are the RA and Dec (J2000) of the optical source, columns 15 and 16 give the V and V − I
of the optical counterpart, column 17 is the average unabsorbed X-ray flux (0.5-4.5 keV, erg cm−2 s−1), column 18 the assumed V -band
bolometric correction and column 19 the derived X-ray to bolometric flux ratio. (b) A similar table, but for those 124 optical counterparts
lying below the PMS selection locus shown in Fig. 4. These tables are only available in electronic form. A sample is shown below to
illustrate the content.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

IAU Name Obs ML pn pn err m1 m1 err m2 m2 err Separation
(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (arcsec)

2XMMp J080815.0-471537 2 4.7E+02 0.00E+00 0.0E+00 2.00E−03 2.6E−04 2.50E−03 2.2E−04 0.9
2XMMp J080817.8-472246 2 1.2E+01 1.56E−04 1.8E−04 3.59E−04 9.4E−05 0.00E+00 0.0E+00 1.6
2XMMp J080820.3-472026 2 2.9E+01 9.86E−04 4.8E−04 2.51E−04 7.9E−05 2.69E−04 8.1E−05 2.2
2XMMp J080825.8-471639 1 1.7E+02 2.64E−03 3.7E−04 9.02E−04 1.8E−04 1.06E−03 2.1E−04 1.5

...

(11) (12) (13) (14) (15) (16) (17) (18) (19)
Identifier RA Dec V V − I fx BCV log(Lx/Lbol)

(erg cm−2 s−1) (mag)

6 389 122.06241 -47.26055 15.947 2.117 4.10E−14 -1.541 -3.06
3 1670 122.07418 -47.37936 18.599 3.183 3.79E−15 -2.897 -3.57
3 576 122.08422 -47.34054 17.701 2.963 5.39E−15 -2.584 -3.65

12 213 122.10751 -47.27726 16.206 2.509 1.79E−14 -2.000 -3.50
...

3.2 Membership from the X-ray data

Late-type PMS stars are strong X-ray emitters, with a ra-
tio of X-ray to bolometric luminosity, Lx/Lbol, between 10−4

and 10−3. Field stars are not usually such strong X-ray emit-
ters unless they happen to be very young and rapidly rotat-
ing or tidally locked in close binary systems. X-ray emission
is therefore an excellent way to identify PMS stars, although
because the bolometric luminosity of lower mass PMS stars
is smaller, an X-ray selected sample will become increasingly
incomplete towards fainter objects. The X-ray observations
here are deep enough that this limit is approached for much
fainter objects than have optical spectroscopy (see below),
so an X-ray selected sample has the merit of clean member-
ship selection to lower masses.

The XMM-Newton field of view is roughly 30 arcmin-
utes in diameter, so only a subset of the photometric survey
is covered by X-ray observations. We looked for correlations
between X-ray sources and optical counterparts using a 6
arcsecond correlation radius. We restricted the optical cat-
alogue to those stars with unflagged photometry and un-
certainties in V and V − I less than 0.1 mag, finding 255
matches to 202 individual X-ray sources. Randomly offset-
ting the X-ray positions by 30 arcsecs reveals that about
half of these correlations are likely to be spurious because of
the large number of optical sources with faint magnitudes.
Fig. 4 demonstrates that most spurious correlations will be
with faint objects having V −I ≃ 1. If we define a line on the
CMD running from (0.0,10.5) to (3.25,21), then the obvious
PMS locus seen in the cool part of the optical CMD and
also the spectroscopic members (see section 3.1) lie above

this line, whilst the bulk of the optical catalogue lies below
it. Correlating the merged X-ray catalogue against objects
lying above the line accounts for 131 of the matches and only
3 of these are expected to be spurious (see Fig. 4 [right]). The
conclusion is that the vast majority of X-ray selected PMS
candidates (i.e. those above the line) are genuine correlations
and that spurious correlations are predominantly fainter and
bluer than the cluster members. Tables 4a and 4b list the
correlations between the 2XMM and optical catalogues. Ap-
pended to Table 4a are details for X-ray sources correlated
with five flagged PMS counterparts that were included as
spectroscopic targets.

To assess whether the X-ray emission seen is charac-
teristic of young PMS stars we estimate the Lx/Lbol ratio.
We have used the pimms (version 3.9e) tool from NASA’s
High Energy Astrophysics Science Archive Research Center
to convert EPIC count rates into unabsorbed X-ray fluxes
in the 0.5–4.5 keV energy range. We assume a one temper-
ature Raymond & Smith (1977) thermal corona and that
the column density is ≃ 3×1020 cm−2, which is appropriate
for a reddening E(B − V ) ≃ 0.04 (Bohlin, Savage & Drake
1978). We assume an average coronal metallicty of Z = 0.4,
since it is now well established that active PMS stars ex-
hibit subsolar coronal metallicities of this order (e.g. Scelsi
et al. 2007). Finally, we used a mean coronal temperature
of 107.0±0.1 K. This was arrived at by considering the mean
hardness ratio and standard deviation (using the 0.5–1 keV
and 1–2 keV bands) of 82 PMS objects with good detections
in the pn instrument. These assumptions have little effect on
the final estimated X-ray fluxes. The count-rate conversion
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Figure 5. X-ray to bolometric flux ratio, calculated assuming
that all the X-ray sources have the coronal spectral parameters
discussed in the text and have an extinction/reddening appro-
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upon their photometry (i.e. above the dashed line in Fig. 4) are in-
dicated, as are those which have had their membership confirmed
by spectroscopy or otherwise. The dashed line indicates the ap-
proximate sensitivity limit of the XMM-Newton observations for
an object situated in the association PMS.
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Figure 6. The colour-magnitude diagram for objects from the
photometric catalogue within the XMM-Newton field of view
(small dots). Additional symbols identify X-ray sources with
a PMS optical counterpart, along with the membership status
of objects we have observed spectroscopically. The polygon de-
fined by the solid line is used to select an almost complete
and contamination-free sample of association members (see sec-
tion 3.3).

factor changes by: +26
−10% if log T changes by ±0.3; decreases

by 1% if Z = 1.0; and by +11
−6 % if the column density changes

by ±3 × 1020 cm−2.
The final conversion factors we use from pn (or MOS)

count rates (in the 0.5–4.5 keV band) to unabsorbed X-ray
fluxes (in the 0.5–4.5 keV) band are 2.27 × 10−12 erg cm−2

(or 6.06 × 10−12 erg cm−2 count−1), where these conversion
factors apply to count rates evaluated over the whole point
spread function of the X-ray source (as supplied by the
2XMM catalogue). Bolometric fluxes were calculated using
V magnitudes, a bolometric correction derived from the in-
trinsic V − I (described in Naylor et al. 2002) and assuming
E(V − I) = 0.055 and AV = 0.131 (see section 4.4). Table 4
lists the average fluxes, assumed bolometric corrections and
log(Lx/Lbol) for both PMS and non-PMS X-ray sources.

Figure 5 shows the results and clearly demonstrates that
the X-ray selected PMS candiates, many of which have been
confirmed by our spectroscopy, show activity levels charac-
teristic of PMS populations – a level of activity that in-
creases with V − I as the objects develop deep convection
zones, saturating at Lx/Lbol ≃ 10−3 for cool objects. Note
there are four spectroscopic non-members which are indis-
tinguishable from members on the basis of their X-ray ac-
tivity. It is possible that these are spurious correlations –
recall that ∼ 3 were expected in the PMS sample, and these
are most likely to occur for V − I < 1.6 where the density
of optical sources contaminating the PMS is greatest (see
Fig. 6). There is also one object (ID 12-75) with an X-ray
activity level much lower than other PMS candidates with
V − I ∼ 1.5 and is unlikely to be a cluster member. We con-
clude that an X-ray selected sample of photometric PMS
candidates with V − I > 1.6 is unlikely to be contaminated.
Most of the remaining (non-PMS) X-ray sources will either
be active field dwarfs and coronally active binary systems
with Lx/Lbol 6 10−3 or, for the objects with larger X-ray
to bolometric flux ratios, active galaxies which are probably
not even correlated with the correct optical counterpart.

The minimum detectable unabsorbed X-ray flux
in the XMM-Newton observations is roughly 1.5 ×

10−15 erg cm2 s−1 when calculated using the conversion fac-
tors discussed above. The dashed line in Fig. 5 shows how
this translates into a Lx/Lbol detection threshold for a typ-
ical object that is part of the X-ray selected PMS. As the
X-ray luminosity functions of PMS stars are not bimodal
and there is a significant gap between the Lx/Lbol threshold
and the detected PMS stars. There are 5 spectroscopically
confirmed members which are apparently not X-ray sources
in Fig. 6. In fact 3 of these are outside the XMM-Newton

field of view (ID 16-40, ID 6-216 and ID 8-24). One of them
(ID 4-41) lies in the wings of a bright X-ray source and is
probably confused within it, and the final object (ID 10-97)
lies just over 6 arcsecs from an X-ray source correlated with
another spectroscopic member (ID 10-93). It is likely that
two separate X-ray sources have been merged by the XMM-

Newton spatial resolution and subsequent analysis. We can
conclude that X-ray selection will be almost complete (where
there is X-ray coverage) for PMS stars with V − I < 2.8,
V ≃ 18, but increasingly limited to the most active of stars
that are even cooler.

3.3 Photometric membership

Whilst an X-ray selected sample can be defined which is
complete and uncontaminated for 1.6 < V − I < 2.8, this
sample is spatially limited to the 650 arcmin2 XMM-Newton

field of view. The photometric survey is more extensive so it
makes sense to also define a photometrically selected sample.
Fig. 6 shows the CMD within the X-ray field of view and
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Figure 7. The colour-magnitude diagram for objects in the Ty-
cho Catalogue within 45 arcminutes of γ Vel and which satisfy a
proper motion criterium (see text).

demonstrates that, for 2 < V − I < 3, the vast majority of
photometric PMS candidates (those above the dashed line)
are X-ray sources with Lx/Lbol > 10−4 and therefore likely
to be very young stars. For hotter PMS candidates there are
an increasing proportion which are not X-ray sources or are
proven spectroscopic non-members. For cooler candidates
a lack of X-ray sensitivity probably leads to an increasing
fraction of non-detections. Note that Fig. 6 plots data for
all of our spectroscopic targets, some of which lie outside
the XMM-Newton field of view. In particular, there are eight
spectroscopic members in Fig. 6 that appear not to be X-ray
sources. In fact, three of these lie outside the XMM-Newton

field (ID 6-216, ID 8-24 and ID 16-40), while the remaining
five have flagged photometry.

For the purposes of judging the spatial distribution of
cluster members we define a selection box as shown in Fig. 6
which should result in a sample of PMS candidates with
V − I > 2 that are nearly uncontaminated and complete for
V 6 20, the approximate completeness limit of the photo-
metric survey. To put this on a quantitative basis, there are
24/116 objects in this photometric selection box that are
not X-ray sources or are spectroscopic non-members. How-
ever, the majority of these have V > 18 and have probably
just not been detected in X-rays yet. This means that the
contamination level is < 0.037 arcmin−2 if we assume all
the X-ray sources in the selection box are members of the
association. Applying the selection box to the full photomet-
ric catalogue defines a sample of 319 unflagged photometric
members with V < 20.

3.4 Membership of bright stars

The saturation level of our new CCD photometry is V ≃

10.5. To get information on brighter stars we consult the
Tycho-2 catalogue (Høg et al. 2000) which contains V and
B − V magnitudes in the Tycho system along with precise
positions and proper motions.

To define a sample of bright association candidates we
take those stars within 45 arcminutes of γ2 Vel that sat-
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Figure 8. Proper motions for the various stellar samples dis-
cussed in the text. The γ Vel and Vela OB2 main-sequence proper
motions come from the Tycho and Hipparcos catalogues respec-
tively. The proper motions for the spectroscopic targets are good
quality measurements from the NOMAD catalogue.

isfy two further criteria. (i) Their proper motions are within
three times their error bar of the mean proper motion of
the Vela OB2 association derived from Hipparcos data by de
Zeeuw et al. (1999). We add 1 mas/year in quadrature to the
proper motion uncertainty (corresponding to ≃ 1.5 kms−1

in tangential motion) to account for any small velocity dis-
persion (see section 4.1). (ii) They have photometric un-
certainties of < 0.05 mag in V and B − V (in the Tycho
system). This proper motion and position selection results
in the catalogue of 29 stars shown in Fig. 7. There are three
objects with B−V > 0.5 (Tyc-8140-4503-1, Tyc-8140-2697-
1, Tyc-8140-3771-1) which clearly stand out as anomalous.
These are most likely unrelated background giants – they
would have to be > 300 Myr old if they were red giants at
the distance of the association.

The majority of the stars selected form a sequence in
colour-magnitude space (Fig. 7), and share the same proper
motion. It is quite likely they are a distinct, co-eval popula-
tion. Since they share the same position on the sky as our
PMS sample, it is also likely that both groups are part of the
same population. Indeed, it is almost inconceivable that the
two are not the same population, since were they not, the
question would be where in the CMD are the higher-mass
stars which correspond to the large number of low-mass stars
we have found (see section 4.7)?

4 PROPERTIES OF THE ASSOCIATION

AROUND GAMMA VEL

4.1 Kinematic and spatial coherence

Figure 3 shows that the Li-rich stars are closely grouped
in RV. If we take the 27 spectroscopically confirmed PMS
candidates that have 11 6 RV 6 22 km s−1, then the mean
association heliocentric RV is 17.1 kms−1 with a standard
deviation of 2.5 kms−1. This standard deviation must be a
strong upper limit to the 1-dimensional velocity dispersion
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in the cluster. We estimate that the RVs are uncertain at
the level of 2–3 kms−1, which must account for the major-
ity of the observed dispersion. No external RV standards
(other than the Sun) were observed during our spectroscopy
run. Experience from other datasets suggests that the un-
certainty in the mean RV will be dominated by systematic
effects at the level of ∼ ±1 kms−1, rather than the smaller
statistical uncertainty in the mean.

The systemic RVs of γ1 and γ2 Vel are 9.7±1.0 and 7±
23 kms−1 respectively (Hernandez & Sahade 1980; Schmutz
et al. 1997). The very small error bar on the RV of γ1 Vel
should be treated with caution. These were photographic
spectra with RVs averaged over many spectral lines. It is
unclear how the line centres were determined or whether
there was significant variation between lines. No systematic
study of the RVs of other early-type stars near γ Vel has
been reported.

Proper motions for the Vela OB2 main sequence (MS)
stars and the bright Tycho-selected MS stars around γ Vel
are available from the Hipparcos and Tycho catalogues re-
spectively, and have typical uncertainties of 0.8 and 1.5 milli-
arcsec/year in each coordinate. We searched the nomad

catalogue (Zacharias 2005) for proper motions for fainter
sources in our optical catalogue. Good quality proper mo-
tions (flagged as of astrometric standard) are available for
58 of the 84 stars with spectroscopic membership determi-
nation. All of these have V < 15.5 and uncertainties of ∼ 5
milli-arcsec/year in each coordinate.

The proper motions are plotted in Fig. 8 and the mean
and standard deviations of the proper motion for each of
these stellar groups are reported in Table 5. Note that the
MS stars around γ Vel and the Vela OB2 stars have been se-
lected on the basis of their similar proper motions, yet may
still contain some non-members. The key point is that the
spectroscopic members are indistinguishable from γ2 Vel,
the Vela OB2 MS stars and the MS stars around γ Vel
on the basis of their proper-motions. The mean proper mo-
tions agree to within their small statistical uncertainties and
the observed standard deviations are close to the statisti-
cal uncertainties, suggesting that any internal scatter in the
proper-motions is small. Quantitatively, the internal scatter
is probably less than 1.5 milli-arcsec/year for the MS stars
around γ Vel (< 2.5 km s−1 at the distance of γ Vel, see
section 4.2) and consistent with zero for the spectroscopic
members. On the other hand the spectroscopic non-members
show a larger dispersion and a different mean proper-motion.
On that basis it seems likely, although not conclusive, that
the 3 stars with “uncertain” status (triangles in Fig. 8) are
members. Given sufficiently precise proper motions (of or-
der 2 milliarcsec/year) it should be possible to separate clus-
ter and field populations with some confidence. However the
proper motions we have are limited to relatively bright stars
(V < 16) and are quite incomplete, so cannot be effectively
used for that purpose in this paper.

To examine the spatial structure of the low-mass asso-
ciation we use the photometrically defined sample of PMS
candidates (section 3.3). This covers the entire photometric
survey and should have reasonably uniform spatial sensitiv-
ity apart from the region immediately around γ2 Vel itself
(see section 2.1).

Figure 9a shows the spatial distribution of the 319 pho-
tometric candidates from the selection box in Fig. 6. The
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Figure 10. The best fitting model (colour scale) to the dataset
of Figure 7.

radial distribution of these objects is shown in Fig. 9b, cen-
tred on γ2 Vel. We have made a correction (which is only
significant for the first two bins) for spatial incompleteness
in the survey, by normalising to the radial distribution of
stars selected from a comparison box in the V, V − I CMD
with V − I < 2 and 16 < V < 20. An upper limit to the
level of contamination (derived from < 24 non-members in
the 650 arcmin2 XMM-Newton field of view) is also shown.

A clear central concentration in the spatial distribution
of photometric association candidates is evident. But it is
also apparent that the edge of the spatial distribution has
not been reached, because the spatial density of candidates
members is still significantly higher than the upper limit to
the background level even at radii of 0.5–0.6 degrees.

4.2 Distance and Extinction for a main sequence

sample

The low-mass stars identified as young association members
based on their RVs, lithium abundance and X-ray emission,
are PMS stars which fade as they contract. The sequence
they form moves to fainter magnitudes with age, resulting
in a strong age-distance degeneracy if we were to try and
fit that sequence with model isochrones (e.g. Naylor & Jef-
fries 2006). Conversely, high-mass stars around γ Vel have
already reached the MS, with almost age-independent posi-
tions in a CMD (for a quantitative discussion see Mayne &
Naylor 2008). By measuring the distance to these we can pin
down the distance to the low-mass objects and hence get a
better age estimate.

Later we shall show that the MS sample around γ Vel
is at a similar distance to the majority of the Vela OB2
association, and that γ Vel itself also lies at this distance,
but for the moment one should be quite clear that fitting the
proper-motion-selected MS sample from section 3.4 does not
actually measure the distance to either γ Vel or Vela OB2.

We fitted the MS dataset from section 3.4 using the
Geneva-Bessell models described in Mayne & Naylor (2008).
These are based on the Geneva isochrones (Lejeune &
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Figure 9. (a) Large spots show the locations of the low-mass PMS photometric candidates defined in section 3.3. The small dots show
the quasi-uniform distribution of the much larger number of stars with similar brightness (but bluer colours). The “hole” in the middle is
caused by the lack of good photometry for stars that are close to γ2 Vel. (b) The radial distribution of the photometric PMS candidates,
normalised by the radial distribution (centred on γ2 Vel) of the comparison sample with similar brightness. The central bin is missing
because no good photometry was obtained close to γ2 Vel. The horizontal dashed line shows an upper limit to the level of contamination
in the sample.

Group Nstars Avg. uncertainty pm RA (mas/yr) pm Dec (mas/yr)
(mas/yr) mean std. dev. mean std. dev.

γ2 Vel 1 – −5.9 0.5 +9.9 0.4
Vela OB2 MS 85 0.8 −6.6 1.3 +8.1 1.4
γ Vel MS 24 1.5 −6.8 2.2 +7.9 2.4
Spectroscopic Members 17 4.4 −6.5 3.2 +8.5 3.3
Spectroscopic Non-Members 38 4.1 −3.2 6.8 +4.1 11.5

Table 5. A summary of the the proper-motion properties of various star samples (see text).
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Figure 11. τ2 as a function of distance modulus and extinction
for the data and model of Figure 10. The contour shows the 68
percent confidence region.

Schaerer 2001) but use bolometric corrections and Teff -
colour conversions from Bessell et al. (1998), assuming the
magnitude of Vega is zero in both V and B. These are con-
verted from the conventional BV system to the Tycho sys-
tem using formulae in Bessell (2000). Using these models
to simulate roughly a million stars allowed us to create a
probability density for the position of a star in the CMD
plane (the colour scale in Figure 10). We then used the τ 2

statistic (Naylor & Jeffries 2006; Naylor in prep.) to com-
pare the model and data for any value of distance modulus
and extinction, and find best-fitting values.

Before commencing we removed the three objects with
B − V > 0.5 (see section 3.4). In addition we removed
the star (Tyc-8140-5438-1) which lies too blue of the MS
(see Fig. 7). Finally, our bolometric correction runs out at
V0 ≈ −1.7, which for reasonable distances places star Tyc-
8140-6536-1 quite close to the brightest available model. We
therefore removed this point as well. We fitted the resulting
dataset to a 7 Myr isochrone using the colour-dependent ex-
tinction vectors derived for the Tycho system in Mayne &
Naylor (2008) and assuming a binary fraction of 50 per cent.
Mayne & Naylor (2008) show that the best-fit extinction and
distance are not very dependent on the assumed isochronal
age, because the fitted stars are much fainter than the MS
turn-off. If we fit the resulting dataset without any clipping
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Figure 12. The best fitting model (colour scale) to the 77 Vela
OB2 association members defined by de Zeeuw et al. (1999) and
which have VT > 6 and (B − V )T < 0.5. The model includes a
distance modulus spread of 0.3 mag.

of high τ 2 datapoints (see Naylor & Jeffries 2006) we obtain
a Pr(τ

2) of 0.15 with a distribution of τ 2 which suggests that
star Tyc-8140-6535-1, a bright star just to the red of the se-
quence should also be removed from the fit. Removing this
point results in a Pr(τ

2) of 0.64, and the fit shown in Figure
10. We considered the possibility that both Tyc-8140-6535-1
and Tyc-8140-5438-1 should be included because they repre-
sent a real spread in distance. However, these stars lie over a
magnitude (in opposite directions) from the sequence, mak-
ing such an interpretation unlikely.

The plot of τ 2 as a function of distance and extinc-
tion (analogous to a χ2 space), is shown in Figure 11. Since
we have a reasonable Pr(τ

2) value we calculate parameter
uncertainties as described in Naylor (2008 in prep),without
any need to increase the uncertainties for the individual dat-
apoints. Doing so results in the confidence interval shown in
Fig. 11. The lowest τ 2 (corresponding to the most likely pa-
rameter values) occurs at an absolute distance modulus of
7.76± 0.07 mag and E(B− V ) of 0.038 ± 0.016 mag, where
the uncertainties are 68 per cent confidence levels for one
parameter of interest.

4.3 The Distance to Vela OB2

To establish a distance to the surrounding Vela OB2 associ-
ation on the same basis we fitted Tycho photometry of the
members given by de Zeeuw et al. (1999). These stars were
chosen by de Zeeuw et al. on the basis of photometry and
proper motions and lie in a region more than 10 degrees in
diameter. We again limited ourselves to stars with VT > 6,
due to the limitation of our calibration, and ignored objects

Figure 13. The 68 percent confidence limits in intrinsic distance
modulus and extinction for the de Zeeuw sample (solid contour)
and the MS sample around γ Vel (dashed contour). The asterisk
and cross respectively mark the best-fit values for these samples.

with (B − V )T > 0.5, since these are either non-members,
or perhaps evolved stars.

Such a fit, using a clipping threshold of τ 2=10, clips
19 of the 77 available datapoints, and still only achieves
Pr(τ

2) = 0.00004. The absence of a clearly defined sequence
implies that there may be a spread in distance. We modelled
this as a spread in distance modulus, by convolving a Gaus-
sian with the expected distribution in colour-magnitude
space. This procedure cannot be carried out in a statisti-
cally rigorous fashion, since adding the distance modulus
spread changes the number of datapoints which are clipped
out. This ruins any chance of a strict statistical compari-
son between models with different distance spreads, but in
any case clipping is not a well defined process in statisti-
cal terms. However, if we introduce a Gaussian spread in
distance modulus with σ = 0.3 mags, then Pr(τ

2) rises to
about 0.52 for only 13 clipped datapoints. Furthermore the
distribution of τ 2 for the unclipped points is similar to that
predicted from the model. Introducing the distance spread
has little effect on the derived best-fit parameters, changing
the distance modulus and E(B − V ) from 7.65 and 0.028
mag respectively to 7.68 and 0.036 mag.

To derive a reasonable estimate of the uncertainties for
the model with a distance spread we repeat the τ 2 grid
search with the clipped datapoints removed. We find a best-
fitting E(B−V ) = 0.032± 0.009 mag and absolute distance
modulus of 7.72 ± 0.08 mag. The best-fitting model (with
a distance modulus spread of 0.3 mags) is shown with the
data overlayed in Figure 12. The 68 percent confidence con-
tour is plotted on Fig. 13. It is clear that the sample of MS
stars around γ Vel and the de Zeeuw Vela OB2 sample have
an indistinguishable distance modulus and extinction at this
level.

The distance modulus we have found for the Vela OB2
sample is closer than the (8.06±0.07) mag found by de Zeeuw
et al. (1999). We have no definitive explanation for this.
There have been problems with reported mean Hipparcos
parallaxes to some clusters and associations (notably the
Pleiades – see Pinsonneault et al. 1998) probably due to
correlated parallax errors over small regions on the sky. An-
other factor may be the accuracy of the correction de Zeeuw
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et al. have applied to account for biases introduced by dis-
carding objects with negative parallax and incompleteness
for stars with fainter magnitudes. A further possibility is a
departure from our assumption of solar metallicity. This is
discussed further in section 5.

The suggestion of a ±0.3 mag spread in distance modu-
lus is not altogether surprising. The stars defined as the Vela
OB2 association by de Zeeuw et al. (1999) occupy a roughly
circular area of about 12 degrees diameter. If the association
is spherical then the front-to-back distance spread would be
of order ±0.2 mag. There also remains the possibility of
small star-to-star reddening variations which if modelled as
a vertical displacement in the CMD could mimic a signifi-
cant distance spread.

4.4 The Age of the Pre-Main-Sequence Sample

4.4.1 Low-mass PMS model isochrones

To determine an age for the PMS sample we adopt the best
fitting distance modulus and extinction from fitting the MS
stars whose projected positions lie around γ Vel (see section
4.2). Extinction and reddening in terms of AV and E(V −I)
are calculated for a star with a typical intrinsic PMS colour
as AV = 3.48E(B−V ) = 0.131 and E(V − I) = 1.44E(B−

V ) = 0.055 (see Bessell et al. 1998).
A model dependent absolute age can be estimated by

comparing the PMS data to model isochrones. In practice
this is difficult to do. Figure 14 shows various attempts to
match a PMS sample around Gamma Vel, consisting of the
spectroscopic and X-ray selected photometric members de-
fined in section 3, using different models. The top left panel
shows Siess et al (2000) isochrones overlaid on the data.
These are the Z = 0.02 models, with a relationship between
colour and effective temperature that is tuned to match pho-
tometry in the Pleiades, as described in Naylor et al (2002).
If we restrict ourselves to V − I < 2.5 where we know our
photometric calibration is excellent, then the lower envelope
of the data suggests ages of 10–12 Myr, whilst the upper en-
velope suggests ages < 5Myr. Of course our data doubtless
contain many binaries which are up to 0.75 mag brighter
than a single star of the same colour, but even so, the red-
der stars have a magnitude spread which is larger than this,
perhaps indicating a real age spread. For V−I > 2.5 the data
dip well below the 10 Myr isochrone in a way not reproduced
by the Siess et al isochrones, either due to inadequacies in
the cool model atmospheres or possibly in the photometric
calibrations for very red stars.

The top right panel of Fig. 14 shows a similar compar-
ison using the mixing length 1.0 isochrones from Baraffe
et al. (2002), again with the bolometric corrections and
colour-effective-temperature relations outlined in Naylor et
al (2002). The bottom left panel shows the same compari-
son with the models of D’Antona & Mazzitelli (1997). The
data for V − I < 2.5 in these diagrams suggest that the
oldest single stars have ages of 15–20 Myr and 7–10 Myr re-
spectively, with the same discrepancies for cooler stars. The
distance uncertainty for the γ Vel association makes little
difference to these numbers and the reddening vector runs
almost parallel to the isochrones.

A further factor to be considered is the choice of colour-
temperature conversion relation. In the bottom right panel

of Fig. 14 we show the results of transforming the Siess
isochrones using the often-used colour-temperature relation-
ship of Kenyon & Hartmann (1995). Obviously the data are
far from parallel to these isochrones. The age of the associ-
ation would be 5–15 Myr, depending on which colour range
was considered. Finally, all these models are roughly at a
solar metallicity. Relaxation of this assumption is discussed
in section 5.

4.4.2 Low-mass PMS empirical isochrones

An alternative approach is to consider empirical isochrones.
In Fig. 15a we compare our data to empirical isochrones
for the σ Ori, λ Ori, NGC 2362 and 25 Ori clusters. These
isochrones were constructed by fitting low-order polynomials
or splines through published datasets of low-mass members
(see Mayne et al. 2007; Mayne & Naylor 2008) and adjusting
the distance moduli and reddening to match those assumed
for the γ Vel association. For σ Ori, λ Ori and NGC 2362
we used distances and reddening consistently rederived for
early-type members (using the same techniques as described
here) by Mayne & Naylor (2008), whereas for 25 Ori we used
the intrinsic distance modulus of 7.59 and AV = 0.29 derived
by Briceño et al. (2007).

Figure 15a suggests that the PMS stars around γ Vel
are older than those of the σ and λ Ori clusters, which have
been assigned ages of ≃ 3Myr in the empirical age ladder
of Mayne & Naylor (2008), older than NGC 2362 which is
assigned an age of 4–5 Myr and similar in empirical age to
the PMS stars of the 25 Ori cluster, which Briceño et al.
(2007) concluded had an age of 7–10 Myr, based mainly on
Siess isochrones. A similar empirical analysis for the γ Vel
association using V −J colours was performed by Hernández
et al. (2008, see their Fig. 9), assuming an intrinsic distance
modulus of 7.72 and AV = 0.15. They also concluded that
the γ Vel PMS stars were older than those in σ and λ Ori,
but found they were younger than those in 25 Ori.

4.4.3 Lithium depletion

Lithium is strongly depleted in cool stars as they age. The
W[Li] values for the γ2 Vel PMS candidates are shown in
Fig. 3b, along with a locus marking the level of undepleted
Li. There is no strong evidence for Li depletion in any of
the candidates with the appropriate RV (see section 3.1).
Theoretically, as a cluster ages we expect to see Li depletion
beginning in PMS stars with effective temperatures of 3600–
3800 K at ages of 10–20 Myr (Baraffe et al. 1998; Siess et al.
2000, see also Fig. 9 of Jeffries et al. 2003). At older ages
a “Li-depletion chasm” opens up towards both higher and
lower temperatures. A Teff of 3600–3800 K corresponds to
an observed V − I of 2.65–2.25 in this association, so we
have observed a few stars which might be expected to show
Li-depletion if they were older than 10 Myr. That stars with
V − I > 2.25 show little or no Li-depletion allows us to
put an upper limit to their age of 20Myr using the Baraffe
et al. (1998) models (with mixing length parameter of 1.0
or 1.9 pressure scale heights) or 10Myr for the Z = 0.02
Siess et al. (2000) models. The D’Antona & Mazzitelli (1997)
models predict that all stars within 3600 < Teff < 4500 K
(2.6 > V − I > 1.3) would be Li-depleted even at 5Myr,
which is clearly incompatible with the data.
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Figure 14. (a) A comparison of low-mass γ Vel PMS association members with evolutionary isochrones in the V vs V − I CMD. The
isochrones have been shifted to an intrinsic distance modulus of 7.76 mag, an extinction AV = 0.131 and reddening E(V − I) = 0.055.
The isochrones are calculated from the Z = 0.02 Siess et al. (2000) models, using a colour-temperature relationship tuned to match the
Pleiades (see Naylor et al. 2002). Dots show spectroscopically confirmed members, open circles are X-ray selected members. (b) A similar
comparison using the Baraffe et al. (2002) models with a mixing length of 1.0 pressure scale heights. (c) A similar comparison using the
D’Antona & Mazzitelli (1997) models. (d) A similar comparison to (a) but using the colour-temperature conversions from Kenyon &
Hartmann (1995).

We can also consider Li-depletion empirically. The com-
parison clusters in Fig. 15a also have W[Li] measurements,
some of which we show in Fig 15b, a plot of W[Li] versus
intrinsic colour. For NGC 2362 we take values for photom-
etry and W[Li] from Dahm (2005). E(V − I) was taken to
be 0.04 mag following Mayne & Naylor (2008). For 25 Ori
the photometry and W[Li] come from Briceño et al. (2007)
and we use their E(V − I) of 0.12 mag. Differences in the
definition of continuum levels and spectral resolution in the
various analyses may lead to systematic offsets in the W[Li]
values, but it is clear that the PMS stars around γ Vel are
more akin to those of NGC 2362 in terms of Li depletion. In
25 Ori there seems to be a population of Li-depleted stars
that are not present in the γ Vel sample. If it is assumed
that 25 Ori has an age of 7–10 Myr then the PMS around
γ Vel appears to have an age less than this. A caveat is that

the 25 Ori data have much lower resolution (≃ 6Å) than the
spectra analysed here.

4.4.4 Summary of PMS age estimates

In summary, from isochrones in the CMD, PMS stars around
γ Vel are at ages of 5–10 Myr on the age scale commonly
adopted for other young star forming regions and clusters.
There may be a small spread in ages around a single value.
This empirical age agrees most closely with the age obtained
by comparison with the D’Antona & Mazzitelli (1997) and
Siess et al. (2000) isochrones, but is much younger than the
age indicated by the Baraffe et al. (2002) isochrones. The
evidence from the (absence of) lithium depletion also gives
an age < 10Myr according to the Siess et al. (2000) models
and an empirical age of < 10 Myr by comparison with other
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Figure 15. (a) A comparison of the γ Vel PMS association empirical isochrone with empirically determined isochrones for other
clusters/associations in the absolute V vs intrinsic V − I CMD. These isochrones have been shifted according to their individual intrinsic
distance modulus, extinction and reddening (see text). The red solid line is a third order polynomial fit to the γ Vel PMS data compared
to similar representations for the σ and λ Ori clusters (age 3Myr, Mayne & Naylor 2008), NGC 2362 (age 4–5Myr, Mayne & Naylor
2008) and the 25 Ori cluster (age 7–10 Myr, Briceño et al. 2007). (b) An empirical comparison based on the EW of the Li 6708Å feature
versus intrinsic V − I colour. Data are shown for NGC 2362, the 25 Ori cluster and the PMS around γ Vel. The W[Li] values for 25 Ori
are quantised in 0.1Å steps. The solid line shows the locus of undepleted Li defined in section 3.1.

clusters. For the rest of the paper we adopt an age of 7Myr,
but ages of 5–10 Myr are possible.

4.5 The age and mass of γ Vel

North et al. (2007) use their interferometric distance to es-
timate an absolute V magnitude of −5.63 ± 0.10 for the
O-star component of γ2 Vel, and that it has a mass and
age of 28.5 ± 1.1M⊙ and 3.5 ± 0.4 Myr using the solar-
metallicity evolutionary models of Meynet et al. (1994). This
is significantly younger than our estimates for the low-mass
PMS population. Even incorporating rapid rotation into the
model (e.g. Meynet & Maeder 2003) would not increase this
age by more than 20 per cent.

The initial mass and lifetime of the WC8 component
are more uncertain. North et al. (2007) find an absolute
magnitude of −4.23 ± 0.17 and a present day mass of 9.0 ±

0.6M⊙. If we assume that the eccentric orbit of γ2 Vel makes
it unlikely that there has been Roche-lobe overflow during its
lifetime, then the WC8 progenitor probably did not become
a red supergiant, which leads to a lower limit to its initial
mass of M > 40M⊙ according to the models of Meynet &
Maeder (2003). The same models suggest that the age of a
(non-rotating)M > 40M⊙ WC8 star is< 5 Myr. Agreement
with the O-star age of 3.5 Myr would require the initial mass
of the WC8 component to be 60–80M⊙.

γ1 Vel does not feature in the Hipparcos or Tycho cat-
alogues, but has V = 4.27, B − V = −0.23 (from the pre-
liminary 5th revised edition of the bright star catalogue by
D. Hoffleit and W. H. Warren [1991] held by the NASA As-
tronomical Data Center), a spectral type of B2III and is an
SB1 system (Hernández & Sahade 1980). For the distance
modulus and extinction derived for the MS around γ Vel
this gives an absolute magnitude of -3.62 and an intrinsic
B − V of -0.27. If we assume uncertainties of ±0.02 on the

photometry and compare with the solar metallicity evolu-
tionary models of Lejeune & Schaerer (2001), the age could
be anywhere between 3 and 15 Myr, with a best fit at an age
of 8Myr and a mass of 14M⊙.

4.6 Circumstellar Material

Young PMS stars often show Hα emission, either as a con-
sequence of rapid rotation and magnetically generated chro-
mospheric activity or due to continued accretion from a
circumstellar disk. The Hα emission line in accreting stars
(often called classical T-Tauri stars - CTTS) is systemati-
cally stronger and broader than in weak lined T-Tauri stars
(WTTS), where the emission appears to be mainly chromo-
spheric.

In Fig. 16a we show the EW of the Hα lines of the spec-
troscopically confirmed γ Vel members as function of colour.
Also shown is an empirical dividing line between CTTS and
WTTS. White & Basri (2003) defined this dividing line in
terms of spectral type and it has been converted to observed
V − I colour using the conversion table of Kenyon & Hart-
mann (1995).

Hernández et al. (2008) analysed Spitzer infrared ob-
servations of the γ Vel association members. On the basis
of near- and mid-infrared colours they were able to classify
stars as discless (class III), having optically thick inner dust
discs (class II), discs in transition between class II and class
III (transitional or pre-transitional discs) or stars showing
only a mid-IR excess (debris discs). In our sample of 32 spec-
troscopic members there are three examples of stars with
debris discs and one with a pre-transitional disc. The rest
are classed as discless class III objects. The stars with discs
are indicated in Fig. 16a.

From Fig. 16a we see that only the star classified as a
pre-transitional disc object has an Hα EW large enough to
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of circumstellar material in Spitzer near- and mid-IR observations by Hernández et al. (2008). (b) The fraction of low-mass stars
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be considered a signature of accretion (star ID 16-40, see
Fig. 2). This is also the only Hα profile with a width greater
than the that accretion threshold of 270 kms−1 suggested by
White & Basri (2003). All the other objects have Hα EWs
consistent with chromospheric emission alone. The stars
with debris discs do not show any anomalous behaviour. The
low frequency of accreting objects is consistent with the low
frequency of class II disc sources found by Hernández et al.
(2008).

The disappearance of accretion signatures as young
clusters become older is a probe of infalling gas and the
evolution of inner discs. Fig. 16b shows the fraction of stars
classified as CTTS using the White & Basri (2003) criteria as
a function of age for a number of young star forming regions
and clusters. In all cases the samples have been restricted to
stars with spectral type between K5 and M5 (V − I > 1.4 in
the γ Vel association). The cluster ages are from Mayne &
Naylor (2008) where available or we have chosen published
ages based on the Siess et al. (2000) isochrones – which are
the most consistent with Mayne & Naylor’s empirical age
scale.

The 95 per cent upper limit to the accretion disc fre-
quency in the γ Vel (as diagnosed from the Hα EW) is 18
per cent. There are ample numbers of spectroscopically un-
observed candidate members with which to refine this value,
but the present result is consistent with the idea that, with
rare exceptions, accretion-related Hα emission is absent for
stars older than 5Myr.

4.7 The total mass and mass function of the

Gamma Vel association

In section 3.3 319 stars were defined as low-mass photo-
metric PMS candidates with V < 20 and V − I > 2. This

sample is almost complete (∼ 85 per cent of such stars have
unflagged photometry – see section 2.1) and there will be
< 117 contaminating field stars within this sample if the
density of contaminants is similar to our estimate within
the XMM-Newton field of view (see section 4.1).

If we assume a distance modulus of 7.76 mag, an extinc-
tion of 0.131 mag and an age of 7Myr, the models of Siess et
al. (2000) translate the boundaries of this photometric selec-
tion to an approximate mass range of 0.1 < M/M⊙ < 0.6,
with little change for reasonable variations in these assump-
tions. Correcting for incompleteness, we can say there are
between 238–375 stars in this mass range for the area cov-
ered by our photometric survey. Poissonian uncertainties are
negligible compared with uncertainty in the contamination
fraction. If we assume the “universal” mass function advo-
cated by Kroupa (2001) (ψ(M) ∝ M−2.3 for M > 0.5M⊙

and ψ(M) ∝ M−1.3 for 0.08 < M/M⊙ < 0.5), then we ex-
pect to see 9–14 higher mass stars with 1.8 < M/M⊙ < 4.4,
corresponding to 7 < VT < 10 at the distance/extinction
of the association, according to the solar metallicity mod-
els of Lejeune & Schaerer (2001). Consulting Fig. 7, there
are actually 22 stars on the main sequence in this range,
14 of which are within our photometric survey area, though
we cannot be absolutely sure that all of these are associa-
tion members. Hence the observed ratio of high- to low-mass
stars is consistent with the assumed mass function.

We can go a step further and ask how likely it is to
find stars as massive as γ1 Vel and γ2 Vel in this associa-
tion? γ1 Vel is 14M⊙ and the O-star component of γ2 Vel is
28.5M⊙. The WC component is presently less massive than
the O-star, but was > 40M⊙ in the past (see section 4.5).
The number of stars more massive than 10M⊙ predicted
by the Kroupa mass function is 1.4–2.1, whilst the number
with M > 40M⊙ is expected to be only 0.1–0.2. Of course
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these predictions assume that all the association low-mass
stars have been found, but we know (see section 4.1) that
our survey has not yet reached the spatial boundary of this
young aggregate, so these predicted numbers are lower lim-
its. We conclude that although the relative numbers of low-
and high-mass stars is as expected for a Kroupa (2001) mass
function, the presence of a system as massive as γ2 Vel may
be unexpected.

The total mass of the association within the photomet-
rically surveyed area can be estimated by integrating the
Kroupa mass function (normalised to the low-mass candi-
dates) up to 10M⊙ and then adding the masses of γ1 and
γ2 Vel (for which membership is certain by definition!). We
apply an approximate correction factor of 1.25 to the in-
tegrated mass function to account for the likelihood that
about half of the stars in our mass function will be in bi-
nary systems with a roughly flat mass-ratio distribution (see
Jeffries et al. 2004). The total mass is is 250–360M⊙ depend-
ing on how much contamination is present among the low-
mass photometric candidates. If the additional high-mass
stars found within a 45 arc-minute radius, but outside our
photometrically surveyed area are also association members,
and stars of different masses are spatially distributed in the
same way, then the total association mass could rise to 360–
530M⊙. Of course at present there is no way of knowing
where the cluster around γ Vel ends and the Vela OB2 as-
sociation begins, so a better question might be what is the
total mass of the Vela OB2 association if a Kroupa-like mass
function is widely applicable?

There are 74 objects selected as Vela OB2 members by
de Zeeuw et al. (1999), which lie close to the proposed main
sequence and have 4 < V < 9, a range where the Hipparcos
catalogue should be almost complete. This magnitude range
corresponds to 2.5 < M/M⊙ < 17 according to the solar
metallicity models of Lejeune & Schaerer (2001). Extrapo-
lating to 0.1M⊙ using the Kroupa mass function, we would
expect to find a further ∼ 2300 association members with
9 < V < 20 and a total association mass of ∼ 1700M⊙.

5 DISCUSSION

In this paper we have established that there is a large group
of very young, low-mass stars in the direction of γ Vel which
are both spatially and kinematically coherent. The question
is how are these stars related to γ Vel and the wider Vela
OB2 association? This relationship can be probed in terms
of distance, kinematics and age.

In sections 4.2 and 4.3 we found that the distance to the
Vela OB2 association (7.72 ± 0.08) and the distance to MS
stars around γ Vel (7.76 ± 0.07) agree with good precision.
These distances also fall between the two interferometric
distances to γ2 Vel (7.82+0.22

−0.07 – Millour et al. 2007; 7.63 ±

0.05 – North et al. 2007). In section 4.7 we showed that the
numbers of low- and high-mass stars around γ Vel are in a
ratio that is consistent with a typical cluster or field star
mass function.

The simplest explanations for these observations are
that the MS stars around γ Vel are the high mass population
commensurate with the low-mass PMS stars we have discov-
ered, that γ2 Vel is at a similar distance to these stars and
that they are all part of the Vela OB2 association. Support

for this hypothesis is provided by the significant concentra-
tion of low-mass stars around γ Vel (see Fig. 9) and the very
similar proper motions of γ2 Vel, the MS stars around γ Vel,
the spectroscopically confirmed low-mass association mem-
bers and the Hipparcos-selected Vela OB2 members (see
4.1).

There are two potential problems with this model.
Firstly, that a very massive object like γ2 Vel is unlikely to
have formed in a cluster consisting of only the stars we have
currently identified as γ Vel association members. Weidner
& Kroupa (2006) present a simulation (their Fig. 11) aimed
at predicting the mass of the most massive star in a cluster of
total mass 355M⊙, which is similar to the mass of the γ Vel
association within the area of our photometric survey (see
section 4.7). For their favoured “sorted-sampling” scenario,
the most probable most massive star is M ≃ 15M⊙, with
only a few per cent chance of producing a star as large as the
> 40M⊙ initial mass of the WC8 star in γ2 Vel. Secondly,
the age of γ2 Vel is well constrained from its evolutionary
status and seems to be significantly less (3–4 Myr) than the
age of the low-mass PMS stars (5–10 Myr), although these
ages are dependent on the accuracy of evolutionary models
in quite different mass ranges.

Rather than problems, these two issues may be impor-
tant clues to the formation and history of the γ Vel associa-
tion and its relationship with Vela OB2. Weidner & Kroupa
(2006) propose a scenario whereby clusters form in an or-
dered fashion: the low-mass stars form first and as molecular
cloud contraction proceeds, larger amplitude density fluctu-
ations are generated which then form massive stars. This
ordering may be enhanced by the build up of the most mas-
sive stars through competitive accretion or mergers (Bon-
nell & Bate 2005, 2006). Once one or more massive stars
form near the centre of a cluster then radiative feedback
and winds can become important, with the potential to de-
posit significantly more energy into the intracluster medium
than the gravitational binding energy. This could drive out
the remaining gas and unbind the cluster (if it were bound
to begin with). That the most massive stars in a cluster
form after the bulk of low-mass star formation is complete
has also been proposed to simultaneously explain why most
low-mass stars in the Orion Nebula cluster possess optically
thick inner discs, yet there are many “proplyd” objects close
to the central massive Trapezium stars with photoevapora-
tion timescales as short as 0.1 Myr (Smith et al. 2005; Clarke
2007)

A possible scenario for the formation of the γ Vel as-
sociation is as follows. Star formation began about 5–7 Myr
ago, with a cluster of low-mass stars forming first. After
1–2 Myr the γ2 Vel system formed and the Lyman contin-
uum flux from the > 40M⊙ WC8 progenitor and the O-star
component (6O5V+O7.5V, > 3× 1049 ionising photons s−1

– Martins, Schaerer & Hillier 2005) could rapidly ionise and
drive out the remaining gas, terminating star formation in its
vicinity. At this stage most of the cluster mass is in the form
of gas, so its expulsion is likely to unbind the cluster (e.g.
Weidner et al. 2007). The present kinematic data offer only
an upper limit of ∼2 km s−1 on the 1-dimensional velocity
dispersion of association members, but the escape velocity
for stars in our photometric survey is only ≃ 0.5 kms−1.
Unbound association members would then drift for about
3Myr and during this time the association could expand
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from an initially compact configuration to a diameter of 6–
12 pc, corresponding to 1–2 degrees on the sky. It is quite
possible that much of the initial stellar population of the
association now lies outside the 1 degree field of our photo-
metric survey (as suggested in section 4.1) and that the total
initial stellar mass could be closer to the ∼ 1000M⊙ that
Weidner & Kroupa (2006) suggest should be associated with
the formation of a 40M⊙ star. A wider photometric survey
could confirm this suggestion and may find the “edge” of
the distribution of low-mass stars associated with γ Vel.

The scenario described above does not account for the
rest of Vela OB2, which evidences recent star formation over
a diameter that is 5 times larger. Most of these other early-
type stars cannot have been in a more compact configuration
within the γ Vel association, because there has been insuf-
ficient time for them to travel to their present positions. In
section 4.7 we found that the γ Vel association we have ob-
served contains 15–20 per cent of the anticipated low-mass
stars (and total mass) of the Vela OB2 association (provid-
ing the mass function is spatially constant), but this fraction
is found within only ∼ 1 per cent of the area covered by Vela
OB2. This indeed suggests that the γ Vel association is a
subcluster within the Vela OB2 assocation and is supported
by the clustering of the low-mass stars around γ Vel shown
in Fig. 9.

On the other hand, the coherence of their proper mo-
tions suggests that all these stars did at least form in the
same molecular cloud. There are at least two possible expla-
nations: (1) Star formation was triggered across the cloud,
perhaps by some external event like a nearby supernova
(in the older, but nearby Trumpler 10 cluster for example
– de Zeeuw et al. 1999). Star formation then proceeds as
described by the hydrodynamic simulations of Clark et al.
(2005), with the development of a number of spatially dis-
tinct, close-to-coeval subclusters, which become unbound
and disperse as they form more massive stars. (2) Star for-
mation could progress in a sequential manner, with the ex-
panding H ii region of an initial generation of high-mass stars
compressing the surrounding molecular material, triggering
new bursts of star formation (e.g. Dale, Bonnell & Whit-
worth 2007).

A very wide photometric survey of the Vela OB2 as-
sociation should be capable of distinguishing between these
scenarios, using low-mass PMS stars as age probes. In the
first model, the PMS stars will show little or no spatial con-
centration around the early-type stars (at least no more than
we have found around γ Vel) and should have only small,
spatially incoherent age variations. In the second model
we would expect to find distinct age gradients (becoming
younger radially outwards from γ Vel if it marks where star
formation commenced), with younger PMS stars being more
closely clustered around their high-mass siblings.

Throughout this paper we have assumed that γ Vel
and its association have a roughly solar metallicity. It is
worth investigating (prompted by the referee) what might
happen to the scenario discussed above if this assumption
is relaxed. (1) If we assume that the metallicity is roughly
half-solar, the main-sequence fitting distance moduli would
decrease by ∼ 0.4 mag, but the estimated reddening would
remain approximately unchanged (Mayne & Naylor 2008).
This would place the main-sequence stars around γ Vel and
the stars of Vela OB2 in front of the interferometric dis-

tances to γ Vel by ∼ 0.3 mag, casting doubt on the associa-
tion of γ Vel with the surrounding main-sequence and PMS
stars. A twice-solar metallicity would increase the main-
sequence fitting distances leading to better agreement with
the mean Hipparcos parallax of Vela OB2 (de Zeeuw et al.
1999) but even worse agreement with the distance to γ Vel.
(2) The Z = 0.01 low-mass isochrones of Siess et al. (2000)
are intrinsically about 0.25 mag fainter than the Z=0.02
isochrones. However, taking into account the ∼ 0.4 mag de-
crease in the distance modulus we would get a slightly older
age from modelling the PMS in the CMD. The empirical
cluster comparison would only be affected by the distance
modulus change and Fig. 15a shows that a 0.4 mag decrease
in distance modulus would lead to the γ Vel PMS being sig-
nificantly older than 25 Ori. A twice-solar metallicity would
yield an age more similar to Sigma/Lambda Ori. (3) Meynet
et al. (1994) and Meynet & Maeder (2005) consider the evo-
lution of very high-mass stars of differing metallicity. A half-
solar metallicity would increase the deduced age and mass
of the O-star component of γ Vel to 4.5 Myr and 34M⊙.
A half-solar metallicity progenitor to the WC8 component
would have to be more massive than 60M⊙ to avoid a red
supergiant phase and the total stellar lifetime still less than
5Myr.

In summary a lower metallicity could increase the age
of γ Vel but at the expense of also significantly increasing
the deduced age for the low-mass PMS. A twice-solar metal-
licity could bring the ages of the PMS and γ Vel into agree-
ment and also yield a distance for the main-sequence around
γ V el that is similar to the Hipparcos distance to Vela OB2.
However in either the low or high-metallicity scenarios there
would be a very significant disagreement between the inter-
ferometric distance to γ2 Vel and the main sequence fit to
the bright stars around it. From the evidence provided by
the spatial and kinematic coherency of γ Vel and its sur-
rounding association we do not consider either possibility
likely.

6 SUMMARY

The main findings of this paper can be summarised as fol-
lows:

• We have extended the survey of Pozzo et al. (2000) and
photometrically identified a group of several hundred low-
mass PMS stars surrounding the high-mass spectroscopic
binary system γ2 Vel and its early-type common proper-
motion companion γ1 Vel (which together we refer to as the
γ Vel system). The youth of a subsample of these objects
has been qualitatively confirmed by the presence of lithium
in their atmospheres, Hα emission and high levels of X-ray
activity.

• The spectroscopically confirmed PMS stars show co-
herence in their radial velocities and proper motions. They
share a common proper motion with γ Vel, a sample of high-
mass stars in the vicinity of γ Vel and the Vela OB2 asso-
ciation. There is evidence for a spatial concentration of the
PMS stars around γ Vel, but also evidence that the “edge”
of this association has not been reached in our 0.9 square
degree survey.

• The number of higher mass main-sequence stars sur-
rounding γ Vel is commensurate with the number of lower
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mass PMS stars in the region according to the Kroupa
(2001) “universal” mass function. The total mass of the
association within our surveyed area is 250–360M⊙. The
intrinsic distance modulus of the higher mass stars, deter-
mined by main-sequence fitting, is 7.76 ± 0.07 mag. This
agrees well with a similarly-determined distance modulus
of 7.72 ± 0.08 mag for the Vela OB2 association as a whole
and is also in accord with interferometric distance deter-
minations to γ2 Vel. There now seems little doubt that the
low-mass PMS stars are associated with γ Vel and that these
are all part of the Vela OB2 association.

• The age of γ2 Vel is well constrained by current high-
mass stellar models to be less than 5 Myr and more likely
3–4 Myr. Fitting low-mass isochrones to the PMS popula-
tion suggests much older ages (≃ 10 Myr) and empirically
placing the PMS stars in an age sequence with other well-
studied young clusters on the basis of their position in the
Hertzsprung-Russell diagram and lithium depletion suggests
ages of 5–10 Myr.

• Accretion activity, as judged by the levels of Hα emis-
sion has almost entirely ceased in the PMS stars. The only
example of an accretor when defined in this manner has been
previously identified as possessing a “transitional” disc on
the basis of its infra-red colours.

• We can speculate that γ2 Vel was formed after the bulk
of the low-mass population and its ionising radiation may
have been responsible for driving out gas, terminating star
formation and unbinding the “γ Vel association”. The low
observed velocity dispersion of the PMS population suggests
that the whole Vela OB2 association cannot have originated
close to γ2 Vel. The concentration of stars and stellar mass
close to γ Vel also suggests that it is a subcluster within Vela
OB2. Star formation in Vela OB2 must have begun at several
sites within the same molecular cloud, either sequentially,
resulting in measurable age gradients or perhaps as a result
of an external trigger, in which case PMS populations across
Vela OB2 may be coeval.
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