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Cygnus OB2 DANCe: A high-precision proper motion study
of the Cygnus OB2 association

Nicholas J. Wright;> Herve Bouy? Janet E. Drew,Luis Manuel Sarrd,
Emmanuel Bertir?,Jean-Charles Cuillandt@nd David Barradd

ABSTRACT
We present a high-precision proper motion study of 873 X-ray and spectroscopically selectgd
stars in the massive OB association Cygnus OB2 as part of the DANCe project. These Wege
calculated from images spanning a 15 yr baseline and have typical precisiomas yr
We calculate the velocity dispersion in the two axes to b&) = 13.0 and (c)=
9.1 kms , using a two-component, two-dimensional model that takes into account thé
uncertainties on the measurements. This gives a three-dimensional velocity dispersion @f
= 17.8+ 0.6kms implying a virial mass signi cantly larger than the observed stellar 3
mass, con rming that the association is gravitationally unbound. The association appears to §e
dynamically unevolved, as evidenced by considerable kinematic substructure, non-isotrop:gc
velocity dispersions and a lack of energy equipartition. The proper motions show no evidengg
for a global expansion pattern, with approximately the same amount of kinetic energy i&
expansion as there is in contraction, which argues against the association being an expanhﬁed
star cluster disrupted by process such as residual gas expulsion or tidal heating. The kmem%lc
substructures, which appear to be close to virial equilibrium and have typical masses of 4@-
400 M , also do not appear to have been affected by the expulsion of the residual gas. V?Bie
conclude that Cyg OB2 was most likely born highly substructured and globally unbound, W|tlgr
the individual subgroups born in (or close to) virial equilibrium, and that the OB assouatlo@
has not experienced signi cant dynamical evolution since then.
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2202 |udy A(P uo 1S9

stars and close encounters between stars, protoplanetary discs, and
young planetary systems (Adams et2006.
Star formation is one of the most important processes in astro- Star clusters are often considered a fundamental unit of star for-
physics, in uencing cosmic reionization, the structure and evolu- mation (Pfalzne2009 P amm-Altenburg & Kroupa2009, with
tion of galaxies, and the formation of planetary systems. Since most star formation occurring in quantized, relatively dense and grav-
young stars are observed in groups or clusters of some sort (e.gitationally bound systems that form embedded within molecular
Carpenter200Q Lada & Lada2003, understanding the origin of  clouds. It has been suggested that the vast majority of stars form
this clustering and the in uence it has on the formation and early within these clusters (e.g. Carpen60Q Krumholz 2014, and
evolution of stars is critical for a complete theory of star formation. that the dense clustering of protostars may play an important role in
The clustered environment of young stars also affects the forma- how stars build up their masses (e.g. Zinned@82 Bonnell et al.
tion of planets, through UV photoevaporation from nearby massive 200J).
While the majority of stars are observed to be clustered at a
young age, only 10 per cent of stars are found in bound clusters
nick.nwright@gmail.com by 10 Myr (Lada & Lade2003. The most common explanation for

1 INTRODUCTION
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the supposed disruption of these clusters is that the feedback-drivercharacterize the kinematics of both high- and low-mass stars. The
dispersal of the residual gas left over from star formation lowers majority of the stars in Cyg OB2 do not have RVs available for them
the gravitational potential holding the cluster in virial equilibrium,  (with the exception of 120 OB stars for which moderate precision,
leaving the cluster in a supervirial state and prone to expansion 5-10kms , RVs are available; Kiminki et aR007, 2008,

and dispersion (e.g. Hill$98Q Lada, Margulis & Dearbori984 and therefore this paper represents the rstlarge kinematic study of
Goodwin & Bastian2006 Baumgardt & Kroupa2007). Another the region.

possible explanation is that a gravitationally bound star cluster could  This paper is outlined as follows. In Section 2, we present the
be disrupted by tidal heating from the surrounding giant molecular observations used to derive our PMs, outline the method used, and
clouds (GMCs) in the region it was born (e.g. EImegreen & Hunter discuss the selection of Cyg OB2 members from within our PM
201Q Kruijssen et al.2011). Regardless of the mechanism, this catalogue. In Section 3, we present the two-dimensional PM velocity
expanded state would be brie y visible as a low-density group distributions and calculate the velocity dispersions. In Section 4,

of young stars known as association(e.g. Blaauwl964 Brown, we present and discuss the PM vector map, and study the evidence
Dekker & de Zeeuwl 997 Kroupa, Aarseth & Hurle001), before for contraction, expansion, rotation, and kinematic substructure.
dispersing into the Galactic eld. In Section 5, we discuss the implications of our results for our o
An alternative view of star formation suggests that stars form understanding of the formation and evolution of Cyg OB2 and of 2
over a wide range of initial densities from loose groups up to dense OB associations in general. 2
clusters in a hierarchical structure that originates from the structure %
of the parental molecular cloud (e.g. EImegr@602 Bastian et al. a
2007 Elmegreer2008 Bonnell et al.2011). This picture explains 2 OBSERVATIONS 3
the presence of young stars over a wide range of densities (Bresser& 1 Data used g
et al.2010, including both isolated young stars of any mass (Lamb ™" S
et al.2010 and low-density associations (Wright et 2014H. In Table 1 summarizes the observations, instruments, and teIescopes'gm;

this scenario, the densest groups collapse to form bound and long-used in this work. To produce the most accurate PMs, we searched §
lived star clusters while the low-density groups naturally disperse the public archives of observatories from around the world for
as associations without passing through a densely clustered phasaide- eld images within 1 of the centre of Cyg OB2, which is
(e.g. EImegreen & Elmegree2001; Kruijssen2012). The origin commonly regarded as Cyg OB2 #8, the trapezium of O stars
of associations, of both OB or T varieties, therefore provides a at RA 20:33:16, Dec+41:18:45 (e.g. Schult&é956 Vink et al.
valuable discriminant to distinguish between different models of 2008. The archival data that were gathered included 2631 different
star formation. observations.

The kinematics of young stars can provide powerful constraints  To improve the PMs by extending the time baseline and number
on theories of star formation, particularly if radial velocities (RVs) of epochs, we complemented the archival data by obtaining new
and proper motions (PMs) are combined to construct true three- deep wide- eld observations of Cyg OB2. These observations were
dimensional space velocities for large numbers of stars. Recent,obtained with the Omega 2000 camera on the Calar Alto 3.5 m
large-scale spectroscopic surveys such asGhexESGC Survey telescope in 2011 and the MegaCam instrument on the Canada—
or IN-SYNC are beginning to provide RVs for large numbers of France—Hawaii Telescope (CFHT) during 2012 and 2013. These
stars in nearby star-forming regions and clusters (e.g. Jeffries et al.observations were all designed to optimize the astrometric cali-
2014 Foster et al2015, but transverse PM velocities are currently  bration and consisted of multiple pointings covering ah area
lacking. Gaia (Perryman et al2001) will ultimately provide PMs centred on Cyg OB2, with each exposure dithered and offsetlsy
for a billion stars in our Galaxy down to20th magnitude, though 4 arcmin in RA and Dec. The overlap between observations ensures
a full data release is not expected before 2022. an accurate astrometric anchoring over the entire survey area. All

High-precision astrometry and PMs can now be extracted from the observations included exposures taken initlee K bands
well-calibrated ground-based, wide- eld exposures if sufcient, where differential chromatic refraction (DCR) is lower and the see-
high-quality data are available. This is the goal of the DANCe (Dy- ing is often better. These observations brought the total number of
namical Analysis of Nearby Clusters) survey programme (Bouy observations obtained for this work to 2885, from a total of nine
et al.2013. In this paper, we adopt this method to calculate PMs observatories and 10 different instruments.
for stars in the massive OB association Cyg OB2 to study its kine-  The quality of the PMs calculated in this work is dependent
matics and attempt to constrain its origin. Cyg OB2 is one of the on the positional accuracy achieved in individual epochs and is
most massive OB associations in our Galaxy with a total stellar masstherefore in uenced by the signal-to-noise ratio of individual stellar
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of 1-3x 10 M (Drew et al.2008 Wright et al.2010a Wright, measurements, the full width at half-maximum (FWHM) of the
Drew & Mohr-Smith2015 and home to many hundreds of massive point sources, the sampling (pixel scale) of the images, and the
stars with masses up tol0O0 M (e.g. Massey & Thompsat991L airmass of the observations (because atmospheric turbulence and

Comebn et al.2002 Hanson2003 Kiminki et al. 2007 Wright DCR quickly increase with airmass). The majority of observations
et al.2015. Furthermore at a distance of only 1.33 kpc (Kiminki were obtained at airmassl.2 with the 90th percentile at airmass
et al. 2019 , it can be studied in suf cient detail to resolve and 1.29. The median airmass is 1.07.
The individual raw images were processed using an updated ver-
sion of (Vandame2002), a software suite developed and
optimized for the processing of data from large multi-CCD im-
agers and adapted for the instruments used herg.  includes
standard processing procedures such as overscan and bias sub-
2015 traction, at- eld correction, bad-pixel masking, chip-to-chip gain
harmonization (for multichip cameras), de-stripping and fringing
2012 correction (when needed), and non-linear correction (for infrared

MNRAS 460,2593-2610 (2016)
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http://www.ing.iac.es/Astronomy/observing/manuals/ps/jkt_instr/jag.|>df
http://www.ioa.s.u-tokyo.ac.jp/kisohp/INSTRUMENTS/instruments_e.ht:i
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detectors). All these steps are performed independently on each (iv) Quality assurance. Not all archive data are of suf cient qual-

read-out port whenever several ports are present. ity to produce reliable and accurate astrometric measurements. All S
exposures were screened for defects using both semi-automateds

. . quality-control based on  and SE measurements, and &

2.2 Astrometric analysis " . . - w
manual inspection of astrometric measurements in different expo- N

Astrometry was performed with the software suite, sures as a function of the different instruments used, the observing3
including SE (Source Extractor; Bertin & Arnouts996), conditions (e.g. airmass), and properties such as extraction ags and§
(Software for Calibrating AstroMetry and Photometry; Bertin  measured magnitudes. Astrometric measurements that were aggeqtg
20096, and (Point Spread Function Extractor; Ber2®117). by SE as saturated or with truncated PSFs (close to an Q
The whole process is described in detail in Bouy et 2013 see image boundary) were rejected. S 's PSF tting module o
Section 7), but we brie y outline the most important steps here. reduces the impact of this (see e.g. Bouy e®all3, though mi- §
(i) Recover and equalize image metadata. Many astrometrictasksggtrur::tlgg';Ltj:gdependem astrometric biases were noted for somes
require parameters speci ¢ to each observatory, instrument, or ob- L . i - -1
; (v) Estimating astrometric uncertainties. Positional uncertainties =.
servation. These were gathered and brought on to the same FITS *" . . . ~
are important when calculating the global astrometric solution and &

metadata standard. . - . N
for computing the weightings needed for calculating PMs. Our ™

(i) Modelling the PSF. An accurate model of the PSF is needed
for every exposure of every chip from every instrument, which
sometimes must be performed at the subpixel level if the images are
signi cantly undersampled (such as those with good seeing). This
was performed in a non-parametric way with the software.

(iii) Cataloguing. For sources with more than three pixels above
1.5 standard deviations of the local backgrounc! SE was
usedto measure uxes and positions using the empirical PSF. In con-

trast to iterative Gaussian centroiding, PSF model tting is mostly Iter, and observing run, and distinct from the traditional meaning

immune to spatial discretization effects caused by undersampling, . .
. . . =" of the word instrument referring to the camera used on the telescope
and also allows saturated pixels to be censored without excessively.

. . itself). This must be calculated for each observing run because chip
degrading the positional accuracy of (moderately) saturated stars. . . .
distortion patterns can change from run to run as instruments are

often taken off telescopes between runs. Based on header infor-
http://www.astromatic.net mation and logbooks we have identi ed 113 different astrometric

estimated positional uncertainties take into account photon noise,
relative motions caused by atmospheric turbulence, and imperfect
deblending of close sources (see section 7.5 of Bouy 2048).

(vi) Computing global astrometric solutions. This is computed
iteratively by by minimizing the quadratic sum of differences
in position between overlapping detections from pairs of catalogues.
This requires the calculation ofaprojection operatofor each ‘as-
trometric instrument’ (de ned as the unique combination of camera,

MNRAS 460,2593-2610 (2016)
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small it will be a very minor effect. The fact that we do not observe
any correlation between our PMs and Galactic latitude suggests that
this has not seriously biased our measurements.

100

50 75
Number of astrometric measurements

2.3 Astrometric accuracy and its limitations

Astrometric accuracy is mainly limited by the distortion correction
and the variability that arises from atmospheric turbulence. Further
noise is added to the astrometric solution by cosmic rays, bad pix-
els, artefacts produced by saturated stars, and chromatic centroid
shifts from extragalactic sources, nebulae and unresolved multiple
systems. The contribution of all of these issues can be greatly min-
imized by selecting only point-like sources and rejecting outliers
in the PM ts. DCR, the wavelength-dependent shift of the cen-
troid due to dispersive elements along the path, can also affect the
i [mag] astrometry. However, since the vast majority (92 per cent) of our
observations were obtained at airm&sis4 (for which DCR offsets
are typically low) and in the red or near-infrared part of the spec-
trum (where the amplitude of the DCR is also smaller), this is not
expected to be a signi cant source of uncertainty.

Fig. 2 shows a representative sample of the estimated PM un-
certainty as a function afband magnitude, with the points colour-
coded based on the total baseline from which the PMs are cal-

instruments, taken with 10 different traditional instruments through culated. The F_)M uncertainty Is d_epende_nt on both the m_aQ”'t“de
29 different Iters. and the baseline of the observations, with lower uncertainties for 3
brighter sources and longer baselines. For those sources with base-2
lines 15 yr (including the majority of sources we are interested
in), the PM uncertainty is typicallg 1 masyr and 0.4 masyr
for sources brighter than 18 mag (equivalent to stellar masses
of 1-1.5M at the distance and extinction of Cyg OB2).

While Gaia (de Bruijne2012 will obtain more precise PMs for
stars withi < 18 mag (based oBaia’s limiting magnitude ofG
20 mag and the typicab S i colours of these stars of2 mag), it
will not detect any of the stars fainter than this, which will only be
improved in the foreseeable future by PMs from the Large Synoptic
Survey Telescope (Ilvezic et £008.
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(vii) Fitting individual PMs. After the second iteration of global
astrometric calibration, moving sources are identi ed by cross-
matching different observations in time order with a cross-matching
radius of 3 arcsec. Once cross-matched, PMs are calculated by
using a weighted linear tto source positions as a function of time.
No attempt was made to include the effect of trigonometric par-
allax in the t because at a distance of 1.33 kpc, the maximum
amplitude of the parallax motion is only0.7 mas yi (the effect
will be stronger for nearby stars, which could in uence our global
astrometric solution, though their numbers are likely to be in the mi-
nority given the range of photometric magnitudes we are sensitive
to). To Iter out poor astrometric data, any PM tted with a reduced

/d.o.f.> 6 are re-calculated after removing the astrometric mea- 2.4 Cygnus OB2 membership selection
surement that has increased d.o.f. the most (this threshold was
chosen to balance rejecting too many measurements and keepin
very poor ts). This process is repeated until eithef d.o.f. 6
or a maximum of 20 per cent of points have been removed (see
Bouy et al.2013 for more details for this process). The resulting

/d.o.f. values for the ts are shown in Fig.

Aq ¥2776092/€652/€/091 /3101 e/seluw/wod d

he objective of this work is to produce a sample of Cyg OB2

embers with measured PMs free from kinematic biases. For this Q
reason, we have not used the kinematic measurements to identify
new members of the OB association, as this can introduce biases§
into the kinematics, but instead base our membership selection on 2
purely non-kinematic criteria.

The positions and PMs calculated by this method are not tied To identify the low-mass members of Cyg OB2, we cross-
to an absolute reference system such as the International Celestiaimatched our PM catalogue with the X-ray source list of Wright
Reference System (ICRS) but are instead calculated relative to each& Drake (2009. X-ray observations provide a largely unbiased di-
other (a method that is valid for separations up to a few degrees, agnostic of youth that is highly effective in separating young asso-
beyond which distance-dependent ‘drifting’ biases become non- ciation members from older eld stars because pre-main-sequence
negligible). Our measurements could be placed on the ICRS by stars are typically 10—-1000 times more luminous in X-rays than
comparing them to an existing astrometric catalogue on the ICRS, main-sequence stars (Preibisch & Feigel2005. This is because
however most stars from théipparcosand Tycho cataloguesinour  young stars rotate much more rapidly than older eld stars and thus
eld of view are bright and hence saturated, precluding their use. through the actions of the magnetic dynamo (which operates in stars
An alternative method is to use the PMs of extragalactic sources with radiative cores and convective envelopes) have higher levels of
in our eld of view and determine the offset required to reduce magnetic activity that are manifest through enhanced X-ray emis-
their PMs to zero. Bouy et al2013 found that this method added  sion (e.g. Wright et a011). The only exception to this are A- and
a 0.3 masyi uncertainty to the individual relative PMs. Since late-B-type stars that do not appear to emit X-rays, most likely due
our scienti ¢ objectives only require relative PMs, we have decided to the lack of a convective envelope (Schri®97).
not to tie our PMs to the ICRS to avoid this increased uncertainty.  The deeper of the two X-ray observations studied by Wright &
This decision could risk introducing a small PM gradient over the Drake Q009 is centred on the core of the association and is es-
eld produced by the Milky Way disc, but since our eld of viewis  timated to be complete and spatially unbiased in the mass ranges
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