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Figure 9. PM vector map for 798 X-ray and spectroscopically selected stars towards Cygnus OB2 including 16 O-type stars, 34 B-type stars, and 748 X-ray
selected stars. The 75 most extreme kinematic outliers, as noted in the text, have been removed. The dots show the current position of the stars, while the
vectors shown the PMs, colour-coded based on their direction of motion to highlight the kinematic substructure. The grey box shows the border of the X-ray
observations used to identify members of Cyg OB2 and an empty black star symbol marks the centre of mass of the association as determined in Section 4.1. A

representative 10 mas yr~!

corner. The background is a Spitzer 8 pm image (Hora et al. 2011).

when using the centre determined by Knodlseder 2000), or whether
the entire PM sample is used or only those stars in the mass ranges
considered complete (for which the ratio is 62:38).

In the radial direction, there is an almost even split in both
the number of expanding and contracting stars (51f%:49f;) and
the kinetic energy (SOJ_rg:SOf;) in both expansion and contrac-
tion (i.e. away from or towards the centre of the association), a
result that shows very little variation when different centres or
subsets of the sample are considered. When using the centre of
mass of the OB stars, the ratio of expanding to contracting en-
ergies changes to 43:57, the largest variation seen, and none of
the centres result in more than half of the kinetic energy being in
expansion.

vector is shown in the top-left corner and a colour wheel showing the relationship between colour and PA is shown in the top-right

In the azimuthal direction, there is a preference for motion in
the direction of decreasing PA with 66f§ per cent of the azimuthal
kinetic energy in that direction and 34f; per cent in the direction
of increasing PA (this result is independent of the centre used). A
similar split is seen in the distribution of angular momentum with
61712 per cent in the direction of decreasing PA and 3975 per cent
in the direction of increasing PA. Since the number of stars moving
in each azimuthal direction and their mass distributions are very
similar, these difference must be entirely due to the stars moving
faster in the direction of decreasing PA. If this were a gravitation-
ally bound system this would be evidence of rotation, but because
Cyg OB2 is not bound (and may never have been bound, see Sec-
tion 5), it is more accurate to refer to this as non-zero angular
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Figure 10. Split-component PM vector maps for the 798 members of Cyg OB2 (excluding kinematic outliers) as shown in Fig. 9. In both panels the dots
show the current positions of the stars, the vectors show the PMs, and the large black dot shows the nominal centre of the association. The left-hand panel
shows the radial component of the PM vectors, colour-coded blue if the stars are moving outwards from the centre, and red if they are moving inwards. The
right-hand panel shows the transverse component of the vectors, colour-coded blue if the stars are moving in a clockwise direction and red if they are moving

in an anticlockwise direction.

momentum, and is most likely a remnant of the angular momentum
of the primordial GMC (e.g. Rosolowsky et al. 2003).

4.2 Kinematic substructure

While the overall kinematic structure appears to be relatively ran-
dom, with no evidence for cohesive expanding or contracting mo-
tions, the small-scale kinematics suggests some substructure. The
PM vectors in Fig. 9 have been colour-coded based on their PA to
highlight this. We use the term kinematic substructure to describe
the observed tendency for stars in the same area of the association
to have similar PMs to their neighbours, both in direction and in
magnitude. This is evident on a wide range of scales, from that of
only a few stars, up to groups of 10-20 stars or more, and appears
to exist across the OB association. Kinematic substructure has been
observed or hinted at in a small number of past kinematic studies of
star-forming regions and star clusters, but it is considerably more
apparent in these PM observations than in past RV studies (e.g.
Fiirész et al. 2008; Jeffries et al. 2014; Tobin et al. 2015).

To determine whether this apparent kinematic substructure is
real or whether it is a chance fluctuation, we need to quantify its
significance. We do this using spatial correlation tests, which are de-
signed to search for correlations in a signal among nearby locations
in space. Global indexes of spatial correlation, such as Moran’s I
(Moran 1950) and Geary’s C (Geary 1954), express the overall de-
gree of similarity between spatially close regions with respect to a
numeric variable. Both tests involve computing a degree of similar-
ity, p,,, between every possible pair of points, i and j, with respect
to the numerical variable of interest, 1, which in our case would be
the PM along one axis. All the values of p,, are then summed up,
weighted by the degree of proximity, w;;, between points i and j, and
then divided by a constant of proportionality. The resulting index
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reveals whether the data are consistent with a random distribution,
or whether it displays significant evidence of positive (nearby re-
gions will tend to exhibit similar values of 1) or negative (nearby
regions exhibit dissimilar values of u) spatial correlation. The two
indexes differ slightly in that Moran’s I statistic is a global mea-
sure of spatial correlation, while Geary’s C statistic is a more local
measure of correlation.
Moran’s I statistic is given by

n
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where the degree of similarity in this case is p, = (u; — @)(; —
1), i is the mean of u, and n is the number of data points. We
use the standard weighting of w; = 1/d;;, where dj; is the distance
between 7 and j. Under the null hypothesis of no spatial correlation,
the expected value is Iy = —1/(n — 1). Values of I > [, indicate pos-
itive spatial correlation, while I </ indicates negative correlation.
The variance of I can be calculated using either the normal approxi-
mation (Moran 1950) or by randomization experiments, though for
large sample sizes (n > 25) they are very similar and the normal
approximation is sufficient (Upton & Fingleton 1985).

Using the PM in each dimension as the variable of interest (1), we
calculate values of 7, = 0.024 £ 0.0026 and /5 = 0.031 £ 0.0026.
Both values deviate significantly from the expectation value under
the null hypothesis of /[, = —0.001 25 with significances of 9.7¢
and 12.50, respectively, implying that there is significant positive
spatial correlation in our sample, i.e. the PMs are spatially correlated
with stars close to each other having more similar values than for a
random distribution.
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We also calculated the degree of spatial correlation using Geary’s
C statistic, which is given by
n n 5
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where the degree of similarity hereis p,, = (u; — ,u,j)2 and the same
weighting is used as with Moran’s I statistic. The expectation value
for no spatial correlation is Cy = 1, with lower values implying pos-
itive spatial correlation and higher values meaning negative spatial
correlation. As with Moran’s I statistic, the variance was calculated
using the normal approximation (Geary 1954).

We calculate values of C, = 0964 =+ 0.014 and
Cs = 0.951 + 0.014, both of which imply positive spatial cor-
relation. The significance of these results are calculated as 2.60" and
3.50, both statistically significant, but lower than the results from
Moran’s I statistic. This is most likely due to Geary’s C statistics
being a more local measure of correlation, indicating there are prob-
ably large areas where the local correlation is low (i.e. do not exhibit
kinematic substructure) and small areas that are highly correlated
(have strong kinematic substructure). Despite this both measures of
spatial correlation indicate that the PMs of stars in Cyg OB2 exhibit
statistically significant positive spatial correlation in the form of
kinematic substructure.

It is important to confirm that the substructures observed are real
and not due to artefacts, the most likely cause of which would be
correlations between the uncertainties in u, and ps introduced by
either the data reduction process (see e.g. Perryman et al. 1998, for
an example of this for Hipparcos data) or by atmospheric turbu-
lence on large scales. Unfortunately, it is difficult to directly test
this because there is not a suitable reference catalogue free from
such uncertainties. However, if correlated uncertainties did exist
within our data and were responsible for inducing false kinematic
features into our PMs then such features should also be evident in
the kinematics of non-member sources.

To investigate this, we studied the kinematics of non-members
in the same area of the sky as our sample of Cyg OB2 members
(a total of ~15 000 sources with PM uncertainties <5 mas yr—'),
but could find no patterns or substructures in their distribution. To
quantify this, we used the two spatial correlation tests used earlier to
search for evidence of kinematic substructure within our sample of
non-members. We created 10 000 bootstrapped samples of 798 non-
members by randomly selecting non-member stars within 1 arcmin
of each member star. A radius of 1 arcmin was chosen to allow a
sufficiently large sample of non-members to sample from whilst also
ensuring that the spatial distribution of our bootstrapped samples
was similar to our sample of Cyg OB2 members. For each sample,
we calculated Geary’s C statistic and Moran’s I statistic for both
and us.

Fig. 11 shows the distribution of the significances of the two
spatial correlation tests. Since the expectation value and standard
deviation of each test statistic vary with each sample, we calculated
the significance of each measurement and plotted this distribution.
All the distributions are narrow and centred on zero (or very close to
zero for Geary’s C statistic), implying little to no spatial correlation
in the kinematics. The spatial correlation significances measured for
Cyg OB2 members are also shown in Fig. 11. For Geary’s C statistic
the two measures are within the tail of the distribution, while for
Moran’s I statistic they are well outside of the distribution. This
suggests that the spatially correlated PMs observed in Cyg OB2 are
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Figure 11. The distribution of the significances of Geary’s C and Moran’s
I test statistics for non-members of Cyg OB2, calculated as the test statistic
minus the expectation value and then divided by the standard deviation
for each sample (necessary because the expectation value and standard
deviation vary with the properties of each sample). For Geary’s C statistic,
we multiplied the values by —1 so that both distributions show positive
values for positive spatial correlation and negative values for negative spatial
correlation. The black histogram shows the distribution for 1, and the red
histogram shows that for 5. The vertical dashed lines show the values
measured for our sample of Cyg OB2 members.

not a product of the observations or the data reduction process and
are therefore real.

5 DISCUSSION

Here, we discuss the implications of our results on our current
understanding of Cyg OB2 and its dynamical state. Our results can
be briefly summarized as follows.

(i) The PM velocity dispersions are o, (c) = 13.0f8j§ and os(c) =
9.1%03kms™', which are non-isotropic. Combined with the RV
dispersion, this gives a three-dimensional velocity dispersion of
o3p = 17.8 £0.6km sl

(i) There is no evidence for energy equipartition in the stel-
lar kinematics, implying that the association is not dynamically
evolved, a picture supported by the lack of mass segregation in the
association (Wright et al. 2014b).

(iii) The PMs do not display a global expansion pattern and the
kinetic energy in expanding (outwards) motion is roughly the same
as that in contracting (inwards) motion.
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(iv) There is roughly the same amount of kinetic energy in the az-
imuthal and radial directions, with a slight preference in the former
for motion in the direction of decreasing PA.

(v) The PMs exhibit considerable kinematic substructure that is
evident from pairs of stars with very similar kinematics all the way
up to larger groups of many tens of stars moving together. This
echoes the physical substructure already known in the association
(Wright et al. 2014b).

We now consider the implications of these results for the dy-
namical history of Cyg OB2, including theories for the origin of
OB associations.

5.1 The dynamical state of Cyg OB2

To determine the virial state of Cyg OB2 we use the virial equation,
which in its three-dimensional form is given by

GMvir
0'32D = 2}’7;, (8)

where o3p is the three-dimensional velocity dispersion (equal to
17.8 £ 0.6kms™"), G is the gravitational constant, M, is the virial
mass and r;, is the virial radius. Following convention, we substitute
the parameter 7 = 6ri; /e, Where reg is the effective (or half-light)
radius (e.g. Portegies Zwart et al. 2010). Rearranging this gives M,
as

o 32D Veff
3G
The parameters 1 and r. are determined by fitting an Elson, Fall &

Freeman (1987) surface brightness profile to the stellar distribution,
which has the form

M = n

&)

2\ 72
) = %o (1 + —2) , (10)
a

where ¥ is the stellar surface density, r is the projected radial
distance from the association centre, and a and y are parameters to
be fit. Using the sample of O-BO0 stars from Wright et al. (2015) and
the centre of mass of the association calculated in Section 4.1, we
find parameters of y = 5.8 £ 0.5 and a = 19.4 £ 1.9 arcmin. These
parameters correspond to n = 9.7 £ 0.8 and rer = 10.1 &= 0.9 arcmin
(Portegies Zwart et al. 2010), the latter of which equates to 3.9 pc
at a distance of 1.33 kpc.

This gives a virial mass of (9.3 & 0.8) x 10° Mg. The to-
tal stellar mass has been estimated to be between 1.657)3% x 10*
Mg (Wright et al. 2015) and (4-10) x 10* Mg (Knodlseder
2000), with most estimates placing it around (2-4) x 10* Mo
(e.g. Drew et al. 2008; Wright et al. 2010a). The virial mass is
therefore over an order of magnitude larger than the stellar mass,
implying that Cyg OB2 is gravitationally unbound. This result is
unchanged if we adopt our (smaller) IQR velocity dispersion, which
gives o3p = 13.9 = 0.4 km s~! and therefore M,;; = (5.7 £ 0.6) x
10° Mg.

This calculation does not take into account any gas embedded
within the association. However, this will be minimal because Cyg
OB2 is not embedded within a molecular cloud but in a cavity
between the two major parts of the Cygnus X GMC (e.g. Schneider
et al. 2006). A first-order estimate of the mass of intracluster gas is
obtained from

Mgas = pm, mH/NHdA >~ un, mpNuA, an

where (y, is the atomic mass of molecular hydrogen, my is the mass
of a hydrogen atom, Ny is the hydrogen column density through the
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association, and A is its projected area. Assuming a single value of
Ny estimated from the extinction through the association (AAy ~
3 mag, see fig. 3 of Wright et al. 2015), and the conversion of
Bohlin, Savage & Drake (1978)° we derive Ny = 2.8 x 10?! cm™2.
We estimate the projected area of Cyg OB2 to be a circle with a
radius twice the effective radius, equating to A = 0.053 deg?. This
gives a total intracluster gas mass of 1300 M, which will not
significantly contribute to the virial equation.

These calculations confirm that Cyg OB2 is gravitationally un-
bound, at least globally, as the majority of OB associations are
believed to be (Ambarzumjan 1951; Blaauw 1964). The association
must therefore be in the process of expanding and dispersing into
the galactic field, which it will do in a very short period of time given
its highly supervirial state. Based on the one-dimensional velocity
dispersion of ~10kms™', and given that 1 kms™' ~ 1 pc Myr~',
this means that the association will expand by approximately 10 pc
in radius per Myr. Within 3-4 Myr, the association will have ex-
panded to be over 100 pc across, roughly equivalent in size to the
Scorpius-Centaurus OB association (Preibisch & Mamajek 2008).

5.2 Is Cyg OB2 an expanded star cluster?

The classical view of OB associations is that they are the expanded
remnants of disrupted star clusters (e.g. Brown et al. 1999; Lada
& Lada 2003). The physical processes suggested for the disruption
are either residual gas expulsion (in which feedback disperses the
gas left over from star formation, which was previously holding
the cluster in virial equilibrium, e.g. Hills 1980; Lada et al. 1984;
Goodwin & Bastian 2006) or tidal heating from nearby molecular
clouds (Spitzer 1958; Elmegreen & Hunter 2010; Kruijssen et al.
2011). If this were the case, it would imply that Cyg OB2 was denser
and more compact in the past and has since expanded to become a
low-density OB association.

We would therefore expect the PMs to exhibit either radial ex-
panding motions (for the explosive expansion predicted by residual
gas expulsion) or expanding motions along a specific axis (see fig. 3
of Kruijssen 2011, for an illustration). While the full space motions
for stars in Cyg OB2 are not yet available (given the absence of
RVs for the lower mass stars), their PMs do not exhibit any sort
of correlated expansion pattern. There is also no preference for ki-
netic energy in the radial direction, as expected if it were expanding
from its apparent centre. This evidence therefore rules out Cyg OB2
having been a dense star cluster in the past.

This conclusion is supported by other evidence that Cyg OB2
is not dynamically evolved, as would be expected if it had previ-
ously been a dense and compact star cluster. This includes a lack of
mass segregation (Wright et al. 2014b), energy equipartition (Sec-
tion 3.4), or an isotropic velocity dispersion’ (Section 3.1), all of
which are indicators of a dynamically evolved system (Portegies
Zwart et al. 2010). The considerable physical (Wright et al. 2014b)
and kinematic (Section 4.2) substructure also suggests the associ-
ation is not dynamically mixed, otherwise this substructure would
have been erased (Parker et al. 2014).

6 Since the reddening law towards and through Cyg OB2 appears to be
normal (Hanson 2003; Wright et al. 2015) there is no reason to think that a
typical gas to dust ratio might be incorrect.

71t is possible tidal heating could generate a non-isotropic velocity disper-
sion on a global scale, due to the preferential orientation on which it acts,
though the lack of a signature in the PM vector diagram argues against this.

9T0Z ‘6 4200100 U0 3JIUSpIojLBH J0 A1SeAlun T /BI0'S[euInopioxo se.utu//:dny wolj pepeojumod


http://mnras.oxfordjournals.org/

The lack of a clear expansion pattern in Cyg OB2 would appear to
be in conflict with the measured velocity dispersion that suggests the
association is gravitationally unbound. A possible explanation for
this is that the association has only recently become gravitationally
unbound and therefore has not dispersed sufficiently to develop a
clear radial expansion pattern. This appears unlikely given that the
association has already dispersed its primordial molecular cloud
(see e.g. fig. 1 of Wright et al. 2015), unless the molecular cloud
was dispersed very rapidly, perhaps by a particularly powerful su-
pernova. Another possibility is that we are seeing Cyg OB2 at this
current time as a chance overdensity of many substructures that
have overlapped along the line of sight, in which case the expansion
of the OB association as a whole is a rather meaningless concept
given that it would never have been a single structure.

5.3 Properties of the kinematic substructures

Determining the precise properties and virial states of all the indi-
vidual substructures is beyond the scope of this paper, partly because
of the difficulty identifying individual groups and assigning stars
to them. We reserve a full analysis of the size, structure and virial
state of these subgroups for a future paper, but briefly estimate their
properties here.

To calculate the typical masses of these structures, we first esti-
mate the number of stars observed in each group as between 10 and
100 members. We know that our sample is approximately complete
for M > 1 Mg (Wright et al. 2010a) and that ~70 per cent of the
stars in our sample have masses >1 M), meaning that these groups
contain approximately 7-70 stars in this mass range. In a typical
and fully sampled initial mass function, stars with masses >1 Mg
represent about 10 per cent of the total number of stars and the
mean stellar mass is 0.6 M (Maschberger 2013). Therefore 10—
100 stars in our sample is approximately equivalent to 40-400 M,
a reasonable estimate for the typical mass of these groups.

The larger groups (identified roughly by eye) appear to have
velocity dispersions that are consistent, within the uncertainties,
with being in virial equilibrium (based on an extrapolation of the
observed stars to a fully sampled initial mass function). This is
supported by the fact that these groups are still moving together and
are not noticeably expanding. If these groups were gravitationally
unbound, it is reasonable to expect that they would have dispersed in
the 3-5 Myr since they formed. The high overall velocity dispersion
of Cyg OB2 is probably a superposition of all the subgroups, each
of which might be bound or close to virial equilibrium, but have
mean velocities slightly offset from one another such that the overall
dispersion is a wide Gaussian.

None of the groups correspond to the two open clusters identified
by Bica, Bonatto & Dutra (2003) in the centre of Cyg OB2. The
brightest stars in these clusters do not have PMs in our sample
(they are saturated), while the other stars do not have any coherent
kinematic structure in our PMs. It is therefore difficult to verify the
nature of these clusters.

5.4 What impact has residual gas expulsion had
on the dynamics of Cyg OB2?

The lack of a radial expansion in the global kinematic structure
suggests that residual gas expulsion and other cluster disruption
mechanisms were not responsible for globally unbinding Cyg OB2
(despite the fact that the association has expelled the majority of its
residual gas). Furthermore, if the kinematic substructures are in (or
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close to) virial equilibrium (Section 5.3), then such cluster disrup-
tion mechanisms have also had very little impact on the virial state
of these structures. It is possible that some of the stars that appear
isolated in phase-space (i.e. that are not part of any substructure)
may be remnants of an expanded cluster, but there are no obvious
trends in their kinematics to verify this.

If residual gas expulsion really has had little impact on the dy-
namics of Cyg OB2, it would be in agreement with a number of
recent theoretical studies. Kruijssen et al. (2012) found that in hy-
drodynamic simulations of star formation stars accrete the majority
of gas in their local vicinity and thus groups of stars carve out re-
gions of the molecular cloud free from gas, reducing any dynamical
impact arising from its expulsion. Moeckel et al. (2012) and Dale,
Ercolano & Bonnell (2012) both argued that small clusters of stars
have short-enough dynamical time-scales that they can settle into
virialized and stellar-dominated configurations before feedback be-
gins, potentially allowing them to survive gas expulsion. Dale et al.
(2012) also showed that the densest parts of molecular clouds can
survive considerable ionization, limiting the extent to which residual
gas is expelled. Future, higher precision kinematic measurements
(e.g. from Gaia) will allow these ideas to be tested in more detail.

5.5 The possible origin and evolution of the kinematic groups

Recent infrared and submm observations have shown that stars
form in a highly substructured distribution (e.g. Gutermuth et al.
2008) with both spatial and kinematic subclustering (Testi et al.
2000) that is thought to arise from the filamentary structure of the
primordial molecular cloud (André et al. 2014; Rathborne et al.
2015). If this is a universal aspect of the star formation process then
the kinematic groups we observe in Cyg OB2 may be the remnants
of this substructure. What these substructures might be able to tell
us about Cyg OB2 depends on how much these groups have evolved
since the stars within them formed.

Numerical simulations show that substructure in star-forming re-
gions is rapidly erased by dynamical interactions between groups
(e.g. Scally & Clarke 2002; Parker et al. 2014), and that if the
stars are sufficiently dynamically cool (subvirial) these interactions
lead to the formation of dense star clusters by hierarchical mergers
(Allison et al. 2010; Fujii & Portegies Zwart 2013). These simu-
lations also suggest that if the intergroup dynamics are hot (super-
virial) then the groups will separate, preserving the substructure
(Goodwin & Whitworth 2004). In this framework, the hierarchical
merging of groups in a star-forming region proceeds until they reach
the physical scale at which the intergroup dynamics transition from
subvirial to supervirial. If this scale is larger than the entire region
then a star cluster forms, while if it is smaller then a substructured
OB association forms. If this picture is correct, it would explain our
observations of Cyg OB2 that show a globally unbound association
composed of kinematic substructures that are at (or very close to)
virial equilibrium. One could hypothesize that the structures we ob-
serve formed from mergers between smaller substructures, but that
the supervirial intergroup dynamics prevented further mergers.

These simulations suggest that substructures grow by dynami-
cal interactions, but cannot separate into smaller structures (Parker
et al. 2014). This would imply that the structures observed in
Cyg OB2 place constraints on the largest dynamically mixed struc-
tures that have ever existed within the association. However, there
may be dynamical processes that are capable of rapidly eroding
groups of stars. Processes such as three-body encounters (Poveda,
Ruiz & Allen 1967) or supernovae explosions (Blaauw 1961) are
thought to be responsible for ejecting individual stars, but it might
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be possible that the ejection of particularly massive stars could dis-
rupt the local stellar dynamics sufficiently to eject multiple stars.
Supernova explosions could also rapidly redistribute the gas in the
vicinity of the association (and therefore the gas potential), allowing
processes such as tidal heating (Elmegreen & Hunter 2010) to strip
off large numbers of stars from otherwise bound groups. The kine-
matic signatures of such a complicated and disruptive event might
be very difficult to identify.

There are also a number of stars in Cyg OB2 that do not appear
to be part of any moving group, either because they are in a sparse
area of the association, or because their kinematics are very dif-
ferent from those of nearby stars. These stars may have been born
in relative isolation, they may have been stripped off from other
moving groups, or they may have originated in a group or cluster
that has been completely dispersed. Their PMs do not suggest they
all originated in a single cluster that was disrupted (their motions
appear relatively random and do not exhibit radial dispersion), but
they might have originated in multiple clusters.

It may be possible with future observations to assign the major-
ity of stars in Cyg OB2 into one kinematic group or another, in
which case we can speculate as to what this could tell us about star
formation in Cyg OB2. If we assume that cluster evaporation and
stripping is not a rapid process (Portegies Zwart et al. 2010) and that
these groups have evolved predominantly through mergers (Scally
& Clarke 2002), then the kinematic groups we observe are equiv-
alent to the largest dynamically mixed structures that have existed
in Cyg OB2. Some studies have claimed that the mass of a cluster
correlates with the mass of its most massive star (Weidner & Kroupa
2004, 2006). Cyg OB2 contains two stars with masses of ~100 M
(Wright et al. 2015), which according to this framework must have
formed in a cluster of mass ~10 000 M. This is over an order of
magnitude larger than the largest dynamically mixed structures cur-
rently observed in the association. Even if the groups we observed
have experienced significant disruptive mass-loss, they would be
unlikely to have been as massive as ~10 000 M, in the past. This
argues against there being a relationship between cluster mass and
the mass of the most massive star within it (see also Parker &
Goodwin 2007; Cervino et al. 2013).

6 CONCLUSIONS

We have presented a catalogue of 873 high-precision PMs for X-ray
and spectroscopically selected members of the massive OB asso-
ciation Cyg OB2. The PMs were calculated from several thousand
images spanning ~15 yr and from various instruments on multiple
telescopes. The PMs are accurate to ~0.5 mas yr~' for sources
brighter than i ~ 18 mag and to better than 1 mas yr~! for sources
at i ~ 22 mag.

The velocity distribution of Cyg OB2 members is broadly Gaus-
sian with low-amplitude and broad wings. We model this using
a two-dimensional, two-component Gaussian mixture model rep-
resenting the Cyg OB2 and kinematic outlier components. For the
Cyg OB2 component, we calculate velocity dispersions of 1 .891’8;82
and 1.3270:93 mas yr~! in the two PM dimensions using this method,
in good agreement with that derived from simpler outlier-resistant
analytical methods. The kinematic outliers, which represent approx-
imately 5 per cent of our sample, appear to be predominantly young
stars at the approximate distance of Cyg OB2 (probably including
ejected stars and unrelated stars from nearby star-forming regions)
and very few appear to be foreground stars.

At the distance of Cyg OB2, the velocity dispersion is equivalent
to a,(c) = 13.070% and o5(c) = 9.17)3 kms~!, which combined
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with the RV dispersion gives a three-dimensional velocity disper-
sion of o3p = 17.8 £ 0.6 km s~!. This implies a virial mass an order
of magnitude larger than the observed stellar mass, implying that
Cyg OB2 is gravitationally unbound.

The PMs exhibit significant kinematic structure, echoing the ob-
served physical substructure in the association (Wright et al. 2014b).
The kinematic substructure implies the association is dynamically
unevolved, a view supported by a lack of energy equipartition and
non-isotropic velocity dispersions. The kinematic substructures ap-
pear to be close to virial equilibrium, and have typical sizes of
~40-400 M.

The PMs show no evidence for a global expansion pattern, as
would be expected if the association was an expanded star cluster
that had been disrupted by mechanisms such as residual gas expul-
sion or tidal heating. Furthermore, since the substructures appear
to be in (or close to) virial equilibrium, this suggests that disrup-
tion mechanisms such as residual gas expulsion have had very little
impact on the dynamical state of the association or its substructures.

These results all suggest that Cyg OB2 was not born as a single
dense star cluster and instead was born with considerable physical
and kinematic substructure, much of which has survived to the
present day. The classical view of OB associations as the expanded
remnants of star clusters disrupted by residual gas expulsion does
not appear to be valid for Cyg OB2.

These results could be tested using RVs, which would allow
the kinematic substructure and lack of energy equipartition to be
verified in a third dimension. Higher precision PMs (e.g. from the
Gaia satellite) could be used to determine the virial state of the
substructures we have identified, and therefore to constrain their
past evolution. The evolution of complex substructured regions such
as this could also be tested in more detail by making comparisons
with the results of N-body simulations (e.g. Proszkow et al. 2009;
Parker & Meyer 2012), particularly those that facilitate quantitative
comparisons between observations and simulations through the use
of well-defined spatial and kinematic diagnostics (Allison et al.
2009; Parker & Wright 2016).
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