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OB associations are unbound groups of young stars made prominent by their bright OB members, and have long been thought to be
the expanded remnants of dense star clusters. They have been important in astrophysics for over a century thanks to their luminous
massive stars, though their low-mass members have not been well studied until the last couple of decades. This has changed
thanks to data from X-ray observations, spectroscopic surveys and astrometry from Gaia that allows their full stellar content to
be identified and their dynamics to be studied, which in turn is leading to changes in our understanding of these systems and
their origins, with the old picture of now being superseded. It is clear now that OB associations have considerably
more substructure than once envisioned, both spatially, kinematically and temporally. These changes have implications for the
star formation process, the formation and evolution of planetary systems, and the build-up of stellar populations across galaxies.
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1 INTRODUCTION

OB associations are gravitationally unbound groups of young
stars, typically containing many prominent OB stars as well as
numerous low-mass stars. Their low space densities (< 0.1 Mg
pc™?) make them dynamically unstable to Galactic tidal forces
and therefore over time they should disperse. The fact that
they exhibit some spatial and kinematic concentration (despite
being unbound) and contain short-lived OB stars implies that
they must be young, a fact first realised by
, which provided the first evidence that star formation
was still ongoing in the Galaxy. OB associations continue to
be a valuable tracer of the distribution of young stars and the
star formation process. Their dimensions can range from a few
to a few hundred parsecs, while their total stellar masses cover
a thousand to tens of thousands of solar masses (systems less
massive than this typically don’t contain any OB stars and
are thus known as T associations after the T-Tauri stars that
are often used to identify them).

OB associations are important objects to study because
they represent a transitional phase between the birth environ-
ment of stars (star forming regions or star clusters) and the
field star population in galaxies. They are therefore useful for
studying the star formation process (as they probe the spatial
and kinematic configuration of stars at birth) and for under-
standing how and why young star clusters disperse and how
the field star population is built up. There are debates as to
whether most stars form in dense clusters that are then dis-
rupted and briefly visible as dispersing OB associations
|& Lada|2003; [Kroupa|2011)) or whether a large fraction of stars
are born in unbound, low-density groups like OB associations
(Miller & Scalo|[1978; [Kruijssen|[2012).

Historically OB associations were vital for identifying
groups of OB stars and calibrating their luminosity scale (e.g.,
[Morgan et al|[1953; [Humphreys| [1978). In addition OB as-
sociations provide large samples of unobscured young stars
that are useful for studies of the initial mass function, the
frequency and properties of multiple systems, protoplanetary

disks and planetary systems (e.g.,|Massey et al.[1995} |Kouwen-|
|hoven et al.[2007; Kalas et al.|2015)). They also allow us to trace
star formation over large areas and timescales and thus study
the propagation of star formation and the role of feedback in
triggering or halting star formation.

1.1 Historical Summary

The term “association” was coined by |Ambartsumian| (1947)
to describe the low-density groups of O- and B-type stars
that had been known about for many years (e.g.,
(1914} [Eddington||1914} |[Pannekoek|[1929), placing them along-
side open and globular clusters as a new type of stellar group-
ing. The term association would later be separated in OB-
and T-associations based on their most-prominent members
(Ambartsumian||[1968)). At the time it was thought that only
OB stars formed (and existed within) OB associations, with
T-Tauri stars restricted to T-associations and open clusters.
This view was challenged by Miller & Scalo| (1978) who ar-
gued that unless OB associations also included low-mass stars
then there were insufficient numbers of birth sites for low-mass
stars to explain the observed field star population.

Concerning the stability of OB associations,
had already shown that low-density systems (space densities
< 0.1 Mg pc™?) were unstable against disruption by galactic
tidal forces, which then led [Ambartsumian| (1947) to realise
that this meant such system must be young and in the process
of expanding. This implied that OB associations and the stars
within them had only recently formed, which provided one of
the first pieces of evidence that stars were still forming within
the galaxy today, long before the discovery of molecular clouds
(Ambartsumian|[1947).

Since OB associations are gravitationally unbound, it was
reasonable to assume that they were in the process of ex-
panding. [Ambartsumian| (1949) estimated a typical expan-
sion velocity of ~5 km s~! for OB associations, based on
the balance between their initial expansion and the Galactic
tidal forces that would be needed to produce the slightly flat-




tened morphology observed in some associations at the time.
A similar view was suggested by |Blaauw| (1956|) who argued
that the stars in associations “may have originated within a
much smaller volume than that occupied by the group at the
present”. Observations showing that the degree of proximity
to the interstellar medium decreased with the increasing size
of associations, and that the more dispersed parts of associa-
tions had older OB stars within them, solidified the expansion
model (Blaauw|[1964a).

The origin of this expansion remained unclear. |Opik
(1953) and |Oort| (1954) suggested the idea that an unbound
group of stars must form from an unbound cloud of gas and
thus be born in a state of expansion. An alternative forma-
tion model was first put forward by Tutukov| (1978]) in which
a gravitationally bound cluster of stars, embedded within a
molecular cloud, becomes unbound and begins to expand when
the gas is dispersed by feedback processes. This idea was con-
sistent with the growing observational evidence that many gi-
ant molecular clouds were gravitationally bound (e.g., [Duerr
et al.|[1982)) and that O-type stars can efficiently disperse the
residual gas in molecular clouds (e.g., Whitworth|[1979). Later
studies, including numerous N-body simulations of the reac-
tion of the stellar system to gas expulsion, reinforced this idea
(Lada)1987; |Goodwin|1997; |Kroupa et al.|2001; |Baumgardt &
Kroupa|2007)).

The next major advance in the study of OB associations
was brought about by data from the astrometric satellite Hip-
parcos (Perryman et al.[[1997), thanks in part to the work of
the SPECTER consortium to get many thousands of candi-
date members of known OB associations included in the Hip-
parcos input catalogue. These data lead to a landmark census
of the nearby OB associations presented by de Zeeuw et al.
(1999)), which included significant improvements in the defini-
tion, membership, and characterisation of these associations.
This work, and others driven by Hipparcos data, has since lead
to many advances in the study of OB associations, includ-
ing the first studies of the 3D structure of OB associations
(de Bruijne||1999b), the identification of runaway OB stars
ejected from associations (Hoogerwerf et al.|2000), the discov-
ery of new OB associations (de Zeeuw et al.[1999) and studies
of Galactic structure derived from OB association kinematics
(Mel’Nik & Dambis|2009).

One of the major limitations of Hipparcos for the study
of OB associations was its depth, confining samples to only
the brightest (and most massive) OBA-type members of even
the closest associations. Follow-up surveys to identify the less-
massive (and more numerous) members of these associations
has been possible, but has, in general, been hindered by the
large areas over which OB associations span on the sky and the
difficulty of separating young, low-mass association members
from field stars (Brown et al|/1999; [Briceno et al. [2007)). In
this regard, astrometry from Gaia, the successor to Hipparcos
has quickly become invaluable for the identification and study
of huge numbers of low-, intermediate- and high-mass stars in
OB associations. It is against this backdrop that this review
is presented, with the study of OB associations at the cusp of
a revolution in our understanding of these important systems.

1.2 Scope of this review

The purpose of this review is to summarise our current knowl-
edge of the properties and origin of OB associations, focussing
mainly on observational results, but considering recent ideas
from theory and simulations where relevant. In particular 1
focus on work from the past two decades since the last major
reviews on OB associations (Blaauw|{1991} |Brown et al.|[1999).
This period includes work that has built up on the shoulders
of the Hipparcos studies and leads into early work with Gaia.

This review is limited to OB associations in the Milky
Way, because while similar systems have been identified and
studied in other galaxies (e.g., [van den Bergh||{1964; |Efremov
et al.|[1987)), with NGC 604 worthy of note as the prototype
extragalactic OB association (Maiz-Apellaniz et al.|2004), the
tools used to study these systems and the results derived from
their study are necessarily different. For a recent review of
these systems we refer the reader to |Gouliermis| (2018).

Section 2 outlines the various methods used to identify OB
association members, which are necessarily different and more
complex to those used to identify the members of compact
star clusters. Section 3 summarises the properties of some of
the most prominent and well-studied OB associations in the
Solar vicinity, while Section 4 includes a discussion of these
properties in a broader sense, taking into account large-scale
studies of multiple associations. In Section 5 these results are
discussed and their implications for our understanding of the
origin, formation and evolution of OB associations considered.
Finally, a summary is provided in Section 6 with some con-
cluding remarks.

2 OBSERVING OB ASSOCIATIONS AND
IDENTIFYING MEMBERS

One of the obstacles in studying OB associations is the diffi-
culty of reliably identifying their members. While high-mass
stars can be identified just from photometry, young low-mass
stars can be difficult to distinguish from the older (and more
numerous) field stars. When studying star clusters the density
of members on the sky is significantly higher than the back-
ground density that members can be reasonably effectively
identified simply from photometry, but the stellar density in
OB associations is sufficiently low that this is not possible. The
fact that the stars in OB associations are typically older than
stars in star forming regions means that the use of Ha excess
emission or infrared excesses to identify members is inefficient
and could certainly lead to an age bias in the resulting sample.

The key methods used for the last few decades have
included X-ray observations or multi-object spectroscopy,
though recently it has been possible to identify members based
on the enhanced luminosity of pre-MS stars using Gaia par-
allaxes. Even when young stars are identified and confirmed,
assigning them into different OB associations or groups is still
a challenging task requiring spatial and kinematic informa-
tion. This section summarises some of the different techniques
used to identify young stars, confirm their youth, and assign
them into different groups or associations.



2.1 Identifying young stars

The first task in identifying members of OB associations is
to efficiently select candidate young stars. For high-mass stars
this can usually be done simply with photometry, but for less
massive stars that can photometrically appear very similar
to their older counterparts it requires some indicator of youth
such as elevated luminosity, enhanced X-ray emission, or rapid
rotation.

2.1.1 Photometric identification of O and B-type members

The process for photometrically identifying OB stars was
developed and pioneered by |[Johnson & Morgan| (1953) in
their landmark paper on the U BV photometric system. They
showed that field OB stars could be identified (and their red-
dening determined) using the @@ method in the U — B versus
B—V colour-colour diagram (see Figure. This method is ef-
fective because in this diagram early-type stars do not redden
onto themselves (or onto late-type stars) and thus trace out a
unique region of the colour-colour diagram (in part due to the
response of the U — B colour to the strength of the Balmer
break in hot stars). The method is quite reliable and contam-
ination rates are low (e.g., [Mohr-Smith et al.||2017| show that
when using modern photometry the method is reliable 97% of
the time) and as such validation of photometrically-identified
candidates is useful, but not necessary.

This work, combined with the absolute-magnitude cali-
bration of B-type stars (Johnson & Morgan||[1953)), allowed
the identification of OB stars in open clusters and associations
and the determination of distances to these systems. This al-
lowed numerous authors to identify groups of OB stars across
the sky and thus the first detailed cataloguing of OB associa-

2.1.2  X-ray identification of FGKM members

Young stars are highly luminous X-ray sources, typically hun-
dreds to thousands of times more luminous than older, main-
sequence stars (Preibisch & Feigelson|[2005)). For solar and
late-type stars these X-rays are emitted from a magnetically-
confined plasma at temperatures of millions of Kelvin known
as a corona. The corona is heated by the stellar dynamo, which
itself is driven by stellar rotation, as evidenced by the strong
relationship between rotation and X-ray activity
. Since stars spin down as they age they also gradually
become less X-ray luminous, with X-ray to bolometric lumi-
nosity ratios dropping from ~10~2 for pre-main sequence stars
to 1078-107* for older main-sequence stars (e.g., M
let al.|[2004} [Wright et al.||2010b). This significant X-ray lu-
minosity difference between young stars and older field stars
makes X-rays a powerful tool for identifying young stars.
Observations from the Finstein Observatory and the
ROSAT All-Sky Survey uncovered many thousands of X-ray
sources associated with young stars in star forming regions and
associations (e.g., [Walter et al|1988; Neuhaeuser et al.[1995
Preibisch et al.|1998} Webb et al.|1999; Naylor & Fabian/|[1999
Pozzo et al. , though the limited sensitivity and low spa-
tial resolution prevented it from being used to identify large
samples of low-mass association members. These limitations
were overcome following the launch of the Chandra and XMM-
Newton X-ray observatories, but the small fields of view and
high demand for observing time with these facilities limited
their application to the wide areas needed for fully observing
most OB associations (though compact observations of parts
of OB associations were still possible, e.g.,|Argiroffi et al.|2006}
|Getman et al.|2006; [Wright & Drake|[2009). For more distant
and compact OB associations, such as Cyg OB2, tiled surveys
do facilitate coverage of the entire association (e.g., Wright

tion high-mass members (e.g.,|Johnson & Morgan|[1954} [Harris|

et al|2014a)). Upcoming all-sky data from eROSITA (Merloni

|1956} Blaauw| 1956}, [1964a; |[Ruprecht|1966). These membership
lists were instrumental in determining the fundamental prop-
erties of these stars (e.g., [Humphreys [1978) and estimating
turn-off ages (e.g., de Geus et al|[1989) - for more details see
Section

While photometric identification of field OB stars is most
effective in the blue part of the optical spectrum, within the
Galactic plane high extinction can make this approach diffi-
cult. In regions of high extinction identifying OB stars in the
near-IR is sometimes necessary. For example,
used a combination of near-IR colour-magnitude and
colour-colour diagrams to identify 46 new candidate OB stars
in Cygnus OB2, significantly increasing the census of such ob-
jects in the association.

The availability of wide-field, deep and multi-band optical
photometry across the Galactic plane (Drew et al.|[2005} 2014))
allowed [Mohr-Smith et al| (2015)) to extend the @ method of
[Johnson & Morgan| (1953) to the large datasets of the modern
survey era. They adapted the standard () method to the Sloan
filter system, selecting OB stars in the u—g versus g—r colour-
colour diagram (see Figure and used follow-up spectroscopy
to confirm their method was successful 97% of the time
. In addition to identifying large numbers of
early-type stars across Carina, these authors have also shown
how this method can be effectively used to identify new OB
associations (Mohr-Smith et al|[2017} Drew et al.|[2018]).

et al. will allow members of nearby associations to be
identified, though this will mostly be limited to the brighter
solar-type stars in the closest (d < 500 pc) associations.

While X-ray observations are very efficient for identifying
young stars, there are also many other types of object that are
luminous in X-rays and that can act as contaminants in studies
of young clusters or associations. These can include foreground
main-sequence stars, background giants, X-ray binaries and
cataclysmic variables, as well as extragalactic sources such as
quasars. The frequency of these different contaminants can de-
pend on the sightline towards the region targeted as well as
the background galactic population and any obscuring mate-
rial that might limit the level of extragalactic contamination.
|Getman et al|(2011) show that many of these contaminants
can be identified either from their significantly harder X-ray
spectra or from the lack of an optical counterpart, particularly
for extragalactic contaminants. However spectroscopic follow-
up is still useful for identifying stellar contaminants such as
foreground or background sources.

2.1.3 Luminosity identification of association members

Pre-main sequence stars are more luminous than main-
sequence stars and therefore in a colour — absolute magnitude
diagram they stand out above both the single-star and binary
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Figure 1. Photometric selection of OB stars. The left panel shows the original (U — B, B—V) colour-colour diagram from |Johnson & Morgan
(1953) with O- and B-type stars shown as open squares and filled circles respectively. An unreddened main sequence can be traced out following
the B-type stars while reddening vectors are shown extending to redder colours. The right panel shows a more modern representation of this

method in the (u — g, g — r) colour-colour diagram from Mohr-Smith et al.| (2015). The unreddened main sequence can be seen extending to

later spectral types, with reddening curves (for Ry = 3.8) extending from spectral types B1V, B3V, GOV, and an ideal Rayleigh-Jeans tail
spectrum. Grey points show all stars in the field of view, blue crosses show candidate OB stars selected from this method, and red triangles

show known OB stars in the field of view.
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Figure 2. Luminosity identification of young stars in the Mg vs.
Gap — Grp absolute colour-magnitude diagram. An unreddened
main sequence is visible across the diagram with a pre-main se-
quence clearly visible above it. Figure adapted from [Zari et al]

(2019).

star sequences (see Figure [2]), allowing them to be identified
and separated. Until recently this method was not easy to
utilise due to the dearth of parallaxes for pre-MS stars (though
it could be used for individual star clusters where the dis-
tance was known, e.g., [Herndndez et al.|[2014)), but following
Gaia’s second data release in April 2018 this approach can be
used to identify most young stars (<10-20 Myrs, dependent
on colour) with reasonably high-precision parallaxes (roughly
within 500 pc for Gaia DR2 data).

used this method with the Gaia Mg
vs. Gpp — Grp diagram (Figure to identify stars younger
than 20 Myrs within 500 pc of the Sun, mapping the 3D dis-
tribution of the known YSO populations in the solar neigh-
bourhood.|Damiani et al.|(2019) combined this technique with
a proper motion selection to map out the stellar population
of the Scorpius-Centaurus OB association. This approach can
reduce the level of contamination, particularly for groups of
stars with distinct proper motions relative to the field star
population (such as Sco-Cen), though it could also introduce
a kinematic bias that should be considered if the sample is to
be used for any structural or kinematic study. Recently
used this method to select members of the Orion

OBI1 association and map out its 3D structure.

This method does require a careful correction for inter-
stellar extinction to produce an accurate colour — absolute

magnitude diagram (e.g., 2018), and can introduce

biases to the sample, such as an age-mass bias (since low-mass



pre-MS stars are more over-luminous at a given age than more
massive stars, and therefore easier to identify) and both dis-
tance and magnitude biases (since a cut is often placed on
the relative parallax error, 0w /w, which typically increases
with increasing distance and apparent magnitude). There is
also the risk of contamination from binaries or from field stars
with uncertain parallaxes, though such contamination is ex-
pected to be minor and spectroscopic verification may only
be necessary for pre-MS intermediate-mass stars that are less
offset from the main sequence than their lower-mass siblings.
Despite this, the all-sky availability of Gaia data and the im-
proved precision expected from future data releases suggests
this method is likely to be the most effective for stars within
(at least) 1 kpc in the future.

2.1.4 Other methods

In addition to the methods discussed above, there are a num-
ber of other techniques that can or have been used to identify
young stars in OB associations. Historically one of the most
common methods has been the use of objective prism surveys
or Ha photometry to identify young stars from the excess Ha
emission due to accretion or chromospheric activity (e.g.,
et al|[1981} Wiramihardja et al|1989}; Mikami & Ogural[2001]).
The recent Ha Galactic plane surveys IPHAS and VPHAS+
(Drew et al|2005| [2014)) have facilitated deep, large-area sur-
veys for young stars with the Ha excess method, with recent
applications in Cyg OB2 and Cep OB2
[Barentsen et al|[2011)). However, this method has a strong
bias towards younger Classical T-Tauri stars, relative to older
Weak-lined T-Tauri stars, and therefore carries with it an age
bias. There is also the risk of contamination from foreground
dMe stars (Briceno et al[[2001) and therefore spectroscopic
verification can be useful.

Infrared surveys are also effective for identifying young
stars. Spitzer Space Telescope photometry has been used to
identify many thousands of young stars in star forming re-
gions and clusters (e.g., [Povich et al.[2013)), though the lim-
ited time available hindered its application to wide-field stud-
ies of OB associations outside of the Galactic plane or major
star-forming complexes (e.g.,|Guarcello et al.|2013). The avail-
ability of all-sky infrared images from the Wide-Field Infrared
Survey Explorer (WISE) has facilitated large-area surveys for
young stars in OB associations (e.g., [Azimlu et al|[2015}
. Contamination from star-forming galaxies,
asymptotic giant branch stars and shock emission regions is
possible however, though cuts in magnitude or colour space
can be used to reduce the contamination rates to ~10-20%
(e.g., [Fischer et al.|[2016]). Spectroscopic verification is there-
fore useful.

Another method is to identify young stars based on their
rapid rotation, since stars spin-up as they form and then grad-
ually spin-down over many Gyrs. Young (<50-100 Myrs) stars
can therefore be identified from their rapid (<3-5 day,
[ten & Simon|1996)) rotation periods. This has become feasible
in recent years due to the availability of time-domain, high-
precision photometric surveys designed to detect transiting ex-
trasolar planets, e.g., Kepler, SuperWASP, and very recently,
TESS (e.g., |Binks et al.|[2015| used this method to identify
several thousand rapidly-rotating young FGK stars from Su-

perWASP data). Contamination from tidally-locked binaries
can be significant however, and so spectroscopic follow-up to
confirm the youth of the stars is necessary.

Multi-epoch photometry can also be used to identify
young stars from their inherent variability (e.g.,
, though find this method needs
spectroscopic verification of the members and has about a
50% success rate. Certain types of stars can be identified from

single-epoch photometry, for example used
Ha photometry to identify young A-type stars and
used optical and near-IR photometry to identify pre-
main sequence M-type stars. Despite this, single epoch pho-
tometry is generally used to measure the surface density of
young stars above the galactic background level, rather than
actually identifying individual young stars (e.g.,
[2012} |Zari et al.||2017} |Armstrong et al.[[2018)).

2.2 Confirming the youth of stars

Once candidate young stars have been identified it is often
necessary to confirm their youth using other means. None of
the methods mentioned above are perfect and can lead to con-
tamination from other objects, either stellar or extra-galactic.
Candidate young stars can be verified by obtaining multi-
ple indicators of youth from those listed above, particularly
if the contaminants of each method are mutually exclusive
(e.g., most contaminants to infrared surveys for young stars
are likely to be in the background and so parallax measure-
ments can be effective to confirm such sources). However the
most effective approach is to obtain spectroscopy and use one
or more spectroscopic indicators of youth.

2.2.1 Lithium in young stars

Lithium is probably the most effective indicator of youth in
K and early M-type stars because it is depleted during their
pre-main sequence phase (e.g., [D’Antona & Mazzitelli| 1994}
, making it a commonly-used spectroscopic
indicator of youth (e.g., [Preibisch et al|[1998} |Jeffries et al.|
[2014} [Pecaut & Mamajek|2016). Lithium is burnt at approxi-
mately 3 million K, a temperature that is reached in the core
and at the bottom of the convective zone during pre-main se-
quence evolution. For a short period of time, low-mass stars
deplete lithium in their cores whilst mixing Li-depleted mate-
rial to the surface of the star. This continues until the expan-
sion of the radiative core causes the temperature at the base
of the convection zone to drop below 3 million K, bringing
lithium depletion to a halt. This point is reached at a later
time in lower-mass stars due to their slower pre-MS evolution,
and in stars with M < 0.6 Mg total lithium depletion will
eventually occur (Baraffe et al.|[1998].

The main Li feature in stellar spectra is the (unresolved)
doublet at 6708 A, which is relatively easy to detect and mea-
sure, having an equivalent width of >100 mA for young stars.
The strength of this absorption line decreases during the early
life of a star, with a timescale for significant depletion of ~10—
20 Myrs for mid-M stars, ~100 Myrs for K-type stars, and
up to ~1 Gyr for G-type stars. This makes the presence of
a strong lithium absorption line in stellar spectra a clear in-
dicator of youth for K- and M-type stars, but less effective
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Figure 3. Equivalent width of the Li 6708 A feature versus V — I
colour for stars towards the Gamma Velorum cluster in Vela OB2
from |Jefiries et al.[(2014])). The solid red lines show predictions from
the models of [Baraffe et al.| (1998]) at 10 (upper) and 20 (lower) Myr,
while the dashed blue line shows the upper envelope for EW(Li) for
IC 2391 and IC 2602 at ~50 Myr. Objects whose lithium content is
consistent with being a young star are shown in blue and red, with
all other stars in the field of view shown as black circles.

for G-type stars. However, since older stars up to the age of
the Pleiades can exhibit Li absorption it is necessary to de-
fine a threshold equivalent width as a function of colour or
mass and use this to select stars (though rotation and other
factors may also determine the lithium abundance in stars,
e.g., Soderblom et al.|[1993). Fortunately, lithium equivalent
widths have been measured in many young clusters, providing
a valuable calibration for this technique (e.g., [Randich et al.
1997)). Figure 3| shows lithium equivalent width as a function
of colour for young stars in Vela OB2 from |Jeffries et al.|(2014)
showing how this can be used to identify young stars.

There are very few types of contaminant for a sample of
lithium-rich stars. A small number of field stars may be young
enough to have photospheric lithium (1% for K-type stars and
10% for G-type stars, based on the depletion timescales), but
these objects are rare. Even rarer are lithium-rich field gi-
ants, of which ~1% of G/K giants are expected to have suf-
ficient lithium to reach most detection thresholds for young
stars (Brown et al.||1989).

2.2.2  Surface gravity indicators

Another valuable spectroscopic method for confirming the
youth of stars is the use of spectral lines that are dependent on
surface gravity. Pre-main sequence stars have surface gravities
intermediate between those of main-sequence stars and giants.
Notable examples of such gravity-sensitive lines include the
Na 1 doublets at 5889, 5896 A and 8183-8195 A or the Ca 1
lines at 6102, 6122 and 6162 A. Mohanty et al.| (2004) present
a selection of spectroscopic features in M-type stars that can
be used to infer the surface gravity to within 0.25 dex. Some of
these features are degenerate with effective temperature and

therefore a selection of features are needed to measure surface
gravity, possible with sufficiently high-resolution spectroscopy.
Damiani et al.| (2014) introduce a gravity-sensitive index
~ as part of the analysis of spectra from the Gaia-ESO Survey,
based on various sets of gravity-sensitive lines around 6490—
6500 and 6760-6775 A. With high-resolution spectroscopy the
index allows log g to be inferred to a precision of 0.2 dex,
sufficient to allow young stars to be separated from giants and
main-sequence stars at temperatures < 5000 K.

2.2.8 Other spectroscopic indicators of youth

Other spectroscopic indicators of youth include emission lines
due to strong accretion in very young stars, such as He 1 5876,
6678 A or the Ca 11 triplet at 8500, 8544, and 8665 A (e.g.,
Briceno et al|2019) or Balmer lines in emission from active
late-type stars with strong chromospheric activity (though this
is also seen in field stars up to ~1 Gyr old, |Stauffer & Hart-
mann|/1986|).

2.3 Assigning young stars into groups

Once a sample of young stars have been identified and con-
firmed it is often necessary to divide them into groups or iden-
tify contaminating young stars. Even within a compact area
of the sky there may be young stars that are not part of the
group under study, either young field stars or stars from other
nearby groups. Stars in clusters or associations have very sim-
ilar space motions and therefore members of a given group
can be identified as a coherent structure in velocity space, for
which there are various different methods that have been used
over the last few decades that we will discuss here. It is worth
noting that the use of proper motions (or parallaxes for nearby
systems) to assign stars into groups can introduce a spatial or
kinematic bias to the sample, which should be considered when
studying it.

2.8.1 Classical methods not requiring radial velocities

The classical method for identifying members of a nearby mov-
ing group or association is the convergent point method, which
is based on the fact that stars with a common space motion
will have proper motions that appear to converge from or to a
point on the sky (depending on whether the group is moving
towards or away from us, e.g., |Jones||1971; |de Bruijne|1999a).
The convergent point for a group of stars is found by min-
imising the proper motion perpendicular to the direction to-
wards the convergent point (accounting for measurement un-
certainty and an intrinsic velocity dispersion). New members
of the group may be added to the group if their motion per-
pendicular to the convergent point is below some threshold.
This method has been valuable because it only requires proper
motions and sky positions, and not parallaxes or radial veloc-
ities that are generally harder to obtain. This method was
extensively used by [de Zeeuw et al.| (1999) to perform a cen-
sus of nearby OB associations using Hipparcos data. They also
used the “Spaghetti method” of[Hoogerwerf & Aguilar{(1999),
which uses parallaxes as well as positions and proper motions,
and identifies velocity cylinders or “spaghetti” that must over-
lap in velocity space for all stars that are members of a group.
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Figure 4. Division of young stars in Orion OB1 into subgroups from [Kounkel et al. (2018) using hierarchical clustering. The clustering
algorithm was applied to 10,248 stars and resulted in the identification of 190 groups across the association, which were then manually
combined into five larger structures shown here: Orion A (green; known group), Orion B (orange; known group), Orion C (cyan; new group),
Orion D (red; new group) and A Ori (blue; known group). In the left panel, black circles show the position of the major bright stars in Orion

with Orion’s Belt across the centre of the image.

2.8.2 Modern methods using clustering algorithms

The availability of radial velocities for many Hipparcos stars
has allowed the membership of OB associations to be deter-
mined in 6-dimensional position and velocity space. This can
be achieved using a model for the spatial and kinematic dis-
tribution of the group, such as a 6-dimensional Gaussian or
a mixture of Gaussians if one or more subgroups are known.
[Rizzuto et al] (2011)) applied such a method to re-establish
the membership of Sco-Cen using linear models in various di-
mensions of 6-dimensional space and calculating membership
probabilities for individual sources.

The availability of Gaia data for billions of stars provided
5-dimensional (position, parallax and proper motions) data
suitable for the application of more advanced clustering algo-
rithms. These include techniques such as k-means clustering
(where the user assumes a number of groups, but not their
positions, and the data is then iteratively divided into these
groups), mixture models (where the data is modelled as a col-
lection of distributions — usually multi-dimension Gaussians
— and each source is assigned a probability of belonging to a
group based on this distribution), and hierarchical clustering
(where sources are divided into groups that have source-to-
source separations less than some threshold value). Many of
these techniques are unsupervised, meaning that they do not
require pre-existing identification of the clusters and involve a
minimum of human intervention. Each of these methods has

its own advantages and disadvantages in identifying groups of
stars and rejecting non-clustered field stars, including whether
or not the number of groups must be assumed a-priori, whether
the groups have to be modelled in a certain way (e.g., as a col-
lection of Gaussians), how to determine the dividing line be-
tween different groups, and how incomplete data is accounted
for (such as the lack of radial velocities for many stars).

A review of the various methods can be found in
[son & Babu| (2012)), though we highlight some of them and
their recent applications here. |Wilkinson et al| (2018)) ap-
ply the Density-Based Spatial Clustering of Applications with
Noise algorithm (DBSCAN, |Simoudis et al|[1996| one of the
most commonly-used clustering algorithms in the literature)
to Gaia DR1 data in Upper Sco, increasing the known mem-
bers by ~50%. [Cantat-Gaudin et al|(2019b) used the classi-
fication scheme UPMASK (Unsupervised Photometric Mem-
bership Assignment in Clusters, [Krone-Martins & Moitinho|
, which uses principal component analysis and k-means
clustering to identify groups of stars, finding 7 groups across
Vela and Puppis with distinct ages and kinematics.




Table 1: List of known OB associations compiled from |[Ruprecht| (1966)), de Zeeuw et al. (1999) and |[Brown et al.| (1999). The
list is divided into well-studied associations, those that are clearly identified but have not been extensively studied, and those for
which very little is known (including some which may not be real associations and are labelled with ”?”). Distances and ages are
gathered from the literature. Positions are taken from |Ruprecht| (1966) and updated from |de Zeeuw et al.| (1999)) where possible.
Distances are taken from the source with the smallest uncertainty, preferring Gaia measurements or single-association studies
where possible. For Sco-Cen and Orion OB1 the subgroups are listed instead of the entire associations due to their prominence

(the Sco-Cen subgroups are also known as Sco OB2_2, OB2_3 and OB2.4).

Name 1 b Distance Ref. Age Ref. Clusters Nebulae
[deg.] [deg.] [pc] [Myr]

Well-studied OB associations:

Sco-Cen: US 351.5 +20.0 143+ 6 W18 107 P16

Sco-Cen: UCL  331.0 +12.5 136 £5 W18 167 P16

Sco-Cen: LCC  298.5 +5.5 115+4 W18 15+6 P16

Ori OBla 201.0 -17.3 ~360 K18 8-12 B94 25 Ori

Ori OB1b 205.0 -18.0 360-420 K18 2-8 B08 € Ori

Ori OBlc 211.3 -19.5 ~385 K18 2-6 B08 NGC 1980, NGC 1981

Ori OB1d 209.0 -19.5 ~380 717 1-2 717 Orion Nebula Cluster

Vela OB2 262.8 =77 411 £ 12 DZ 99 10-30 CG19 Gamma Vel, P Puppis

Trumpler 10 262.8  +0.7 372 +£23 DZ99  45-50 CG19

Cyg OB2 80.2 +0.8  1350-1750 B19 1-7 W15

High-confidence OB associations that have not been extensively studied:

Ara OB1 338.0 0.0 ~1100 M73 ~2 AS87 NGC 6193

Aur OB1 173.1 -1.6 ~1060 M17 11-22 T10 NGC 1912, NGC 1960 Sh2-227

Aur OB2 173.0 +40.1 ~2420 M17 ~5.5 T10 NGC 1893, Stock 8 IC 410, IC 417

Cam OB1 1425  +2.0 ~800 M17 7-14 S85 NGC 1502 S202

Car OB1 286.5 -0.5 2300 + 50 S06 1-10 D01 NGC 3293, Tr 14-16 NGC 3372

Car OB2 290.4  40.1 ~1830 M20 ~4 G94

Cas OB6 1359 +1.3 ~1750 M17 ~4 T10 IC 1805, IC 1848 W3, W4, W5

Cas-Tau 169.0 -16.5 125-300 DZ99 ~50 DZ99

Cen OB1 3042 +1.4 ~1920 M17 6-12 K94 Stock 16 RCW 75

Cep OB1 104.2 -1.0 ~2780 M17 1-5 Cl11 NGC 7380

Cep OB2 102.1  +4.6 ~730 M20 5 DZ99 Tr 37, NGC 7160 IC 1396

Cep OB3 1104  +3.0 ~700 M17 5-8 J96 Cep OB3b S155

Cep OB4 1183 +5.3 ~660 M17 1-6 M68 B59 S171

Cep OB6 105.1  +40.1 270 4+ 12 DZ99 ~50 DZ99

CMa OB1 224.0 -1.3 ~1200 720 1-10 S18 NGC 2353, NGC 2327 IC 2177, Sh2-296

Collinder 121 235.7 -10.0 543 £ 23 DZ99 5 DZ99 Collinder 121 Sh2-306

Cyg OB1 75.5 +1.1 ~1460 M17 6-8 RO8 NGC 6913, IC 4996

Cyg OB3 72.9 +1.9 ~1830 M17 2-12 RO8 NGC 6871, NGC 6883

Cyg OB4 82.8 -7.6 ~800 M17 ~8.3 Uo1

Cyg OB5 67.1 +2.1 ~1610 R66

Cyg OB6 86.0 +1.0 ~1700 R66

Cyg OB7 89.0 0.0 ~630 M17 1-13 U011, W13 Northern Coalsack

Cyg OB8 77.9 +3.4 ~1830 M17 4-6 M15

Cyg OB9 7.7 +1.9 ~960 M17 2-4 M15 Sh2-108

Gem OB1 189.1  +1.0 ~1210 M20 ~9 T10 NGC 2175 IC 443

Lac OB1 96.7  -17.6 368 + 17 DZ99 2-25 co8 S126

Mon OB1 202.1  +1.0 ~580 M17 1-10 F99 NGC 2264 NGC 2264, Mon. Ring

Mon OB2 206.3 -2.1 ~1210 M17 2-15 T76 NGC 2244 Rosette Neb.

Per OB2 159.2  -17.1 296 + 17 DZ99 1-10 Al5 IC 348, NGC 1333

Per OB3 147.0 -5.5 175+ 3 DZ99 50 DZ99 a Per

Pup OB1 2435 403 ~2010 M17 ~4 H72 NGC 2467 S311

continued on next page



Table 1: continued

Name 1 b Distance Ref. Age Ref. Clusters Nebulae
[deg] [deg ] [pc] [Myr]
Sco OB1 343.3  +1.2 1560+ 35 Y20 1-10 D18 NGC 6231, Tr 24 G345.4541.50,
Gum 55, IC 4628
Sct OB2 23.1 -04 ~1600 M09 ~6 S85 NGC 6705
Ser OB1 16.7 0.0 ~1530 M17 8-13 T10 NGC 6611 M16, M17
Ser OB2 18.2 +1.7 ~1600 M17 ~4.5 T10 NGC 6604 Sh2-54
Sgr OB1 7.6 -0.9 ~1260 M17 5-8 S85 NGC 6530, Col. 367 M20
OB associations for which very little is known:
Aql OB1 (?) 37.3 -0.6 ~2750 R66
Cam OB3 147.0 +3.0 ~2650 M17 ~11 T10 Alicante 1
Cas OB1 124.1 -14 ~2010 R66 ~10 L86
Cas OB2 112.0 0.0 ~2100 M17 ~10 L86 NGC 7538, Sh1-57
Cas OB4 120.1 -0.3 ~2300 M17 ~8 L86
Cas OB5 116.2  -0.5 ~2010 M17 6-8 S85
Cas OB7 122.8 +1.2 ~2010 M17 ~8 L86 Sh2-180
Cas OBS8 129.2 -1.1 ~2300 M17 ~20 T10 NGC 581, NGC 663
Cas OB9 (7) 1135  -25 ~800 R66
Cas OB10 (?) 130.8  -6.3 ~3800 R66
Cas OB14 1204  +0.7 ~880 M17 <10 T10
Cen OB2 294.3 -1.0 ~2100 R66 3-10 B14 1C 2944 1C 2948
Cep OB5 108.5  -2.8 ~2090 H78 ~10 L86
Cir OB1 315.5 -2.8 ~2010 M17 Pismis 20
Cor. Aust. (?) 0.0 -18.0 ~130 DZ99 Coronet cluster NGC 6726, NGC 6729
Cru OB1 (?) 294.9 -1.1 ~2010 M17 5-7 K94 1C 2944
Mon OB3 217.6 -0.3 ~2420 M17 ~T T10 S287
Nor OB1 32800 -0.9 ~2780 M17
Ori OB2 (?)  192.6 -11.6  ~3240 R66
Per OB1 134.7 -3.2 ~1830 M17 8-11 M8&7 h and x Persei
(NGC 869 & 884)
Pup OB2 (7) 244.6 0.7 ~3180 M17 ~2 H72 Ruprecht 20
Pup OB3 254.0 0.0 ~1460 M17 ~4 W63 RCW 19
Sco OB4 (?7) 3524 434 ~960 M17 NGC 6334, Sh2-10
Sct OB3 17.3 -0.8 ~1330 M17 ~4.5 T10 Sh2-50
Sgr OB4 12.2 -1.0 ~1920 Mi17 <10 T10
Sgr OB5 359.9 -1.2 ~2420 M20 6-12 S85 Sh2-15
Sgr OB6 14.2 +1.2 ~1600 M17 <10 T10
Sgr OB7 10.7 -1.5 ~1390 M17 4-5 T10
Vela OB1 265.0 -0.7 ~1460 M17 ~20 T79 NGC 2659
Vul OB1 60.3 +0.1 ~1600 M17 10-16 T10 NGC 6823 NGC 6820
Vul OB2 (7) 64.7 +1.8 ~4130 R66
Vul OB4 60.5 +0.5 ~800 M17 ~10 T80

References: A15 (Azimlu et al]2015), A87 (Arnal et al|[1987), B08 (Bally||

2008), B14 (Baume et al2014), B19 (Berlanas et al.

2019), B59 (Blaauw et al.[1959), B94 (Brown et al.[1994), C08 (Chen & Lee|2008), C11 (Chen et al.[2011), CG19 (Cantat-Gaudin
et al|[2019a)), D01 (DeGioia-Eastwood et al.|[2001), D18 (Damiani|[2018)), DZ99 (de Zeeuw et al.|[1999)), F99 (Flaccomio et al.

1999)), G94 (Garcial[1994), H72 (Havlen|[1972), H78 (Hump
K18 (Kounkel et al.|[2018)), K94 (Kaltcheva & Georgiev||1994), L86

hreys|1978), J96 (Jordi et al[1996), K08 (Kaltcheva & Hilditch(|2000)),

Lozinskaia et al.|[1986), M09 (Mel’Nik & Dambis|[2009), M15

(Mahy et al.|[2015), M17

Mel'nik & Dambis2017), M20 (Melnik &

Dambis| 2020

, M68 (MacConnell

1968)), M73 (Moffat & Vogt

1973

, M87 (Maeder]|

1987

, P16 (Pecaut & Mamajek]

2016), RO8 (Reipurth & Sc

hneider|[2008), R66

Ruprecht|[1966), S06 (Smith

2006
1976

, S18 (Santos-S

lva et al.|[2018)), S85 (Schild & M

laeder

[1985)), S97 (Sung et al.|[1997), T10 (Tetzlaff et al.[[2010), T76 (Turner

, T79 (Turner|[1979), T80 (Turner et al.||1980]),

Uo01

Uyaniker et al.|[2001), vG84 (van Genderen et al|[1984), W13 (Wolk

et al.

2013), W15 (Wright et al][2015), W18

717

Zari et al.|[2017), Z20 (Zucker et al|[2020).

Wright & Mamajek|2018), W63 (Westerlund|[1963)), Y20 (Yalyalieva et al.|[2020)),




The rich young stellar population and significant sub-
structure across the Orion OB1 association has lead many au-
thors to apply clustering algorithms to trace its star formation
history. Kounkel et al.|(2018)) use a form of hierarchical cluster-
ing to identifying clusters in the Orion OBI1 association from
6-dimensional spatial and kinematic data (using radial veloci-
ties), applying the algorithm to ~10,000 stars and identifying
190 groups that they then manually combine into 5 larger
structures (see Figure [4). [Chen et al] (2019) used machine
learning algorithms to identify stellar groups in Orion using
Gaia DR2 astrometry, finding 21 spatially- and kinematically-
coherent groups, only 12 of which were previously known or
associated with known clusters. used DB-
SCAN to identify 17 groups in Orion, including foreground
populations.

The wealth of new, multi-dimensional data and advanced
statistical techniques for identifying clusters will be critical in
the future for identifying new OB associations and star clus-
ters, or ascertaining the membership of known groups. How-
ever, detailed testing of these techniques in their application
to highly complex datasets with correlated uncertainties will
be necessary to fully understand their limitations as well as
any biases they introduce to the spatial or kinematic study of
the resulting groups.

3 PROPERTIES OF INDIVIDUAL OB
ASSOCIATIONS

The number of known OB associations runs into the dozens,
though the majority of these have been poorly studied. The
most well-studied associations are probably Scorpius OB2
(Scorpius-Centaurus, the nearest OB association to the Sun),
Orion OB1 (the nearest OB association with active high-mass
star formation within it), Vela OB2 (one of the associations
with numerous well-studied open clusters), and Cygnus OB2
(which while distant is probably the most massive of the
known OB associations). In this section I summarise the prop-
erties of these associations, as well as some of the less well stud-
ied associations, highlighting their features that can help us
understand the properties and formation of OB associations.

The cataloguing of OB associations began in the 1950s
by various authors motivated to group OB stars into clusters
or associations to better constrain their fundamental proper-
ties. By the 1960s various different lists of OB associations
existed (e.g., [Morgan et al.|[1953} |Schmidt||1958) with some
studies even beginning to subdivide these into subgroups (e.g.,
[Blaauw|[1964a)). [Ruprecht| (1966) was the first to gather these
different lists into a single list, codifying the nomenclature and
defining their boundaries. The previous numbering system us-
ing Roman numerals was changed to the one we are familiar
with today that uses Arabic numbers affixed to the letters
OB and their respective constellation (for example I Ori be-
came Ori OB1). Tableprovides an updated list of known OB
associations with coordinates, distances, ages and associated
clusters and nebulae gathered from the literature. Figure [5]
provides an observer’s view of the distribution of OB associa-
tions on the sky in Galactic coordinates.

The high-mass membership of these associations was ex-
panded and refined with improved photometry over the follow-
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ing decades, leading to membership lists that have been used
for many decades (e.g., [Humphreys|[1978} |Garmany & Stencell
. The availability of Hipparcos astrometry further refined
these membership lists for nearby (d < 500 pc) associations
(de Zeeuw et al|[1999). At the same time attempts have been
made to refine the existing lists of OB associations using ei-
ther new clustering algorithms (Mel’Nik & Efremov||[1995)) or
improved astrometry for members (de Zeeuw et al.|[1999).

3.1 Scorpius-Centaurus

The Scorpius-Centaurus (Sco-Cen or Scorpius OB2) associa-
tion is the nearest OB association to the Sun at a distance of
100-150 pc (de Zeeuw et al.||1999)). Due to its proximity and
>100 pc size the association spans over 90° on the sky, ex-
tending over the constellations Scorpius, Lupus, Norma, Cen-
taurus, Circinus, Musca, and Crux. The association contains
~150 B-type stars and (currently) a single O-type star, the
runaway O9V star ¢ Ophiuchi (Blaauw||1964a}; de Geus et al.
1989; [Brown| [1998} [de Zeeuw et al.| 1999} [Hoogerwerf et al.
2001)), as well as a rich population of lower-mass stars (Pecaut
& Mamajek2016; Damiani et al[2019). The total stellar con-
tent of the association has been estimated as anywhere from
6,000 (Preibisch & Mamajek |2008) to 13,000 stars (Damiani
et al|2019), with a total stellar mass of ~4,000 M, (Wright &
Mamajek|2018)). Figure@shows the distribution of the known
high- and low-mass population of Sco-Cen, as well as notable
star forming regions and young clusters in their vicinity.

The association has historically been divided into three
subgroups (Figure @ known as Upper Scorpius (US), Upper
Centaurus-Lupus (UCL) and Lower Centaurus-Crux (LCC).
Of these US is the youngest, with a median age of 11 Myr,
while UCL and LCC are older with ages of 16 and 17 Myr
respectively (Pecaut & Mamajek [2016]). Historically US has
been the most well-studied due to it being the youngest, the
most compact, and the furthest from the contaminating effects
of the Galactic Plane, though this is changing thanks to data
from Gaia.

The division of Sco-Cen into these subgroups was first de-
fined by , based on the positions and velocities
of the brightest members, and has since been used by many
authors, including the study by |de Zeeuw et al| (1999) that
defined the Hipparcos membership of the association. The re-
vised Hipparcos data allowed [Rizzuto et al.| (2011) to revisit
the membership and borders of the subgroups, favouring a
more continuous distribution rather than a division into sub-
groups. Recent temporal (Pecaut & Mamajek||2016) and kine-
matic (Wright & Mamajek|[2018)) studies have supported this
view that the historical divisions do not necessarily reflect the
real substructure of the association (see also [Villa Vélez et al
[2018} [Damiani et al|2019).

8.1.1 The high-mass stars

The association and its three subgroups have historically been
delineated by their bright B-type members, the first identi-
fication of which as a moving group dates back to
, though was not fully confirmed until .
The modern census of high-mass members of Sco-Cen can be
attributed to |[de Geus et al| (1989), [de Zeeuw et al| (1999),
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Figure 6. A wide-field view of the Sco-Cen association projected onto an inverted Ha image from (2003). Blue circles show

the classical Hipparcos members of the association identified by [Rizzuto et al.| (2011), with symbol size inversely proportional to their V'

magnitude (brighter stars have larger symbols). The runaway star ¢ Oph is also shown as a blue circle, with a Gaia DR2 proper motion vector
covering 0.5 Myr of motion extending from it. The red contours show the spatial distribution of Gaia-selected pre-main sequence and upper
main sequence stars from [Damiani et al| (2019). The grey dashed rectangles show the historical division of the association
into three subgroups from |de Zeeuw et al.| (1999). Black diamonds show the IC 2602 cluster and the V1062 Sco moving group
, while empty black circles show the locations of the p Ophiuchus star forming region and the Lupus I-V clouds.

and since refined by [Rizzuto et al| (2011} see Figure[6). There
are approximately 150 main-sequence B-type stars across the
association, the late O-type runaway star ¢ Ophiuchi (first
suggested to have originated in Sco-Cen by ,
and a number of evolved high-mass stars (such as the M1.5
supergiant Antares, a Sco, and the B1.5111 giant, o Lup) that
define the main-sequence turn-offs in each subgroup
. Many of the LCC high-mass members have been
debated (e.g., Hoogerwerf et al.|[2000]), with the recent study
by [Rizzuto et al|(2011)) adding the bright B-type stars o Cru
and 8 Cru as members.

was the first to estimate the number of
supernovae to have exploded across parts of the association,
estimating 6 & 3 past supernovae in UCL, which
support with an estimate of ~7 supernovae.

Since most estimates put the total stellar content of LCC at
just over half that of UCL (e.g.,[Mamajek et al.[2002), this sug-
gests ~4 past supernovae in this subgroup. For US there is one
strong candidate for a past supernova, that of the progenitor
of the pulsar PSR J1932+1059, which [Hoogerwerf et al.| (2001)
suggest was an O5-O6 star that exploded 1.5 Myr ago to leave
this remnant and the runaway star ¢ Ophiuchi. This expla-

star RX J1856-3754 as probably originating from Upper-Sco
~0.3 Myr ago, with an O-type progenitor. Together these stud-
ies suggest the entire association might once have contained
~13 O-type (primary) stars.

3.1.2 Ages and age spreads

The Sco-Cen association exhibits a considerable range of stel-
lar ages. The youngest stars are typically associated with US,
with stars as young as ~5 Myr at the northern end of the
subgroup, though the lack of dense molecular material or em-
bedded stars in the association indicates that star formation
has certainly finished. The median age of US is approximately
10 Myr (Pecaut & Mamajek|[2016), while UCL and LCC are
older, with ages of 10-20 Myr (de Geus et al.|[1989; Mamajek|
let al.|[2002; [Pecaut & Mamajek!2016).

The ages estimated for the three subgroups of Sco-Cen
have generally increased over time as evolutionary models have
improved. For example, early estimates put the age of US at
approximately 5—6 Myr, as estimated from both the high- (de
Geus et al.|[1989) and low-mass stars (Preibisch & Zinnecker

1999t Preibisch et al.||2002)), and from kinematic traceback

nation for the origin of { Oph was questioned by |Chatterjee

(Blaauw| [1978). Such studies also favoured a very short age

(2004)) with improved astrometric data. Neuhiuser et al.
(2019) used Gaia DR2 astrometry to kinematically connect

¢ Oph and the pulsar PSR B1706-16, suggesting they were
ejected from a supernova in a binary system 1.78 + 0.21 Myr
ago. [Tetzlaff et al| (2010) also identified the isolated neutron
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spread of, at most, 1-2 Myr, which lead to suggestions that
star formation across US had been triggered by some external
event (e.g., [Preibisch & Zinnecker|1999). More recent studies
suggest a median age of ~10 Myr for US for both the early-
and late-type members of the association (Sartori et al.|2003}
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Figure 7. A spatially averaged ‘age map’ of Sco-Cen constructed from the ages of 657 F/G/K/M-type pre-MS members of the association,
with the luminous early-type stars also shown. The three boxes delineate the classical boundaries of the three subgroups US (left), UCL
(centre) and LCC (right) that have median ages of 10, 16 and 15 Myr, respectively. The very young regions of p Ophiuchus and the Lupus
clouds, which are projected against Sco-Cen, are masked over in this map. Figure from [Pecaut & Mamajek| (2016).

[Pecaut et al.||2012} [Pecaut & Mamajek||2016; [Feiden| [2016]).
This change has followed a general increase in pre-MS stellar
ages derived from late-type stars (e.g., that
has been attributed to inaccuracies in the radii of pre-main-
sequence M-type stars due to either magnetic inhibition of con-
vection or starspots (Jackson & Jeffries|[2014).
Sco-Cen has proved to be a valuable calibrator for evolutionary
models due to its proximity, rich low-mass population, and ob-
servations of eclipsing multiple systems from Kepler/K2 (e.g.,
Kraus et al.|[2015).

Figure [7] shows an age map of Sco-Cen from
(2016) that was produced by spatially-averaging the

ages of 657 pre-MS members of the association calculated rel-
ative to an empirical isochrone. There are clear age spreads
of +6-7 Myr across each of the subgroups
[iek|2016), which are larger than previous measurements of the
age spread (e.g., [Preibisch et al.|[2002} [Slesnick et al.|{2006)
due to a combination of the increased median age (which in-
creases all ages and age spreads) and the wider areas studied
by recent surveys compared to the small regions studied previ-
ously. These age spreads appear to be real, as evidenced by the
clear age substructure seen in Figure[7]that suggests groups of
stars exist within the association with distinct ages relative to
the age spreads across each subgroup. This was confirmed by
[Damiani et al](2019) who found that the more clustered stars
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within the association were younger than the more distributed
population.

3.1.3 Structure and kinematics

The 3D shape of Sco-Cen is that of a highly elongated ellipsoid
with approximate dimensions of 100 x 100 x 50 pc with the
three subgroups arranged in a row from north to south, with
US the furthest away with a median distance of 143 pc followed

by UCL at 136 pc and LCC the closest at 115 pc (Wright &

2018)). The line-of-sight dispersion of the subgroups
UCL and LCC was first partially studied by|de Bruijne|(1999b))

using Hipparcos data, but it wasn’t until Gaia DR1 that the
3D internal structure of the subgroups could be properly re-
solved (e.g.,|Wright & Mamajek|2018; |Galli et al.|[2018)). The
availability of Gaia DR2 facilitated more detailed structural
studies of the entire association, including the low-mass popu-
lation for the first time, and revealed a highly complex spatial
structure (Damiani et al|2019).

The first estimation of the velocity dispersion of Sco-Cen
came from |de Bruijne] (1999b) who used kinematic modelling
of Hipparcos data to estimate 1D velocity dispersions of 1.0—
1.5 km s~ for each subgroup. These estimates were supported
by [Madsen et al| (2002) who calculated 1D velocity disper-
sions of 1.1-1.3 km s~ * for each subgroup using astrometric
radial velocities calculated from Hipparcos data. The first di-




rect measurement of the velocity dispersion came from |[Wright
& Mamajek| (2018]) who combined Gaia DR1 astrometry with
literature radial velocities to calculate 3D velocity dispersions
in the Galactic cartesian system. They found that the sub-
groups were highly anisotropic, with 1D velocity dispersions
varying from 0.5-2.5 km s™! in each dimension, thought no-
tably lower in all three subgroups in the V' dimension (the di-
rection of Galactic rotation) than in the U or W dimensions.
They calculated average 1D velocity dispersions of 1.86 +0.21
(US), 1.3840.21 (UCL), and 1.2140.28 km s~ (LCC), which
are approximately consistent with previous studies, with the
exception of US. They attribute this disagreement to their in-
clusion of radial velocities and the differences in the assumed
membership of the association. Their 3D velocity dispersions
are 3.24:0.2 (US), 2.540.2 (UCL), and 2.240.3 km s~ * (LCC),
for which they calculate virial massesEl that are an order of
magnitude larger than the estimated stellar mass and con-
clude that the three subgroups are gravitationally unbound.

Wright & Mamajek| (2018) also find evidence for kine-
matic substructure within each of the subgroups in the form
of small groups of spatially-associated stars that have more
similar kinematics than the subgroup as a whole, particularly
in UCL and LCC. The V1062 Scorpii moving group (see Fig-
ure @ identified independently by [Roser et al.| (2018) and |Zari
et al.| (2018) within UCL is an example of this kinematic sub-
structure, being a closely co-moving group of ~60 stars with
a 1D velocity dispersion <1 km s * (see also |Goldman et al.
2018). These kinematic substructures appear to be related to
the spatial and temporal substructure that has already been
identified in Sco-Cen.

3.1.4 FEzxpansion

Due to its proximity Sco-Cen is one of the most ideal associa-
tions to search for evidence of expansion (studies of its expan-
sion date back to |[Blaauw||[1952)), but it also makes it difficult
to reliably measure its expansion, for two reasons. The first is
that its large area on the sky (almost 90°) means that proper
motions or radial velocities do not probe the same dimension
across the association, while the second and more important
issue is that any radial motion of the association towards (or
away from) the observer will cause a virtual ezpansion (or con-
traction), even when none is actually present. Both of these
issues mean that a reliable assessment of the expansion of a
nearby association requires radial velocities for some or all as-
sociation members.

Blaauw| (1964b) studied proper motions and radial veloci-
ties for ~20-30 members of each subgroup and concluded that
their kinematics were more consistent with linear expansion of
the association than with no expansion. Blaauw estimated an
expansion age of 20 Myr based on an assumed distance of
200 pc (10 or 15 Myr if scaled to a distance of 100 or 150 pc).
Blaauw| (1978]) then followed this up by estimating an expan-
sion age of ~5 Myr for US. Using radial velocities and revised

1 The virial mass is defined as the mass enclosed within a given

radius for a system to be gravitationally bound. It is given by a

2ro?

variant of the virial equation, My, = , where 7 is the radius of
the system, o is its velocity dispersion, and G is the gravitational
constant (e.g., |Portegies Zwart et al.|2010).
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Hipparcos proper motions [Pecaut et al.| (2012) found a lower
limit on the kinematic expansion age of 10.5 Myrs (99% confi-
dence), though their results are consistent with no expansion.

Using Gaia DR1 proper motions Wright & Mamajek
(2018)) investigated the expansion of the three subgroups of
Sco-Cen using numerous techniques to explore evidence for
expansion but could find no evidence for coherent expansion
patterns in any of the subgroups. When analysing the expan-
sion of the association in the 3D Galactic cartesian system
(Figure they found no evidence for expansion in the X and
Z dimensions, but notably found significant (~3c) evidence
for expansion in the Y dimension (the direction of Galactic
rotation) in all three subgroups. They suggested that this ex-
pansion could be due to the effects of Galactic shear on the
parental molecular cloud from which the subgroups formed
and that has now been inherited by the stars of the associa-
tion. Ward & Kruijssen| (2018) also used Gaia DR1 proper mo-
tions for stars across the entire Sco-Cen association to assess
evidence for expansion using multiple kinematic diagnostics,
but could find no evidence for expansion from either a single
or multiple expanding clusters.

Goldman et al|(2018) used Gaia DR2 astrometry to iden-
tify a large moving group within LCC with approximately 1800
members, comparable in size to the entire LCC subgroup and
therefore potentially one of the larger kinematic substructures
in the region. They find significant evidence that this group
is expanding in all three dimensions with an expansion age
of 8-10 Myr. This age is consistent with the isochronal age
Goldman et al.| (2018]) estimate, but different from the age of
~15 Myr calculated by [Pecaut & Mamajek| (2016]) for LCC
as a whole. This would imply that this group is one of the
younger substructures within LCC, supporting the findings of
Damiani et al.| (2019)) that the clustered populations in Sco-
Cen are younger than the diffuse population.

Bobylev & Baykoval (2020) used a sample of 700 low-mass
stars selected by |Zari et al.| (2018]) to study the expansion
of Sco-Cen. After correcting for the influence of the Galac-
tic spiral density wave (which previous studies of the region
have not), they measure a linear expansion rate of 39 + 2
km s~! kpce™! across the entire association. However, it is
worth noting that the magnitude of the correction applied is
~50 km s7* kpc™!, larger than the magnitude of the expan-
sion signal measured. If true, this implies that the expansion of
the association has been entirely hidden by the spiral density
wave perturbation, since the observed, uncorrected kinemat-
ics do not show any evidence for expansion on the scale of the
entire association. This raises questions of whether such cor-
rections are necessary to expose the initial expansion of the
association, and if so whether the calculations for such cor-
rections should be based on the initial positions of the stars,
rather than their current positions (as this study has done).

8.1.5 The Greater Sco-Cen Complex

The Sco-Cen association is not an isolated group of young stars
as there are many young groups of stars and small star-forming
regions in the local vicinity that appear to be related, such as
p Ophiuchus, the Lupus clouds, and R Corona Australis (see
Figure@. Mamajek et al.[(1999)) discovered a cluster of young
(~8 Myr) stars in the vicinity of the B8 star n Cha whose
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left, UCL in the centre, and LCC on the right). 1o error bars are shown for all sources. The best-fit linear relationship between the plotted
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Galactic motion suggests that the cluster, as well probably as
members of TW Hya and € Cha, probably originated in or near
the same giant molecular cloud (GMC) that formed UCL and
LCC 15 Myr ago (Mamajek et al|[2000). Going even further,
[Mamajek & Feigelson| (2001) consider that S Pic and other
nearby ~10 Myr old stars may also have formed in this large
star-forming event.

This extended region of young stars has been referred to as
either the Oph-Sco-Cen association or Greater
Sco-Cen (Mamajek & Feigelson|2001) and is usually consid-
ered to include the three OB subgroups, surrounding molec-
ular clouds, nearby star-forming regions such as p Ophiuchus
and the Lupus clouds, and the outlying associations and mov-
ing groups that have recently been uncovered. Other nearby
groups or associations have been reported as possible exten-
sions of Sco-Cen (e.g., [Eggen||[1998; Makarov & Urban|[2000]),
though these have not generally stood up to further investiga-
tion (Preibisch & Mamajek|[2008)).
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8.1.6 Feedback and effects on the local ISM

The interstellar medium surrounding Sco-Cen shows numer-
ous large, loop-like structures and shells that suggest signifi-
cant interaction between the association and the surrounding
medium. They are most clearly seen in HI observations (e.g.,
[Weaver et al.|[1977; |de Geus|[1992; [Robitaille et al.|[2018), with
small bubbles centred around US and LCC and a larger bubble
encasing the entire association and approximately centred on
UCL . The total HI mass of these bubbles has
been estimated to be ~ 5 x 10° Mg and suggested to be com-
posed of gas swept up by stellar winds and supernovae from the
progenitor giant molecular cloud that Sco-Cen formed from,

as well as the ambient ISM (de Geus||1992).

(1992) calculated the total kinetic energy of the
bubbles to be 10°" erg and argued that the energy input from

the existing massive stars coupled with past supernova activ-
ity across Sco-Cen would be sufficient to produce the observed




network of bubbles. Krause et al.| (2018) verify this by us-
ing a 3D hydrodynamic simulation to show that the observed
massive star population could reproduce the size and mor-
phology of the observed superbubbles. The presence of soft
X-ray emission from the US bubble coupled with the detec-
tion of 26Al confirms that there has been at least one rela-
tively recent (<1 Myr) supernova from within this subgroup
(Robitaille et al|[2018} [Krause et al[2018).

These supernovae may have played some role in the prop-
agation of star formation through Sco-Cen, an idea advocated
by [Preibisch & Zinnecker| (1999) to explain the small age
spread measured in US at the time. This idea was challenged
by the observation of larger age spreads by |Pecaut & Mamajek]
(2016)), with suggestions that the subgroups of Sco-Cen prob-
ably do not represent distinct star formation events.
put forward an alternative model wherein the ex-
panding superbubbles originating from one of the subgroups
triggers star formation in the next subgroup by surrounding
and squashing the primordial dense gas. Whatever the mecha-
nism, this propagation of star formation appears to have con-
tinued beyond Sco-Cen itself and may have been responsi-
ble for triggering star formation in Lupus, Ophiuchus, Corona
Australis and Chameleon (Mamajek & Feigelson|[2001)).

3.2 Orion OB1

The Orion OB association (Orion OB1) is the richest associa-
tion in the Solar neighbourhood and one of the few still closely
associated with a giant molecular cloud. It spans over 200 deg?
on the sky across the constellation of Orion at distances be-
tween 300450 pc (Brown et al.|[1994; |Zari et al||2018). It
contains at least 56 massive stars of spectral type B2 and ear-
lier including the bright stars ¢ and ¢ Ori
and 6 Ori C, the most massive stars of the trapezium in the
Orion Nebula Cluster (ONC), part of Orion OB1d. Figure [9]
shows the structure of the Orion OB1 association, its division
into subgroups, and some of the notable young clusters in its
vicinity.

divided the association into four sub-
groups labelled a to d (see F igureE[). Orion OBla is generally
considered to be the oldest subgroup, aged approximately 8—
12 Myr (Brown et al[[1994)), and lying north-west of Orion’s
Belt. It includes the cluster 25 Ori (Briceno et al|[2007), aged
7-10 Myr, which may be the youngest component of this sub-
group. Subgroups 1b and lc have approximately similar ages
of 2-8 and 2-6 Myr, respectively , with differ-
ent authors placing them in different chronological order (e.g.,
[Blaauw]|[1964a} [Brown et al|[1994). Orion OB1b includes the
stars of Orion’s Belt as well as the cluster € Ori
, while Orion OBlc includes the stars around Orion’s
Sword as well as the clusters NGC 1980 (considered by some
to lie in the foreground, Alves & Bouy||2012) and NGC 1981.
o Ori (Walter et al.|[2008) is projected close to Orion OB1b
but its age is closer to that of Orion OBlc, so is often consid-
ered part of the latter. Finally, Orion OB1d is the youngest of
the subgroups and is associated with the molecular gas in the
region (the Orion A and B filaments). It includes the ONC,
M43, NGC 1977, NGC 2024 clusters and the Orion molecu-
lar clouds (note that while the NGC 2024 cluster is projected
against Orion OB1b and c, its very young age makes it more
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Figure 9. Wide-field map of the Orion constellation showing the
locations of the four subgroups of the Orion OB1 association as
well as the A Ori region (white ellipses and labels). Also shown are
prominent star clusters across the region (in yellow), Barnard’s Loop
and the bright stars Betelgeuse and Rigel (light blue). Background
astrophotograph courtesy of Stanislav Volskiy.

consistent with OB1d, e.g., [Levine et al|[2006). These sub-
groups have been defined almost entirely based on position
on the sky, and while important from a historical perspective,
recent work suggests that sub-dividing the association using
position, parallax and kinematics, providing a more accurate
view of the star formation history of the region (e.g.,|Zari et al.
[2017} [Kounkel et al|2018; |Chen et al.||2019} |Zari et al.[2019).

In addition to the four subgroups defined by |[Blaauw
there are numerous outlying groups associated with
the same star formation events that formed the main OB as-
sociation. These include A Ori, which while spatially offset
from the main association has an age similar to the 1b and
1c subgroups, so appears to be related to the association (see
Figure [9). identified further young stars in
the vicinity of A Ori that appear to be associated with the Ha
bubble surrounding the main cluster, suggesting further star
formation across this area.

There are very few estimates of the total stellar mass of
the Orion OB1 association in the literature. esti-
mate that 30-100 stars more massive than 8 Mg have formed
across the association. Assuming a standard Kroupa] (2001))
initial mass function (IMF) as formulated by [Maschberger
such stars constitute approximately 0.4% of the full
IMF, implying a total stellar population of 7,500-25,000 stars.
Assuming a mean stellar mass of 0.36 Mg (Maschberger|2013)




and an average binary fraction of 50% this equates to a total
stellar mass of 4000-13,500 Mg .

3.2.1 The high-mass stars

There are a considerable number of high-mass OB stars within
the Orion OB1 association. identify 53 OB
stars of spectral type B3 and earlier, specifically within the
subgroups a, b and c. The most massive of these are found in
subgroup 1b and include ¢ Ori A (09.7Ib, ~49 Mg), § Ori A
(BOIII, ~45 M) and € Ori A (BOIa, ~42 M), with masses
from [Lamers & Leitherer]| (1993). Other notable massive stars
include n Ori (B1V, subgroup la, [Warren & Hesser|[1978)), ¢
Ori A (O9III, subgroup lc, Lamers & Leitherer]|1993)), and the
stars of the Trapezium system in the ONC (8' Ori C, 06V,
being the most massive of them). The latter in particular have
been the focus of numerous searches for binary companions.
6" Ori C was resolved by Weigelt et al| (1999) as a close bi-
nary, the companion having a mass of ~5 Mg compared to
the primary’s mass of ~45 M. The other O-type star in the
ONC, 62 Ori A (09.5V) is known to be a triple system com-
posed of a spectroscopic binary with a mass ratio of 0.35
and a slightly less massive, resolved companion
(approximately 3-7 Mg, [Preibisch et al.|[1999)). See also the
recent interferometric study by |Gravity Collaboration et al.|
that uncovered additional companions to many of the
OB stars in Orion.

There are many runaway massive stars known in Orion,
most notable of which are AE Auriga and g Columbae,
which are moving in opposite directions at speeds of 150
and 117 km ™', respectively (Blaauw|[1991)). Hoogerwerf et al.|
(2001)) showed that these two stars and the massive binary sys-
tem ¢ Ori, were at the same location in the sky 2.6+0.05 Myrs
ago, and may be the product of a dissolved double-binary sys-
tem. Another runaway, 53 Ari, may have been ejected from
subgroup lc 7.3 Myrs ago (Brown et al.|[1994) during a super-
nova explosion.

In addition to runaway massive stars, the Orion associa-
tion is probably the birthplace of a number of ejected neutron
stars. |Pellizza et al.| (2005) studied the origin of the Geminga
neutron star and estimate an origin in either the Orion OB1 or
the Cas-Tau association, while used the proper
motion of the pulsar at the centre of the Monogem supernova
remnant (Golden et al.[2005) to suggest that it may have been
ejected from the A Ori cluster approximately 1.7 Myr ago.

3.2.2  Structure and age

The spatial, kinematic and temporal structure of Orion OB1
is highly complex. The classical subdivision of the association
into predominantly four subgroups was based entirely on sky
position, but the availability of radial velocity data
and later from Gaia parallaxes and proper mo-
tions have suggested a revision of this structure that takes
into account the full 6-dimensional spatial and kinematic in-
formation (Kubiak et al.|2017; [Kounkel et al.|[2018} |Zari et al.|
2019).

|[Kounkel et al.| (2018) performed a clustering analysis of
APOGEE and Gaia DR2 data of 10,248 young stars across
Orion, identifying 190 groups of stars. They associated many
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Figure 10. Estimated stellar ages across the Orion OB1 association
from [Kounkel et al| (2018)). The left-hand panel shows ages derived
using spectroscopic effective temperature and bolometric luminosi-
ties in the HR diagram, while on the right are shown ages derived
using just photometry in the colour magnitude diagram (assigning
distances according to the average distance of stars in each group).

of these groups with either the young populations in Orion A
or B, the cluster A Ori, or two new progenitor groups dubbed
Orion C and D (to extend the existing naming scheme). These
two new groups have similar distributions on the sky, both
broadly tracing the areas of the OBla and OB1b subgroups,
though they have distinctly different radial velocities and par-
allaxes (see Figure . Orion D makes up the majority of the
OBla and OB1b subgroups, the 25 Ori cluster, and includes
the bright stars n and 2 Ori. It spans the largest area on
the sky of the new groupings, extending as far South as Rigel,
Orion X (Bouy & Alves|[2015)) and some of the Orion outlying
clouds (though this southern component could be associated
with Orion A). It is aged from 4-7 Myr and for the most
part has a radial velocity of 3-5 km s~! and parallaxes of 2.6
3.0 mas (d ~ 360 pc). Orion C is mostly composed of the o Ori
cluster, but also extends northwards to the Orion Belt popu-
lation and into the area covered by Orion OBla. Its age varies
from ~7.5 Myrs in the north down to ~2 Myrs around o Ori
and has distinctly different radial velocity (as first observed
by Jeflries et al.|[2006]) and parallax from the Orion B and D
groups it is projected near. Figure [I0] shows the age distribu-
tion across the association, showing its complex physical and
temporal structure.

noted a particularly high degree of sub-
structure in the region towards the Belt stars, finding multiple
groups of stars with different kinematic properties, including
groups towards o Ori, ¢ Ori, € Ori, and § Ori. These groups
range in age from ~4 Myr (for the groups around o Ori and
¢ Ori) to >10 Myr for the more extended groups. The age
estimates and rankings found by |Zari et al. m are gener-
ally in agreement with those found by [Kounkel et al.| (2018),
with both studies finding a very complex and fragmentary star
formation history.

Historically an age gradient was suggested to extend from
subgroups OBla and 1b to the younger OB1d group
, however the results from Gaia DR2 do not show




evidence for a clear progression of star formation across the
association and suggest a much more complex age distribu-
tion (Kounkel et al||2018; [Zari et al|[2019). Guaia data has
also lead to the discovery of multiple older populations in the
Orion OB1 association, including a 15 — —21 Myr population
connected to the ASCC 20 cluster (Kos et al.|[2018; |Zari et al.|
2019), another similarly-aged population towards Orion’s Belt
(group B8 in , and a ~17 Myr population
behind the main association (d ~ 430 pc) that is spatially
quite extended (~90 pc in length) but kinematically compact
(Kounkel et al|[2018} |Zari et al|[2019} [Jerabkova et al.2019).

This temporal complexity isn’t limited to the widest parts
of the association. [Beccari et al.| (2017) found evidence for
multiple pre-main sequences in the colour-magnitude diagram
of stars around the Orion Nebula Cluster, which they argued
represented multiple distinct episodes of star formation within
the cluster, with the youngest populations more concentrated
toward the ONC than the older populations. |Jerabkova et al.
verified the existence of these sequences, but found in-
dications that the older population may be slightly in the fore-
ground of the ONC.

3.2.3 Foreground populations

There is growing evidence for recent star formation in front of
the Orion OB1 association. Some of the brightest stars of the
Orion constellation are young and massive stars, such as Betel-
geuse (a Ori, M2Iab), Rigel (8 Ori, B8Iab) and Saiph (x Ori,
B0lab), and are found at distances of 150-300 pc
. These stars are too far in the foreground to be

consistent with being ejected from Orion OBI1, and instead
suggest recent star formation has occurred in the foreground
(Bally|[2008). This was verified by [Bouy & Alves| (2015) who
identified a large population of early-type stars in the fore-
ground of Orion and named it Orion X, suggesting they con-
stituted a previous generation of star formation to the main
Orion OBI1 association. also found evidence
for an older population of stars in this direction from Gaia
DR1 data, but using Gaia DR2 data and
were not able to find clear evidence for the

existence of Orion X, thus leaving the origin of the brightest
stars in the Orion constellation unresolved.

|Alves & Bouy| (2012)) identify a rich population of young
(4-5 Myr) stars just in front of the Orion Nebula Cluster
(ONC) that includes many stars associated with ¢ Ori and
the NGC 1980 cluster (previously considered part of Orion
OBlc, see Figure E[) They argue that NGC 1980 is a rela-
tively massive (~2000 members) and hitherto unrecognised
cluster and, combined with a general foreground populations,
these stars include many previously thought to be part of the
ONC.[Bouy et al|(2014) and [Zari et al.| (2019) both confirmed
the existence of a foreground population, with the former es-
timating it to consist of ~2600 stars with an age of 5-10 Myr.
However, [Da Rio et al| (2016) and [Fang et al| (2017) found
that these stars have similar radial velocities to stars in the
ONC and suggested they are likely to be part of the same
star formation event. [Fang et al| (2017) calculate a median
age of 1-2 Myr, while Kounkel et al.| (2017) estimate an age
of 3 Myr, suggesting the group is similarly-aged to the ONC.
It is possible that these foreground populations are related to
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the older pre-main sequence identified by [Beccari et al.| (2017)
towards the ONC and that [Jerabkova et al.| (2019) suggest
may be slightly in the foreground of the cluster.

3.2.4 Kinematics and expansion

The youngest parts of the Orion OB1 association, particularly
subgroups OBlc and OB1d, are still spatially and kinemati-
cally associated with the molecular clouds that they formed
from. [Fiirész et al.| (2008) and [Tobin et al.| (2009) performed
wide-field spectroscopic surveys of these young stars and found
a correlation between the stellar radial velocities and that of
the dense gas they are projected against. They argue that this
kinematic coherence implies these stars are still very young
and that they haven’t yet decoupled from or dispersed the gas
that they formed from. Hacar et al. (2016)) and [Da Rio et al.|
(2017) extended this work with spectroscopic studies across
the Orion A molecular cloud and observed a correlation be-
tween stellar and gas velocities over the 5° extent of the cloud.
In addition to this correlation, [Flirész et al.| (2008) found evi-
dence for kinematic substructure within the association, in the
form of spatially-coherent groups of stars with similar motions.
[Da Rio et al.| (2017) found that these groups are preferentially
found in the low-density regions of the cloud, while the denser
ONC is less kinematically substructured.

Most measurements of the velocity dispersion within the
Orion OBL1 association have been limited to the more-easily
identified young stars in and around the ONC and the OBlc
and OB1d subgroups. [Jones & Walker| (1988)) and [van Altena|
calculated proper motion velocity dispersions for
stars in the ONC of 2.34 + 0.09 and 1.49 + 0.2 km s !, re-
spectively. The smaller velocity dispersion calculated by
|Altena et al|(1988) for a sample of generally brighter stars can
be at least partly explained by an anti-correlation between ve-
locity and mass. This was also as found by [Hillenbrand et al.|
(1998) who measured a velocity dispersion of 2.81 km s™!
for stars with M = 0.1-0.3 Mg and a velocity dispersion of
2.24 km s~ for stars with M = 1-3 M. This anti-correlation
suggests partial energy equipartition within the system (i.e.,
that the massive stars are moving slower than the less massive
stars). Da Rio et al.|(2017)) measure a radial velocity dispersion
of 2.2 km s7!, larger than their estimated virial velocity dis-
persion of ~1.7 km s~ !, suggesting that the system is slightly
supervirial. Recently, [Kuhn et al.| (2019) and Kim et al.| (2019)
measured the PM velocity dispersion of stars in the ONC using
Gaia DR2 and Hubble Space Telescope + Keck data, respec-
tively. They both found the velocity distributions to be highly
anisotropic, measuring velocity dispersions
of 1.51 4 0.11 (RA) and 0.50 % 0.12 (Dec) mas yr~! from 48
stars, while[Kim et al.| measure dispersions of 0.8340.02
(RA) and 1.12 + 0.03 (Dec) mas yr— . at-

tribute the difference in measured dispersions to differences
in the sample size and under-estimated PM uncertainties in
Gaia DR2. On a larger scale, [Fiirész et al| (2008) measure a
radial velocity dispersion of 3.1 km s~! across the Orion OBlc
association.

Numerous attempts have been made to determine
whether the Orion OB association subgroups are expanding
and to estimate their kinematic ages. studied the

expansion of the OBla subgroup and measured a kinematic




age of 4.5 Myr (£30%), while (1961) estimate a kine-

matic age of 2.2-4.9 Myrs for subgroup OB1b based on the mo-
tions of the three runaway stars AE Aur, p Col, and 53 Ari.
[Kounkel et al.| (2018) find that their Orion D group, which
contains subgroups OBla and OB1b as well as Orion X ex-
hibits PMs consistent with expansion, while the stars associ-
ated with the Orion B cloud have PMs more consistent with
contraction. [Kounkel et al| (2018) also found clear evidence
for expansion for stars in the A Ori cluster, with a correlation
between distance from the cluster centre and radial outward
velocity that suggests a single trigger of the expansion approx-
imately 4.8 Myr ago.

3.2.5 Feedback and the Orion-Eridanus Superbubble

The Orion OB1 association is very prominently surrounded
by a bright crescent of Ha emission known as Barnard’s Loop,
which is believed to be the brighter part of a larger bubble
that extends 40° west and incorporates the Eridanus Loop
(Sivan![1974; [Reynolds & Ogden|[1979; |Ochsendorf et al.|[2015]).
This is the Orion — Eridanus Superbubble, an approximately
140 x 300 pc bubble @ with a 1-5 x 10° K interior
that has been detected in the UV, X-ray and in the 1.8 MeV ~-
ray line that indicates the presence of the short-lived radioac-
tive species 26Al implying recent supernova
activity). The bubble is surrounded by an expanding (~15-
20 km s~', Reynolds & Ogden||1979; |Joubaud et al. [2019)
shell of ionized gas, which is itself surrounded by an expand-
ing H 1 shell with a mass of ~300,000 Mg (Brown et al|[1995).
[Ochsendorf et al.| (2015) studied the Orion-Eridanus superbub-
ble with multi-wavelength data and argue it is both larger and
more complex than previously thought, potentially viewed as
a series of nested shells superimposed along the line of sight,
a picture that was supported by [Joubaud et al.| (2019)).

estimate that there have been at least 10-20
SNe in the last 12 Myr that would have released > 10°? ergs of
kinetic energy, sufficient to form the bubble. Additional energy
may be being injected by smaller bubbles within the Orion-
Eridanus superbubble, such as the Veil shell that surrounds
the ONC and is thought to be powered by stellar winds from
01 Ori-C (Pabst et al2020).

The SNe that have driven the superbubble may have
contributed to the enrichment of the association subgroups.
|Cunha & Lambert| (1994) found that the younger subgroups
OBlc and OB1d appear to be more abundant in oxygen and
silicon with respect to stars in the older subgroups OBla and
OB1b, while other elements such as carbon, nitrogen or iron
do not show such abundance variations. Such a pattern is con-
sistent with being due to supernova ejecta enriching the inter-
stellar gas that went on to form subgroups OBlc and OB1d.
However, both |Simén-Diaz| (2010) and Biazzo et al| (2011)
find similar abundances of the a-elements silicon and titanium
across the OB association, arguing against self-enrichment.

3.3 Vela OB2

The Vela OB2 association was first identified by
(1914) and included in (1964al)’s list of associations.

At a distance of between 350400 pc (de Zeeuw et al.|[1999;

2018)), it spans at least 15 x 15 degrees across the

19

constellations of Vela, Puppis and Carina (see Figure [11)). Its
total mass has been estimated to be between ~1300 M, (Arm-

strong et al|[2018) and over 2330 Mg (Cantat-Gaudin et al.
2019b)), depending on where the borders of the association are
drawn. Due to its projection against the Galactic Plane, its rel-
ative dearth of massive stars (compared to Sco-Cen and Orion
for example), and its older age, it has historically not received
as much attention as other nearby associations. However, in
recent years and thanks to Gaia data considerable work has
helped uncover its low-mass population (e.g.,
[Cantat-Gaudin et al.|[2019al).

The brightest star in the association is the Wolf-Rayet
WC8 + 09I binary system 72 Velorum, the nearest known
Wolf-Rayet star, with masses of 9 + 0.6 and 28.5 + 1.1 Mg,
respectively (North et al|[2007). Questions have been raised
over the membership of the star in Vela OB2, since evolution-
ary models for the star suggest an age of 5.5 + 1 Myr
, while the lower-mass pre-main sequence stars in
its vicinity have ages of ~10 Myr (Jeffries et al.|[2009). This
has led to suggestions of mass transfer within the binary sys-
tem that might make it appear younger (Jeffries et al.|[2014]),
since Hipparcos astrometry suggests the star is a member of
the association (Rate et al|2020)). de Zeeuw et al.| (1999)) iden-
tified a further 92 members of the association, predominantly
B-type stars, which |Armstrong et al.| (2018)) reduced to 81
after excluding photometric and astrometric contaminants.

The association borders the Trumpler 10 region, previ-
ously considered an open cluster, but redefined by
as an association of 22 B-type stars (earliest spec-
tral type B3V) that are slightly older than Vela OB2 but at
a similar distance. Its connection to Vela OB2 and the wider
Vela-Puppis region has recently been confirmed by
|Gaudin et al (2019a)), as seen in Figure

8.3.1 Structure and ages

The most prominent overdensity within the association is the
Gamma Velorum cluster that surrounds 7? Vel. It was dis-
covered by [Pozzo et al| (2000) from ROSAT X-ray observa-
tions that coincided with low-mass, pre-main sequence stars
and verified with follow-up photometric and spectroscopic ob-
servations (Jeffries et al|[2009). The cluster and the massive
binary share a common proper motion and so are strongly
believed to be associated with each other and with the wider
Vela OB2 association (Jeffries et al.2009). |Jeflries et al|(2014)
and |Prisinzano et al.| (2016) estimate the mass of the cluster
to be ~100 Mg. Another cluster within the association, the
P Puppis cluster, was identified by |Caballero & Dinis| (2008)
and later by [Beccari et al| (2018).

Using Gaia-ESO Survey spectroscopy,
performed a detailed spectroscopic study of the Gamma
Velorum cluster and found evidence for two distinct radial ve-
locity components, one broad and one narrow, as shown in
Figure [[2] The narrow velocity component has been associ-
ated with the cluster itself, and suggests the system is in virial
equilibrium, while the broad component was attributed to the
wider Vela OB2 association and seemed to be slightly younger
than Gamma Vel. |[Sacco et al.| (2015)) also identified a broad
kinematic component projected against the older NGC 2547
cluster, suggesting the young, low-mass population of Vela
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Figure 11. Spatial distribution of young stars across Vela OB2 and surrounding regions from |Cantat-Gaudin et al.| (2019a)). The stars are
coloured according to the groups identified by those authors, from I to VII (blue, pink, grey, light green, turquoise, dark green and orange).

Notable clusters in the region are marked.

OB2 was spread over a large area in this region.
found hints of this population in the foreground of Vela
OB2 and suggested an age gradient existed covering this young
foreground population, Gamma Velorum, Trumpler 10, and
the older Vela OB2 association behind it.

The full extent and complex spatial and kinematic struc-
ture of Vela OB2 and the surrounding region has only become
fully apparent after the release of Gaia data.
used Gaia DRI photometry to identify low-mass stars
across Vela OB2, uncovering an extended population with con-
centrations around Gamma Velorum and a distributed popu-
lation over a wider area that has considerable spatial substruc-
ture. [Beccari et al.|(2018) applied a clustering analysis to Gaia
DR2 astrometry across this area to verify some of these over-
densities and identify new possible clusters or substructures
within the association (see also Damiani et al|2017} |Cantat-|
|Gaudin et al.[[2019D).

[Cantat-Gaudin et al.| (2019al) performed a wide-area study
of young stars across the Vela and Puppis regions, selecting
young stars using a combination of photometry and astrom-
etry and then using an unsupervised classification scheme to
divide their sample into separate populations, finding 7 dis-
tinct groups as shown in Figure[IT] Three of these populations
(labelled III, V and VII by the authors) fall within the classi-
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Figure 12. Radial velocity distribution of young stars towards
Gamma Vel from . The red histogram shows the
young stars towards the cluster while the blue dotted line shows the
best-fitting two Gaussian component model (velocity dispersions
noted on the figure), which takes into account the effect of binaries
on the velocity dispersions.



cal boundaries of Vela OB2 (de Zeeuw et al.|[1999)), while two
(I and II) fall within the Trumpler 10 region. The other two
populations (IV and VI) are found to the west of Vela OB2
towards the constellation Puppis. Population IV is the most
populous of all the groups and contains the open clusters NGC
2547, NGC 2451B, Collinder 135, Collinder 140 and UBC 7,
while population VI contains the open cluster BH 23.
[Gaudin et al| (20192)) estimate a range of ages for these pop-
ulations, from ~10 Myrs for population VII (containing Vela
OB32 itself) through to 45-50 Myrs for Populations I and II in
the Trumpler 10 region. The authors find no evidence for the
spatial gradient with age found by Bouy & Alves| (2015) and
instead argue for multiple episodes of star formation across
the region with a complex star formation history.

3.8.2 Kinematics and expansion

[Jeffries et al.| (2014) calculated radial velocity dispersions of
0.34+0.16 and 1.60+0.37 km s~ ! for the two kinematic com-
ponents they identified towards Gamma Vel. The first compo-
nent corresponds to the Gamma Velorum cluster itself, and is
consistent with the cluster being in virial equilibirum (given a
cluster mass of ~100 Mg ). The second component constitutes
some part of the Vela OB2 association and indicates that it
is unbound. [Franciosini et al| (2018) studied the correlation
between radial velocity and parallax of this component and
found a gradient that they interpret as a sign of expansion.

|Cantat-Gaudin et al. (2019a) measure the 3D expansion
in all 7 groups they identify across Vela—Puppis and find ev-
idence for expansion in all of them, predominantly along the
Galactic X axis (towards the Galactic centre), though the ma-
jority do also show expansion in Y and Z. Notably, the expan-
sion rates they measure appear non-isotropic, in that the ex-
pansion is occurring at different rates along the different axes,
with differences up to a factor of 10 between the expansion
rates (one of the groups also shows significant evidence for
contraction along the Z axis). This may be due to physical
and kinematic substructure within the groups that has yet to
be resolved or it may be that the expansion of these groups
has been non-isotropic since they started expanding. Due to
the anisotropic expansion it is not immediately clear of the
legitimacy of calculating kinematic ages for these groups but
they vary from ~20 to ~50 Myrs, approximately in line with
the evolutionary ages for each population.

|Armstrong et al.| (2020) performed a spectroscopic survey
of young stars in Gamma Vel and the region of Vela OB2 in its
vicinity, confirming the youth of their targets from the pres-
ence of lithium, and separating cluster and association mem-
bers based on both their positions and kinematics. They com-
bined spectroscopic radial velocities with Gaia DR2 proper
motions to study the structure and 3D dynamics of their tar-
gets, finding strong (5 — 7o) evidence that the association is
expanding in all three dimensions. The expansion rates mea-
sured are non-isotropic, varying by more than a factor of two
between axes.

3.8.8 Feedback and formation
(1992) discovered a giant (~10°) ring-like structure in

TRAS images of Vela and Puppis, part of the Gum nebula. At
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a distance of ~450 pc it is believed to be connected to the Vela
OB2 association and is also discernible in maps of interstel-
lar extinction and neutral hydrogen (Testori et al[2006). The
massive stars 1 Puppis (O4I) and v* Velorum are thought to
be responsible for powering the shell (Reynolds|[1976). [Sahul
(1992) estimate the energy output of the Vela OB2 stars from
both stellar winds and supernovae, and find it to be consis-
tent with that needed to produce the shell, while
|Lingenfelter| (2013)) find that only 10% of the ionizing radi-
ation from the Vela O stars is necessary to power the shell.
[Cantat-Gaudin et al| (2019b)) argue that the distribution of
stars in Vela OB2 forms a ring-like structure that follows the
Vela shell and may have formed by triggering as part of the
shell’s expansion.

3.4 Cygnus OB2

The Cygnus OB2 association is probably the most massive as-
sociation known in our galaxy, with at least 50 O-type stars
and a total mass of ~16,500 M (Wright et al.[2015). While
it is more distant than the majority of the other associations
discussed here, it has received a comparable level of atten-
tion thanks to its impressive contingent of massive stars and
its position within the massive Cygnus X star forming region
that spans almost ~200 pc (Reipurth & Schneider][2008)). Fig-
ure[[3]shows the distribution of known OB stars in and around
Cygnus OB2, showing a more concentrated distribution than
many other OB associations due to its mass and relative youth.
It was first identified as a group of early-type stars by [Munch
& Morgan , labelled as an O-association by |Johnson &

Morgan| (1954, who obtained some of the first spectral types
for the O stars in the region) and given the name VI Cygni by

Schulte| (1956). As the second of nine OB associations listed
by |Ruprecht| (1966) it became Cygnus OB2 and recognised as
the massive association that we know now by
(1967).

The distance to the association was originally estimated
to be about 1.8 kpc (Torres-Dodgen et al|[1991} Massey &
Thompson||1991)), but was brought down to ~1.4 kpc by@
@ based on a revised effective temperature scale for
OB stars. This was found to be in good agreement with ra-
dio parallax measurements towards multiple masers within
Cygnus X that suggested a typical distance of 1.4 kpc for
the star forming region (Rygl et al2012). A recent study by
[Berlanas et al|(2019) used Gaia DR2 parallaxes to constrain
the distance to the most massive members of the association,
suggesting that the main Cyg OB2 association was actually
at 1.76 kpc, with a smaller, foreground population of massive
stars at 1.35 kpc.

3.4.1 The high-mass stars

A considerable amount of attention has been focussed on the
high-mass stars within Cyg OB2 since the association provides
one of the largest groups of O-type stars in our galaxy. The
first detailed study of the high-mass stellar content of Cyg OB2
was performed by Massey & Thompson| (1991), who spectro-
scopically identified 42 O-type and 26 B-type stars. The asso-
ciation however is highly obscured by the foreground Cygnus
Rift, with the majority of its members having an extinction
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Figure 13. Spatial distribution of known high-mass stars in the vicinity of Cygnus OB2 from [Wright et al.| (2015)) and Berlanas et al.|(2018).
Blue dots show known O-type stars, red dots show B-type stars, white triangles show Wolf-Rayet stars and orange dots show suspected OB

stars (photometrically identified, primarily from [Comerdn et al|[2002} [2008). The white circle shows the 1 deg? area studied by [Wright et al.

(2015)), which is centred on the ‘trapezium’ of O stars known as Cyg OB2 #8. It is clear however that the density of both O and B-type stars
is non-zero across the entire Cygnus region. The background image is a mid-IR 12 pm image (Wright et al|2010a)) showing emission from
the surrounding Cygnus X giant molecular cloud, with prominent radio sources from [Downes & Rinehart| (1966) labelled.

of Ay = 4-7 mag (Wright et al|[2015), and therefore further
work to expand the census of the association was carried out
in the infrared (e.g., [Knodlseder|2000; |Comerdn et al.2002).
performed a photometric study of the asso-
ciation that suggested it might include >100 O-type stars, and
while |Comerdn et al| (2002) and [Hanson| (2003) were able to
verify many of these spectroscopically, their estimates of the
high-mass stellar content in the association could not reach
these levels.

The current estimate of 55-60 O-type stars (e.g.,
let al.||2015} [Berlanas et al.|2018) still makes it comparable to
many of the most massive young clusters in our galaxy and
yet Cyg OB2 has the advantage that it is significantly closer
and not as crowded, making source confusion less of a prob-
lem (e.g., [Caballero-Nieves et al.||2014). Studies of the high-
mass initial mass function in Cyg OB2 have found evidence
for the slope to be both flatter (Massey & Thompson|[1991)
and steeper (Kiminki et al.[2007) than the canonical Salpeter
value, though more recent studies that take a full census and
account for the ageing of the population suggest it is consistent
(see Section [4.8 and [Wright et al|[2015).

The recent census of Cyg OB2 by [Wright et al| (2015}, see
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Figure puts the total number of O-type stars currently in
the association at ~52, though new members are still being
discovered (e.g.,[Berlanas et al][2018| [2020). This includes two
stars in the rare O3 spectral class (Walborn|[1973] [2002)), the
massive main sequence 05.5V star MT516, three Wolf-Rayet
stars, and the B-type supergiant Cyg OB2 #12, one of the
most luminous and heavily reddened stars known.
have also identified a massive (70+15M )
runaway OA4If star whose bow shock suggests it was ejected
from Cyg OB2 1.7 + 0.4 Myr ago. If this star was ejected
when its binary companion exploded as a supernova
it also provides evidence that Cyg OB2 has already seen
its first supernova (for a discussion of evidence for other past
supernovae in Cyg OB2 see|[Wright et al[2015)). Berlanas et al.|
performed a spectroscopic survey of the O-type stars in
and around Cyg OB2, expanding the census of
and extending it to the south-west of the association
where an older population of massive stars had previously been
identified (Comerén & Pasqualil[2012]).

Thanks to the proximity of the association many of these
stars are known to be in either close spectroscopic (SB1/2) or
visual binary systems and have had their properties studied
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O-type stars and 34 B-type stars) from [Wright et al.| (2016). Dots show the current positions of the stars with the vectors showing their
proper motions, colour-coded based on their direction of motion to highlight the kinematic substructure (colour wheel in the top-right corner

illustrates this). Kinematic outliers were removed due to their large motions relative to most stars in the sample. The grey box shows the

border of the region studied.

in considerable detail (e.g., [Kiminki et al|[2009} [Kobulnicky|
let al.|[2014; |Caballero-Nieves et al.|[2014). This includes the
massive O3If+06V binary Cyg OB2 #22 (Walborn|2002)), the
colliding-wind binary Cyg OB2 #8A (O61+05.5111,|De Becker
, and the quadruple system and contact-binary Cyg
OB2 #5 (0TI + O6I + 09V + B, [Dzib et al|2013)). Based
on their accumulated sample, [Kiminki & Kobulnicky| (2012)
estimate an upper limit for the intrinsic binary fraction in
Cyg OB2 to be 90 + 10%, with ~45% having companions
close enough to interact with during their lifetimes.
[Nieves et al.|(2020) performed a high angular resolution survey
of 74 O and early B-type stars in Cyg OB2 and found that
47% of targets had a resolved companion with a <1% chance
of not being a companion to the primary star. They noted a
particularly large number of targets with wide (100-100,000
AU) binary companions. Including the known spectroscopic
binaries from [Kobulnicky et al.| (2014]), Caballero-Nieves et al.|
(2020) calculated lower limits to the multiplicity fraction and
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companion frequency of 0.65 £ 0.05 and 1.11 £ 0.13, respec-
tively.

(2003)) noted that many of the OB stars discov-

ered at that time appeared to be older than the previously-
accepted age of ~2 Myrs for the association, and that these
stars might represent a ‘halo’ population distributed over a
wider area than the stars studied by [Massey & Thompson|
. Recent studies have widened the area surveyed around
Cyg OB2, uncovering many more massive stars over a wider
area that are typically older than those in the centre of the
association (e.g., |(Comerén et al|[2008; [Comerdén & Pasqualil
[2012} Berlanas et al|[2018). While some of these may be re-
lated to the nearby Cygnus OB9 association, it does suggest
that massive star formation has been occurring in Cygnus long
before the formation of Cyg OB2 and that an older popula-

tion of massive stars now exists across the area (Comerdn et al.
2008, [2016)).




3.4.2 Age and age spread

Early estimates of the age of the high-mass stars in Cyg OB2
suggested an age of 2 = 1 Myr, based on the presence of a
well-defined upper main sequence and O5V and O5.5V stars
(Massey & Thompson|[1991} [Hanson|[2003)). The presence of
numerous evolved giant and supergiant stars in the area was
seen as contamination from a non-coeval population within the

region 2003). Later studies of the A-type star popu-
lation across the region (Drew et al|[2008)) and X-ray studies

of the low- and solar-mass population in relatively compact
areas of the sky (Wright et al[[2010c) suggested ages of 5-7
and 3-5 Myr, respectively, implying an older population.

Later studies of the high-mass stars in Cyg OB2 have not
distinguished between any young ‘central’ group and an older
more dispersed population (Comerén & Pasquali/[2012). The
large census of OB stars by [Wright et al.| (2015) showed that
when stellar ages for the high-mass stars are calculated for
more-realistic rotating stellar models (rather than the classi-
cal non-rotating models) the ages of these stars shift from 1-
4 Myr to 2-6 Myr. Furthermore, when the sample is limited to
stars in the mass range of 20-35 M (at which masses no stars
should have exploded as supernovae within 6 Myr,
, then the star formation history appears broadly
constant over the last ~6 Myr, suggesting more or less con-
tinuous star formation over this time period across the associ-
ation. Combining new spectroscopic, Gaia parallaxes, and by
comparison with evolutionary models, Berlanas et al.| (2020)
studied the age distribution of the O-type stars in Cyg OB2
and found evidence for two possible star-forming bursts at ~3
and ~5-6 Myr.

3.4.8 Structure and kinematics

In their photometric study of Cyg OB2, [Knddlseder| (2000)
identify the association as spherically symmetric and suggest
it to be considerably more massive than previously suspected,
with a total mass of (4-10) x10? Mg. They argued that Cyg
OB2 should not be classified as an OB association, but as a
young globular cluster or super star cluster, but the size of the
association (~30 pc) weakens the argument it is an analogue
of the super-star clusters found in other galaxies. A number

ters do not appear to be kinematically distinct and there is no
evidence for such clusters in the spatial distribution of low-

mass stars (e.g., [Wright et al.|2014a).
Kiminki et al.| (2007) performed the first kinematic study
of Cyg OB2, measuring radial velocities for 146 OB stars over

a 6 year period, allowing them to identify binaries and measure
systemic velocities. They derived a radial velocity dispersion of
8.0340.26 km s™! (see Kiminki et al.[2008) from the systemic
velocities of the systems studied (and therefore no further cor-
rection due to binarity was applied, noting that this was larger
than found for most (typically less-massive) OB associations
and open clusters.

[Wright et al| (2016)) conducted a proper motion study of
~900 low- and solar-mass stars in Cyg OB2, finding disper-
sions of 13.075% and 9.1 4 0.5 km s in RA and declination,
respectively. In addition to producing a 3D velocity dispersion
of 17.8 £ 0.6 km s™' (implying that the association is gravi-
tationally unbound) this also revealed the velocity dispersion
to be significantly non-isotropic. Wright et al.| (2016)) searched
for evidence of expansion in Cyg OB2, but could find no in-
dication of a global expansion pattern. They also found that
their proper motions exhibited significant kinematic substruc-
ture, as shown in Figure [[4] which they argued echoed the
physical structure already observed (Wright et al.2014b]) and
also implied that the association was dynamically unevolved.
They estimated that the kinematic subgroups they observed
were close to virial equilibrium and had typical masses of ~40—
400 Mg .

8.4.4 Feedback and the Cygnus Super-Bubble
The Cygnus Super-Bubble, first detected by (11980),

is a large (18° x 13°) soft X-ray emitting region that is roughly
centred on Cyg OB2 (see also |Bochkarev & Sitnik|[1985). The
bubble is believed to be a single massive shell, powered by both
Cyg OB2 and possibly the other OB associations in the region.
[Murray & Rahman| (2010)) associate one of their radio free-
free emission sources with Cyg OB2 and suggest the source
is powered by the O stars in the association, similar to the
bubble.

Whether the Cygnus super-bubble is a real, single struc-
ture has been a matter of debate for many decades.

of studies have found the low- (Drew et al.||2008; |Vink et al.|

let al| (2001) studied the Cygnus super-bubble and argued

2008) and high-mass (Comerén et al|[2008) stellar population
extends further from the association than previously recog-
nised, particularly towards the south.

[Wright et al| (2014b) performed the first quantitative
study of the 2D structure of Cyg OB2 by using statistical di-
agnostics to measure substructure and mass segregation in the
association, finding considerable physical substructure but no
evidence for mass segregation. Both of these are indications
that the association is not dynamically evolved (as mixing
and two-body interactions destroy substructure and can lead
to mass segregation through energy equipartition). Gaia DR2
parallaxes allowed Berlanas et al| (2019) to extend this work
to the third dimension, revealing that the known OB stars
constitute at least two separate groups along the line-of-sight.
studied the spatial distribution of high-mass
members of Cyg OB2 and suggest the association is comprised
of two dense clusters and a lower-density halo, though the clus-
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that the X-ray emission observed was actually due to a su-
perposition of separate regions at different distances.
|Colombo et al.| (2018) traced the diffuse X-ray emission across
Cyg OB2 that arises from stellar winds from the O-type stars
in the association, which showed evidence for the interaction
of these winds with the surrounding interstellar medium, and
suggest that at least this emitting region is constrained to the
area immediately around the association. [Kimura et al|(2013)
have however shown that the large-scale X-ray emitting re-
gions in the super-bubble have similar absorbing columns and
temperatures that suggests they originate from a single entity
and therefore that the bubble is one large structure. Taken
together these results imply that if the Cygnus super-bubble
is a single structure with a single origin then it might not be
related to Cyg OB2 but to a previous generation of massive
stars in the Cygnus complex.

Both [Cash et al| (1980) and Kimura et al| (2013) have
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Figure 15. Density map of probable members of the Perseus OB2
association from [Belikov et al| (2002a) with the main area of the
association shown with a rectangle. The greyscale shows the surface
density of members while the black solid lines show contours of
CO emission. Also shown are the outline of the California Nebula
(dashed line), the position of the young embedded cluster IC 348
(plus sign) and the approximate division within the association of
the subgroups a and b.

estimated the energy within the bubble to be ~10°? erg. |Cash
estimate, based on the radiative criterion of [Cox]
, that if the ~450 pc diameter shell were produced by
a single, very-powerful supernova then this would require an
injection of 10°* erg to produce such a structure, larger than
currently observed in the bubble. Instead they suggest that if
the energy were injected steadily over a longer period by a se-
ries of 30-100 SNe, then the energy required would be lower.
Such a number of recent SNe would not be impossible over
the entire Cygnus complex, though it is considerably more
than could have originated from Cyg OB2 itself
[2015)). Kimura et al|(2013) suggested that this level of energy
could instead be injected by 2-3 Myr of mechanical wind en-
ergy from the massive stars in Cyg OB2, or alternatively from
a hypernova, the explosion of a massive star composed mainly
of carbon and oxygen, that Iwamoto et al.| (1998) have hy-
pothesised could release a sufficient amount of energy.
|& Lingenfelter| (2013) estimate that the O stars in Cyg OB2
could produce an ionizing flux of 10°' s™' (40 times larger
than from the Orion OBI association), irradiating the bubble
and the surrounding Cygnus X molecular cloud.

3.5 Other prominent or well-studied associations
3.5.1 Perseus OB2

The Perseus OB2 association was first identified by
(1944)) and is part of a series of star formation events in Perseus
that includes multiple young clusters in the Perseus molecular
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cloud and the quiescent California Nebula (for a review see
. While it is amongst the closest OB association
to the Sun (d = 296 £ 27 pc, |[de Zeeuw et al[[1999) it has
significantly fewer massive stars compared to Sco-Cen, Orion
or Vela, and therefore has not received as much attention.
|Zeeuw et al. (1999) identified 17 B-type members of the asso-
ciation, including ¢ Per (B1Ib) and 40 Per (B0.5V), the two
brightest members of the association. The runaway O7IIle star
& Per is thought to have been ejected from the association fol-
lowing a supernova explosion , which may have
played a role in powering a shell observed to be surrounding
the association (Sancisi et al.|[1974). The total mass of the

association has been estimated as ~6000 Mg, (Belikov et al.

2002a).
[Belikov et al.| (2002b)) and |Azimlu et al.| (2015]) have iden-

tified many hundreds of candidate low- and intermediate-mass
members of the association, tracing out its distribution from
the classical region where the high-mass stars can be found
out as far as the nearby California Nebula and the Auriga
dark cloud (see Figure The association is also visible in the
pre-MS density map produced by Zari et al|(2018), but not in
their upper MS density map due to the low number of massive
stars. While almost spherical with a diameter of ~40 pc there
is evidence for multiple subgroups, both structurally
[1998} Belikov et al|[2002a) and from the age distribution of
stars (Azimlu et al.|[2015)). Belikov et al.| (2002a)) also observed
an anti-correlation with the distribution of dust clouds in the
almost co-spatial Perseus molecular cloud, which may suggest
an extinction bias or that the association is excavating a cavity
within the molecular cloud.

The association is approximately co-spatial with the
Perseus molecular cloud and its embedded clusters IC 348 and
NGC 1333 (Ortiz-Ledn et al.|2018)), and these are often consid-
ered part of Per OB2 given that they each contain two young
B-type stars. [Azimlu et al|(2015)) trace a population of young
stars aged ~1 Myr within these star forming regions, as well
as older populations aged 1-5 and >5 Myr, with the latter
concentrated towards the north-west of the association.

There have been very few kinematic studies of Per OB2.
[Steenbrugge et al| (2003) calculated a radial velocity disper-
sion of ~3.9 km s~! from the known high-mass stars, but this
was not corrected for the influence of binary motions, which
will inflate the dispersion. Blaauw & Morgan| (1953 and Lesh)|
used proper motions from photometric plates to assess
evidence for expansion within the association, calculating an
expansion age of ~1.3 Myr, but Belikov et al. (2002a) could
find no evidence for expansion from Hipparcos data.

3.5.2 Carina OBI1

Despite being distant, the Carina OB1 association is promi-
nent thanks to its very large number of OB stars (e.g.,
|& Johnson|[1993} [Walborn!|[1995) and bright Hii regions. The
brightest of these is NGC 3572, the Carina Nebula, which sits
broadly at the centre of the 4 x4 degree area covered by the as-
sociation’s members (Flumphreys|[1978). The total mass of the
association is thought to exceed 2 x 10* Mg (Preibisch et al.
2011). The association includes several massive star clusters
(Trumplers 14, 15, & 16, NGC 3293 & 3324, Bochum 10 & 11,




and Collinder QQEﬂ & 232), as well as a distributed population
of young stars (Feigelson et al]2011). The association, and the
Carina Nebula itself, sit at a distance of 2350 £ 50 pc (Smith
. The edge of the association is also projected against the
massive star cluster Westerlund 2, though this is significantly
more distant.

There are at least 70 O-type stars across the association,
the majority of which are found in the dense clusters of the
Carina Nebula. Of these, Trumpler 16 is by the wealthiest,
home to multiple very massive stars such as n Carina (a lu-
minous blue variable), the very early-type stars HD 93205
(O3V+08V) and Tr16-244 (03/4 If), as well as many late
O-type stars (Smith & Brooks|2008]). Trumplers 14 and 15 are
also relatively massive and contain ~16 O-type stars between
them, the latter containing the O2 supergiant HD 93129A
(Walborn et al|[2002)). The association contains three late-
type WN Wolf-Rayet star members (WR22, WR24 & WR25,
[Crowther et al|[1995), and Rate et al| (2020) suggest that
WRI18 and WR23 may be possible members of the associ-
ation as well. In addition to these there are a number of
candidate OB stars awaiting spectroscopic confirmation (e.g.,
[Povich et al.||2011} [Mohr-Smith et al|2017).

There are stars and clusters in the association with ages
ranging from 1-10 Myrs. The youngest parts of the association
are centred around the Carina Nebula, including the clusters
Tr 14, 15 & 16, aged approximately 1, 5, and 3 Myrs, respec-
tively (Smith & Brooks|[2008} [Hur et al|[2012). Trumpler 14,
the youngest of the clusters, is kinematically associated with
the molecular gas in its vicinity, consistent with its young age
(Kiminki & Smith|2018). Beyond the Carina Nebula, there are
some young clusters such as NGC 3324 (1-2 Myr,
et al.[2014), as well as older clusters like NGC 3293 (8-10 Myr,
Preibisch et al.|[2017).

|[Kiminki & Smith| (2018)) performed a radial velocity sur-
vey of the Carina Nebula’s O-type stars and measured a ve-
locity dispersion of < 9.1 km s~ (not corrected for binaries),
consistent with those measured for other similarly-sized and
substructured OB associations such as Cyg OB2. The associa-
tion, and particularly the well-studied young stellar population
in the vicinity of the Carina Nebula, is highly substructured,
both spatially (Feigelson et al|2011} Buckner et al.[2019;
[iter & Parker|[2019)), kinematically (Kiminki & Smith|[2018)),
and temporally (see previous paragraph). [Mel'nik & Dambis|
measured the expansion of the association for the first
time, deriving a kinematic age of ~8 Myrs along both proper
motion axes, consistent with the maximum age of stars in the
association.

3.5.3 Canis Major OB1

[Ambartsumian| (1949) was the first to propose the existence
of an association of early-type stars in Canis Major, which
is thought to contain over 200 B-type stars and a few O-type
stars (Gregorio-Hetem|2008) at a distance of ~1.2 kpc
et al.||2020). The region is dominated by the large H 11 region

2 Collinder 228 may appear as a separate cluster, but it is believed
to be part of Trumpler 16, divided from it by an obscuring fore-
ground dust lane.
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Sh2-296 (The Seagull Nebula), as well as numerous bright-
rimmed clouds and an expanding shell of emission nebulae
that|Reynolds & Ogden| (1978) suggest was produced by stellar
winds or supernovae (Fernandes et al.|[2019|suggest that Sh2-
296 is part of a 60 pc diameter shell that surrounds CMa OB1
that itself may be nested within a larger, 140 pc superbubble
that is visible in Ha).

Within the boundaries of the association can be found
the CMa R1 association and at least 19 open clusters (e.g.,
[Dias et al|[2002; [Kharchenko et al.|[2013), with the 7.6 Myr
open cluster NGC 2353 (Fitzgerald et al||1990) thought to
be the nucleus of the association (Claria||1974). The brightest
and earliest stars in the association are HD 54662 (O7III) and
HD 54879 (09.5V), as well as many early B-type stars
1974). There have been multiple runaway stars connected to
the association, including HD 54662 (Herbst & Assousal[1977]
O7V), HD 57682 (Comeron et al.||{1998, O9V) and HD 53974
(Fernandes et al.|[2019)).

Recent surveys have begun to uncover the low-mass pop-
ulation of the association. [Fischer et al| (2016), |Santos-Silval
et al] (2018)) and [Pettersson & Reipurth| (2019) used infrared,
X-ray and Ha observations, respectively, to uncover hundreds
of YSOs across the association and in nearby star forming
regions. [Fischer et al] (2016)) find the spatial distribution of
young stars in the association to be highly clumpy, with mul-
tiple groups and clusters within it. [Santos-Silva et al.| (2018)
find that the age distribution of the young stars is bimodal,
with an older population aged ~10 Myr and a younger popu-
lation localised to the regions of molecular gas, in agreement
with the discovery by |Sewilo et al| (2019) of a new star form-
ing region within the association with ~300 very young stars
within it.

8.5.4 Monoceros OB1 and OB2

The Mon OB1 and OB2 associations are projected close to
each other in the constellation Monoceros at distances of ~600
and ~1200 pc, respectively. They each include a bright H 11
region, which is the youngest part of each association, the
Cone Nebula, the young cluster NGC 2264 and the R associ-
ation Mon R1 in Mon OB1, and the Rosette Nebula and its
central cluster NGC 2244 in Mon OB2. Of the two associa-
tions Mon OB2 is richer and more massive, with at least 13
O-type stars (e.g.,|Johnson|1962; Humphreys|1978), including
5 in the cluster NGC 2244 that are responsible for illuminat-
ing and shaping the Rosette Nebula (Wareing et al.[2018].
These stars represent the most recent epoch of star formation
in Mon OB2, with evidence for other subgroups with ages
of ~5 and ~15 Myr (Turner|[1976; Blitz & Thaddeus|[1980).
Mon OBLI is less massive, its most massive member being the
O7V star S Monoceros in the young young NGC 2264 cluster,
though the region also shows evidence for multiple subgroups
of different ages (Flaccomio et al.[1999). There is also evidence
for an older population of stars across Mon OB1 and a possible
indication of post supernova activity from the presence of six
arc-like molecular structures around the association

et a1J[1996).




3.5.5 Scorpius OB1

The Sco OBI1 association is located on the near side of the
Sagittarius spiral arm at a distance of ~1.5 kpc
|deren et al.[1984; |Sung et al.|1998} Yalyalieva et al.|[2020)), and
includes the massive young cluster NGC 6231 at its core, the
open cluster Trumpler 24, and the Hil regions G345.45+1.50
and IC 4628. The association contains a large number of OB
stars, with 28 OB giants and supergiants listed in the census
of [Humphreys| (1978)), including two of the most luminous OB
stars known, HD 151804 (O8Iaf) and HD 152236 (B1.5Ia), as
well as multiple Wolf-Rayet stars.

performed a detailed photometric and
astrometric study of the low-mass pre-MS population of
Sco OB1, uncovering ~4000 candidate low-mass members that
show a highly-substructured spatial distribution with several
subgroups and clusters, including NGC 6231 and the young
cluster Trumpler 24. They estimate the association has a total
mass of ~8500 Mg . |Yalyalieva et al.| (2020) applied a clustering
algorithm to stars in the direction of Sco OB1 and identified
multiple groups with ages of 3-10 Myr at similar distances
with an average of 1560 + 35 pc. They identify these groups
as part of Sco OB1, and note that they have similar ages and
kinematics to NGC 6231.

NGC 6231 is projected against the centre of the associa-
tion and is believed to be at the same distance (van Genderen

1984) and therefore related to it. It contains at least

15 O-type stars (Shobbrook||1983), including the 6th magni-
tude star V1007 Sco (HD 152248), an O7.5I114-O7.5111 binary.

Notably, 11 of these are short period spectroscopic binaries,
all but one of which have periods less than 10 days
|& Mermilliod||2001). The massive runaway star HD 153919
(06.5Iaf), though 4 degrees away, is suspected to have been
ejected from the cluster (Feinstein & Forte|[1974). [Damiani|
performed an X-ray and photometric study of the
cluster and find evidence for a significant age spread amongst
the low-mass stellar population with ages of 1-8 Myr.

38.5.6 Lacerta OB1

Despite being relatively nearby (d = 368 + 17 pc,
1999), Lacerta OB is relatively sparse and therefore has

not received significant attention or been highlighted on recent
surveys of the solar neighbourhood (e.g., Bouy & Alves|[2015]).
Thought to be part of the Gould Belt, the association contains
a number of B-type stars identified by /de Zeeuw et al.| (1999),
a single O-type star (10 Lac, O9V), and may have been the
birth-place of the runaway B5V+F8V binary system v An-
dromedae (Hoogerwerf et al./[2001)). The association was origi-
nally divided into two subgroups, OBla and OB1b, by [Blaauw|

1958)), though subsequent authors have questioned this (e.g.,
|de Zeeuw et al|[1999). The age of the association has been
estimated to be anything from a few to 25 Myrs
, though 10 Lac’s main-sequence lifetime of ~3.6 Myr
(Schaerer & de Koter|[1997) and the presence of a few small
star forming regions (e.g., LBN 37 and GAL 110-13) suggests
a large part of the association is at the low end of this distribu-
tion. Blaauw & Morgan| (1953) estimate an expansion age of
4.2 Myr, but the quality of data used for this was questioned
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by [Woolley & Eggen| (1958]), and the most recent estimate of
the expansion age by |Lesh| (1969)) is 2.5 + 0.5 Myr.

3.5.7 Ara OB1
The Ara OBl association, at a distance of ~1.1 kpc (Mof-

fat & Vogt||1973), is a compact (~1 deg?®), but moderately-

massive OB association containing at least 7 O-type stars
and numerous B-type stars (the B0 super-
giant HD 156359 may have been ejected from the association,
[Maiz Apelldniz et al|[2018)). The association contains multi-
ple clusters, including the central cluster NGC 6193 (which
contains the O3.5I114-O61V binary HD150136 and the O6.5V
star HD150135, and the star-forming region
RCW 108. The association is near a massive H I shell with a
diameter of ~100 pc, which is thought to have been formed
by stellar winds or supernovae from the massive stars in the

nearby, but older, cluster NGC 6167 (Arnal et al.|[1987)), and

may have played some role in the formation of Ara OBI1.

8.5.8 The Serpens and Scutum OB associations

The Serpens and Scutum regions contain a number of OB
associations at distances of 1-2 kpc (e.g.,/Ambartsumian|1949;

1966), including Sct OB2 (1.6 kpc), Sct OB3 (1.3

kpc), Ser OB1 (1.5 kpc) and Ser OB2 (1.6 kpc,
[1978} Mel'nik & Dambis|2017). Ser OB2 is probably the most

massive of these, with over 100 OB stars identified by
(2000), including the massive O stars HD 168112 (O5.5I1If)
and HD 167971 (O8Ibf, 1978), which illuminate

the nearby H 11 region S54 and likely fuel a thermal ‘chimney’
that extends 200 pc perpendicular to the plane (Forbes|[2000).
The association is thought to be associated with the young
cluster NGC 6604, aged ~4 Myr (Kharchenko et al.|2005)).
|Zeeuw et al.| (1999) used Hipparcos data to study the bright
stars in this region of the sky, but could not find any kinematic
signature of any of these associations, albeit from only 62 stars
spread across the area.

3.5.9 The Cygnus OB associations

The Cygnus region is rich with young and massive stars, which
[Humphreys| (1978) divided up into 9 OB associations at dis-
tances of ~1-2 kpc (Uyaniker et al|[2001). While Cyg OB2 is
probably the most massive and certainly the most well-studied
of these, the others are still quite rich. Cyg OBI1 is likely
the second most massive, with 12 O-type stars and at least
50 OB stars (Humphreys|[1978} [Humphreys & McElroy|/1984)
spread over an area of 4 x 3.5 degrees, and containing multiple
open clusters such as NGC 6913 and IC 4996. [Costado et al.
analysed the spatial and kinematic structure of stars
in Cyg OB1 and were able to identify two distinct kinematic
groups at different distances, indicating substructure within
the association.

[Brand & Zealey| (1975) found a ring of Ha emission ap-
proximately 4° in diameter centred on the Cyg OB1 associ-
ation that probably formed by feedback from the OB stars
and [Sitnik et al.| (2019) have identified ongoing star formation
on the edge of this shell. Of the other associations, Cyg OB3




is notable for containing a number of early O-type stars, in-
cluding the O4 star HD 190429, and the cluster NGC 6871 at
its nucleus. [de Zeeuw et al| (1999) studied Cyg OB4 and Cyg
OBY7, the only two associations in Cygnus closer than 1 kpc,
but couldn’t find any evidence of common motion and sug-
gested they may not be real groups. Further work is certainly
needed to disentangle the large number of OB stars in Cygnus.

3.6 Notes on other associations

Many other associations have been suggested or identified,
though the data on these groups is often limited or out-dated.
Some notes are provided here for reference.

e Cas-Tau: First identified by (1956)) as a loose

group of OB stars related to the cluster a Per, at distances of
125-300 pc and aged ~50 Myr (de Zeeuw et al.|1999). The as-
sociation spans an area of approximately 100° x 60° on the
sky. The association is kinematically similar to the (albeit

younger) Tau-Aur T association discovered by
(1988)), which is slightly in the foreground of Cas-Tau and re-

lated to the nearby Taurus molecular cloud.
(1999) identified 83 members of the Cas-Tau association and
found them to have a similar motion to the a Per cluster
within the association.

e Perseus OB3 (and « Per): Perseus OB3 was first dis-
covered as the a Per moving group but listed as Per OB3 by
(1966)). The association extends beyond the compact
centralised o Per cluster as shown by |de Zeeuw et al| (1999)
who identified 79 members that formed by a central compact
cluster and an extended halo that makes up the association.
At a distance of 174.943.0 pc (Gaia Collaboration et al[2018)
the cluster and association are embedded within the Cas-Tau
association and form the nucleus of it.

e Collinder 121: An approximately 5 Myr old association
with evidence for at least 2 subgroups and a size of 100 x 30 pc
at a distance of ~540 pc (de Zeeuw et al.[1999). Heiles| (1998))
identified a superbubble in the direction of Collinder 121 that
may be connected to the association, though with a kinematic
expansion age of ~20 Myr it would more likely originate from
an older generation of stars than those prominently observed
within the association.

e Camelopardalis OB1: Appearing in Ruprecht’s (1966)
list of associations at a distance of ~800 pc (Mel'nik & Dambis|
, Cam OB1 contains two O8.5-O9 stars as well as at
least 35 known early B-type stars. The two A-type supergiants
HD 21291 and HD 21389 are sometimes considered part of
Cam OBI1 or the nearby Cam R1 association ,
the latter being sometimes consumed within Cam OB1. The
Hipparcos PMs did not allow |de Zeeuw et al| (1999) to verify
the existence of a moving group, but the existence of both
O and early B-type stars, variable stars and Ha emission-
line stars (Straizys & Laugalys|[2007) and the open cluster
NGC 1502 suggests considerable recent star formation in this
region.

e Cepheus OB2: The most prominent of three OB asso-
ciations in Cepheus at distances of 600-900 pc, Cepheus OB2
includes 76 members identified by |[de Zeeuw et al| (1999) and
is associated with the open clusters NGC 7160 and Trum-
pler 37, as well as the H 11 region IC 1396 (Schulz et al.||1997;
[Barentsen et al|[2011). The association falls within a large,

28

5 10 20 40 80 160 320 640 1280

Object Type

D A (Ordinary associations)

D AC (Associations similar to clusters)

D AN (Associations with nebular traces)

[ oAN (pecoupted associations from nebuas)

5 10 20 40 80 160
Size (pc) [log]

320 640 1280

Figure 16. Size distribution for different types of OB association

in the Large Magellanic Cloud from (2018) based on the
sample of (2008])). The typical size for associations in each

category are 13 pc (associations similar to clusters), 33 pc (ordinary
associations), 63 pc (associations with nebular traces) and 160 pc
(decoupled associations from nebulae).

~120 pc ring-like feature first identified from Ha photographs

1974) and since seen at other wavelengths.

4 PROPERTIES OF OB ASSOCIATIONS

In this section we review the global properties of OB associ-
ations, introducing observations of systems not discussed in
Section [3]and, where possible, focussing on global studies that
compared the properties of different OB associations to un-
derstand their key features.

4.1 Size and internal structure

Measuring the sizes of OB associations has always been a dif-
ficult task, due to a combination of the difficulty of defining
the boundaries of a given association (that can be particularly
vague at the largest scales) and the complexity of defining
what an association is. As such, catalogued associations range
in size from ~10 to several hundred parsecs (e.g.,
[1964a} Blaha & Humphreys|[1989). Even the typical sizes of
OB associations can vary from study to study due to differ-
ent approaches to defining their borders and membership, e.g.,
|Garmany & Stencel| (1992)) measure a mean size of 137+83 pc,
whileMel’Nik & Efremov]| (1995) measure an average diameter
of ~40 pc. Extra-galactic studies have found similar size distri-
butions, albeit with some resolution issues. For example

& Hodge, (1970) catalogued 122 OB associations in the Large

Magellanic Cloud (LMC) with typical sizes of 15-150 pc and

an average of 80 pc, while (2018) used the better-




resolved catalogue of associations in the LMC from Bica et al.|

(Mel'nik & Dambis|2017)), though the median ratios are typi-

to measure an average size of 30 pc.

There is strong evidence that the sizes of associations in-
crease with age , which has been interpreted
as evidence that the systems are expanding. There is also ev-
idence that associations not connected to nebular material
are larger, as shown in Figure . Given
that the association with nebular material is considered an
age proxy (because stars either drift away from the molecu-
lar cloud they formed from or disperse it over time), this also
suggests that associations increase in size as they age.

The majority of OB associations show considerable in-
ternal substructure, which can take various forms such as
dense clusters within them (Ambartsumian|[1949), or sub-
groups with different ages and kinematics (Blaauw| [1964a}
[Garmany & Stencel| [1992)). The most well-studied associa-
tions have been sub-divided by various authors into “OB sub-
groups”, most famous of which are the division of Sco-Cen into
its three subgroups (Upper Sco, Upper Centaurus-Lupus and
Lower Centaurus-Crux) and Orion OB1 into its four subgroups
. These definitions have historically been based
on the plane-of-the-sky distribution of stars within the associa-
tion, but more recent studies have incorporated parallaxes and
proper motions to subdivide these structures (e.g.,
let al||2018} |Cantat-Gaudin et al||2019a)). Many OB associ-
ations also contain open or embedded clusters within them,
such as v Vel in Vela OB2 (Jeflries et al|[2014) or NGC 2353
in CMa OBI1 (Fitzgerald et al.[1990)), with ages consistent with
being part of them.

Large-scale studies of OB associations, both in the Milky
Way and in nearby galaxies, have also shown that OB associ-
ations typically have some bright central concentration within
them (Ivanov|[1987; Mel’Nik & Efremov||1995). In some cases
this substructure is not obviously apparent but can be re-
vealed through structural studies that quantify physical sub-
structure (e.g., (Cartwright & Whitworth||2004; |Schmeja et al.|

cally around ~1.5 (Wright et al.[2016} Mel'nik & Dambis|2017}
[Ward & Kruijssen|[2018). In 3D kinematic studies a similar
trend is found, for example [Wright & Mamajek| (2018) found
that for the three subgroups of Sco-Cen the velocity disper-
sions along the three axes had ratios of 2.2:1.4:1,2.7:1.7: 1
and 3.7 : 2.1 : 1. There is some evidence that when associa-
tion subgroups are identified using kinematic methods (such
as the k-means clustering tool UPMASK) the velocity disper-
sion ratios are smaller (e.g.,|Cantat-Gaudin et al.||2019b| find
smaller ratios of 1.0-1.6 for the subgroups in Vela OB2). This
may indicate a kinematic bias that has been introduced by
this kinematic subgroup identification method, or potentially
that association subgroups are truly isotropic and that tools
like this are a better way to identify them than traditional
methods based on plane-of-the-sky positions.

From the measured velocity dispersions, and with some
estimation of the total stellar mass of the association (often
extrapolated from the high-mass population), the virial state
of the association can be estimated. Since OB associations
have a low stellar density compared to gravitationally bound
open clusters it is not surprising that all OB associations have
been found to be super-virial. Mel’'nik & Dambis| (2017)) find
that estimates of the ratio of the virial mass to the stellar mass
typically range from 10 to 1000 with a median of ~50, simi-
lar to estimates from studies of individual associations (e.g.,
[Wright & Mamajek|2018). Note that, as long as no additional
forces are acting on the members of the association then the
virial mass increases proportional to the radius of the associ-
ation as it expands. If the expansion is assumed to be linear
then the virial mass will increase linearly with time and as the
stellar mass remains constant the virial to stellar mass ratio
will increase with time as well. There are suggestions of this
in Sco-Cen where the young Upper Sco subgroup has a virial
to stellar mass ratio of 40 and the older Upper Centaurus Lu-
pus and Lower Centaurus Crux subgroups have ratios of ~70

[2008} [Wright et al|[2014b). This substructure has contributed
to the difficulty in explicitly defining the boundaries and there-
fore the scales of OB associations.

4.2 Velocity dispersion and virial state

The velocity dispersions of OB associations are typically a few
kilometres per second, though there is quite a large variation.
For example, Mel'nik & Dambis| (2017) study 18 OB associ-
ations with Gaia DR1 and measure an average 1D velocity
dispersion of 3.9 km s™* (3.7 km s™* after correcting for the
influence of binaries on the measured proper motions),while
|[Ward & Kruijssen| (2018)) also study 18 OB associations with
Gaia DR1 and measure velocity dispersions of 3-13 km s+
with a median of 7 km s™'. Melnik & Dambis| (2020) studied
28 OB associations with Gaia DR2 data and measure an aver-
age velocity dispersion of 4.5 km s™!. These differences do not
originate from the data or the method, but more likely from
the OB association membership lists, many of which date from

(Wright & Mamajek|[2018)).

4.3 Expansion

Ever since the first studies of OB associations it has been
known that they cannot be gravitationally bound and there-
fore will expand and disperse in the future (e.g.,
[ian|{1947] 1949; Blaauw||1952), which led many to suggest that
they may already have expanded to some extent and would
therefore have been more compact in the past (e.g.,
[sumian|[1947; Blaauw|/1964a}; |Lada & Ladal[2003]).

This work on the expansion of OB associations led to the
development of the linear expansion model, which assumes
that OB associations have a small initial size (compared to
their present sizes) and have expanded linearly (in time) from
a compact configuration (Blaauw||[1946} 1964a). Later models
took into account the Galactic potential, for example using the
Galactic epicycle theory (Makarov et al|[2004) or considered
the spiral arms and bar components (e.g., |[Ferndndez et al.

the 1980s (e.g., [Humphreys|[1978} Blaha & Humphreys|/1989)

[2008). Testing this model has been a goal of many studies of

and may need revisiting.

OB association velocity dispersions typically show evi-
dence for significant levels of anisotropy, with velocity dis-
persion ratios between the two proper motion axes up to ~6
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OB associations over the last half century, though the difficul-
ties of measuring sufficiently precise proper motions or the lack
of radial velocities (needed to account for the radial stream-
ing motions of nearby associations) has limited such work and
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Figure 17. Evidence for expansion of the OB associations Per OB1, Sgr OB1 and Car OB1 from Mel’nik & Dambis| (2017). Proper motions
in Galactic coordinates (y; or pp) from Gaia DRI are plotted against the corresponding coordinates (I or b) for members of these associations
from Blaha & Humphreys| (1989). The solid lines show the best fit linear relation between the two quantities, with a positive slope indicating
expansion. The dashed line shows the contribution to this apparent expansion that would be expected due to virtual expansion of the

association from its radial motion.

many studies have not found evidence for expansion in their
targets (e.g., [Ferndndez et al.|[2008]).

Indirect evidence for the expansion of OB associations
comes from observations of a correlation between the radius
and density of star clusters and associations, which has been
interpreted as evidence that many OB associations were origi-
nally more compact, similar to embedded clusters such as the
Orion Nebula Cluster . However, many early
kinematic studies of OB associations and moving groups found
them to have internal velocity dispersions that are too small
to explain their present-day size by expansion from a signifi-
cantly more compact state (e.g., [Preibisch & Mamajek|2008;
[Torres et al.|[2008)).

One of the difficulties of measuring the expansion of OB
associations is that nearby associations can exhibit virtual ex-
pansion, whereby the radial motion of the association towards
(away from) the observer can cause an apparent expansion
(contraction) on the sky, even when no physical expansion ex-
ists . To overcome this one must have some
knowledge of the radial velocity of the association, either to
perform a simple correction for the virtual expansion
let al][1997), or if individual radial velocities are present to test
the Blaauw| (1964a)) linear expansion model or (if parallaxes
are also available) convert to a Cartesian coordinate system
and test the expansion in 3D (e.g., Wright et al|2016). This
was a significant issue for early studies of OB associations, but
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has generally been overcome thanks to the availability of RVs
for stars in most associations.

Searches for evidence of expansion in OB associations us-
ing Gaia data have been mixed. Early studies using Gaia DR1
found that most OB associations do not show evidence for a
coherent radial expansion pattern. [Mel'nik & Dambis| (2017)
studied 18 OB associations and found that only three showed
evidence for significant (>2.50) levels of expansion along one
or more axes (Sgr OB1, Per OB1 and Car OB1, see Figure,
though for the first two of these the expansion was only along
one axis. Furthermore, three other OB associations actually
showed significant evidence of contraction rather than expan-
sion. Melnik & Dambis| (2020) extended this study using Gaia
DR2, confirming their previous results and identifying expan-
sion in Ori OB1, Gem OB1 and Sco OB1, all of which are sig-
nificantly anisotropic. In contrast, |[Ward & Kruijssen| (2018)
searched for expansion in 18 OB associations (5 overlapping
with the sample of [Mel'nik & Dambis|[2017), but could not
find evidence for expansion in any of their targets. In their
study of Sco-Cen, [Wright & Mamajek| (2018) could not find
evidence for a coherent 3D expansion pattern in any of its
subgroups, though all three subgroups did show significant
expansion along the Galactic Y axis (the direction of Galactic
rotation, see Figure [8). Ward et al| (2020) studied the kine-
matics of 110 OB associations selected from Gaia DR2 data
and found that their properties were not consistent with either




a monolithic, radial expansion pattern or completely random
velocities, but were instead best reproduced by a highly sub-
structured velocity field with some degree of localised expan-
sion from subclusters within the association.

Better evidence for expansion has been obtained from
studies that divide OB associations into subgroups based on
their spatial and kinematic substructure, rather than just the
positions of stars on the plane of the sky. Kounkel et al|(2018)
find evidence for expansion of their Orion D subgroup, though
the significant spatial and kinematic substructure within it
suggests it is not expanding from a single compact cluster but
from multiple subclusters. |(Cantat-Gaudin et al.| (2019al) find
that all 7 of the groups they identify within the Vela-Puppis
region are expanding, |Armstrong et al| (2020) find that the
Vela OB2 association is clearly expanding once members of
the Gamma Vel cluster are removed from the sample.

In younger, more compact systems (such as star forming
regions and star clusters), which may represent the precur-
sors of expanded OB associations, the evidence for expansion
is equally mixed. |Dzib et al.| (2017) could find no evidence
for expansion of the Orion Nebula Cluster (ONC) from their
proper motion study, while Da Rio et al.|(2017) found a corre-
lation between radial velocity and extinction in the ONC that
could be caused by expansion. [Kounkel et al| (2018) found a
clear radial expansion pattern in the proper motions of stars
in the A Ori cluster and argued it may be due to a supernova.
[Kuhn et al|(2019) found that at least 75% of the young clus-
ters in their sample showed evidence for expansion in the form
of positive median outward velocity.

For systems where expansion has been observed there is
strong evidence that the expansion is not isotropic. For the
three associations with significant levels of expansion identi-
fied by [Mel'nik & Dambis| (2017)), two are anisotropic, with
only Car OB1 showing isotropic expansion.
found that all three subgroups of Sco-Cen exhibited
strong expansion along the Galactic Y axis but not along the
other two axes (Figure l, while |Cantat-Gaudin et al.| (2019a)
and |Armstrong et al.| (2020) found significant differences in the
expansion rates along different axes for the majority of groups
they identified in Vela-Puppis. The young cluster NGC 6530
was also found by [Wright et al] (2019) to have a very strong
level of asymmetry in its expansion pattern.

[Zamora-Avilés et al| (2019) perform magnetohydrody-
namic simulations of the radiative feedback-induced expansion
of H 11 regions around star clusters. As the expanding shells of
gas carry the majority of mass in the system, they also drive
the gravitational potential around the cluster, which can ac-
celerate the cluster expansion following residual gas expulsion.
In the simulations presented by [Zamora-Avilés et al. (2019)),
neither the parental clouds, nor the expanding shells of gas,
are symmetrically distributed around the cluster, and there-
fore the gravitational potential and resulting expansion need
not be symmetric. Whether this asymmetry is high enough to
explain the strongly asymmetric expansion patterns observed
in OB associations remains to be seen.

In summary, the evidence for expansion of OB associa-
tions is mixed, with some studies finding evidence or hints of
expansion and others not, though there are indications that a
better-informed division of associations into subgroups is pro-
ducing groups that do show evidence for expansion. For all
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studies however there is clear evidence that the majority of
expanding systems are doing so asymmetrically and there is
currently very little evidence for the simple picture of isotropic
radial expansion.

4.4 Kinematic ages of OB associations

Kinematic ages for young, unbound stellar systems such as
OB associations are derived by calculating the time the sys-
tem needs to have expanded, at its current rate, to reach its
present size from an initially compact configuration. They can
be derived simply by tracing back the motions of a group of
stars into the past to estimate when they occupied the small-
est volume (e.g., Blaauw||1978; [Makarov|2007; [Wright & Ma-|
see Figure [18]) or alternatively by measuring the

linear expansion rate (see e.g., Figure and size of the sys-
tem and thus calculating its age (e.g., [Leshl[1968}; [Pecaut et al.
. More recently studies have incorporated orbital integra-
tion (Miret-Roig et al.|2018)) or forward-modelling techniques
(Crundall et al.2019)). Since kinematic ages don’t rely on any
stellar physics (only on astrometry) they are sometimes ar-
gued to be more reliable than other age estimates, though
they do require a number of assumptions that have yet to be
fully tested.

Kinematic ages have been calculated for many OB associ-
ations, as well as for nearby moving groups. For many decades
these have disagreed with nuclear ages. noted
that the majority of kinematic ages were smaller than the nu-
clear ages known at the time and suggested it might be because
OB associations were originally not much smaller than we see
them now, making the assumption of expansion from a smaller
volume incorrect. In contrast, for moving groups most kine-
matic ages calculated during the 2000s were greater than the

pre-MS evolutionary ages (Soderblom![2010)), though the latter

were calculated before the recent revision of pre-MS evolution-
ary ages (e.g., , which could explain the dis-
agreement. The availability of Gaia DR2 astrometry coupled
with improved kinematic age calculation methods is showing
some improvement; the 8 Pic moving group was historically
measured to have a kinematic age of 11-12 Myr
but see also[Mamajek & Bell[2014), in disagreement with
the lithium depletion boundary age of 21 + 4 Myrs (Binks &
Jeffries|[2014)), but the kinematic age has since been revised to
18.3715 Myr (Crundall et al.[[2019), which is now consistent
with the latter age.

Despite being a model-free estimate of stellar age there
are many reasons to be wary of kinematic ages. Firstly it re-
lies on very good membership information for the systems be-
ing studied. For example many different kinematic ages have
been estimated for the TW Hya moving group, ranging from
4.7 £ 0.6 Myr (Makarov et al|[2005) to ~8.3 Myr
|& Fabricius||2001; |de la Reza et al[[2006) and even a 95%
confidence lower limit of 10 Myr (Mamajek|2005)), all depend-
ing on the choice of members used to calculate the kinematic
age. There are also many assumptions necessary to apply the
technique, including that the time the stars were in closest
proximity to each other was the time of their formation (for
example some of the stars in the expanding A Ori system ap-
pear to be much younger than the kinematic age of the system,
suggesting they may have formed from material that was al-




o o o
S g IS] . . - S)
— 7/ — —
L Z, i L
o L _ oL e )
'Zlm Tw // TCO
& - SR -
— o L ;1 ol s T 41 o
g © . o © - 1 g
o - o 7 . o
g 0 e B 0 <1 R
s < ~/'/"'/' - 3 QL - =7 — 3 =
o, Y Lot g ¥ ~ 7 T g ¥
n J n . T - - J n
a 7 - ~ 5 7 PR 5
oL - _ oK ~-—- Nt ] o
a ,_,.i/;.i./{‘__:;-’ [ S o
B ""I IUpper Slcorpius' IUpper Clentauruls Lupus | I | Lower ICent&urll.ls Crux |
olow v vt e ol v oluw v T T
0 -5 —-10 —-15 —-20 0 -5 —-10 —-15 —-20 0 -5 —-10 -15 —-20
Time [Myr] Time [Myr] Time [Myr]

Figure 18. Application of the ’traceback’ approach to the three subgroups of Sco-Cen to determine the smallest volume they occupied in
the past and therefore their kinematic ages. The lines show the size (estimated from the 1o dispersion) of each subgroup along each axis of
the XY Z coordinate system (ox shown with a dashed line, oy with a dotted line, and oz with a dash-dotted line) as well as the quadrature
sum of all three dimensions (solid line). Black lines show the results of traceback analysis performed with linear trajectories and the red lines
show the analysis performed using the epicycle orbit approximation. Shaded areas around the 3D sum lines show the 90% confidence interval
in the quadrature sum dispersion of each subgroup determined from Monte Carlo simulations exploring the impact of uncertainties in the
velocities. That none of the subgroups appear to have been significantly more compact in the past suggests they are not expanding from a

more compact configuration. Figure from |Wright & Mamajek| (2018]).

ready expanding or was triggered into forming stars,

2018)), that large OB associations have a single age (ques-
tionable given the evidence for age spreads within many as-

sociations, see Section 7 or that OB associations originate
from a compact volume of space (if not, that would prevent
a kinematic age being easily measurable, see Figure , an
issue first noted by — for more details see the
evidence for physical substructure in Section [-I] which ar-
gues against a single origin of expansion. The observation of
anisotropic expansion is also difficult for the concept of kine-
matic age dating as it often leads to different ages derived in
different dimensions, or potentially a system that is expanding
along one axis but contracting along another.

[Brown et al.| (1997)) performed N-body simulations to ex-
plore how astrometric uncertainties and the different methods
used can affect the derived kinematic age. They find that the
traceback method of estimating the smallest configuration of
an expanding association both underestimates the age and
overestimates the initial size of the association, with ages typ-
ically converging to ~4 Myr. The alternative approach of com-
paring velocity with position in a given dimension also leads to
considerable uncertainty. Forward-modelling techniques, such
as those used by |Crundall et al| (2019), have the potential to
overcome some of these biases, but can be computationally
time-consuming for large systems.

4.5 Ages and age spreads

Most OB associations have ages between 1 and ~20 Myrs
, with some containing very young, embedded
stars (e.g., Cepheus OB2) and others that have long since dis-
sipated their progenitor clouds (e.g., Sco-Cen and Vela OB2).
This age range is effectively defined by our ability to observe
and define an association. Younger systems are likely to still

32

be embedded in their parental molecular cloud (and therefore
difficult to observe), while older systems will lack the defining
O and early B-type stars and will have expanded to the point
that (historically at least) their densities are too low to clearly
identify. The latter limitation for identifying an OB association
is changing thanks to Gaia, allowing more dispersed systems
lacking early-type members to be identified (e.g., see the older
parts of the Vela—Puppis groups identified by
ot al 20192).

The ages of OB associations are usually determined ei-
ther from the position of low-mass stars on the pre-MS tracks
in the Hertzsprung-Russell or colour-magnitude diagrams, the
positions of high-mass stars turning off the main sequence, or
from kinematic expansion ages (see Section. Evolutionary
ages are model-dependent (Hillenbrand et al.|2008) and many
models have problems predicting the radii (and therefore lu-
minosities) of low-mass stars (e.g., [Kraus et al.|[2015} [Feiden|
. For high-mass stars the effects of rotation or binarity
can also complicate age estimates (e.g., [Ekstrom et al.||2012)).
Absolute ages can therefore be biased and are less accurate
than relative ages.

Various effects in a single-age population (such as vari-
ability, binarity or non-uniform accretion, e.g.,
2014a) are known to lead to luminosity spreads in the

Hertzsprung-Russell diagram (at a given temperature) that
can be interpreted as an age spread, even when none exists
(see the discussion in Section 6 of [Soderblom et al|[2014b)).
Many OB associations exhibit age gradients or have substruc-
tures with different ages, and these can appear as age spreads if
the structure of the association is not sufficiently resolved. For
example, [Pecaut et al| (2012)) measure an age spread of +4-
7 Myr for Upper Centaurus Lupus, which [Pecaut & Mamajek]
resolved as age substructure using higher spatial reso-
lution measurements. [Pecaut & Mamajek| (2016) found clear




age substructure in all three subgroups of Sco-Cen, noting that
when integrated this appears as age spreads of £6-7 Myr in
each subgroup (see Figure . Across Sco-Cen this age sub-
structure broadly manifests as an age gradient from the north
(youngest) to the south (oldest).

In Orion OBI, the individual subgroups have been known
to have different ages for many years (e.g., Briceno et al.|2005)),
with ages varying from 1-10 Myr in the different subgroups.
Recently [Kounkel et al.| (2018) traced an age gradient along
their Orion C subgroup, with ages extending from ~2 Myr in
the south to ~7.5 Myr in the north. In Vela—Puppis
|Gaudin et al.| (2019a) identified seven populations based on
their kinematics with relatively distinct ages that varied from
~10 Myrs (for the main component of Vela OB2) to 40-
50 Myrs for the oldest groups (which includes the Trumpler
10 cluster and Collinder 135). Finally, in Cygnus OB2
let al.| (2008)) and |[Wright et al.| (2015) found evidence for a
large spread of ages of 1-7 Myrs from the ages of the O, B
and A-type stars across the association, with evidence for older
populations away from the main association centre
et al.|2018; |Comerdn et al.[[2016).

4.6 Distribution of OB associations in the galaxy

Thanks to their high luminosity and not being embedded in
molecular clouds, OB associations have been used for many
decades to trace the distribution of young stars and hence
the spiral structure of our galaxy (e.g., Morgan et al.|[1952}
[Vazquez et al][2008). Furthermore, since OB associations are
often found to be part of larger-scale structures (sometimes
referred to as stellar aggregates or stellar complexes) they have
been useful for tracing the hierarchical distribution of star
formation and young stars (e.g., Blaauw||1964a}; [Efremov et al.|
[1957).

Using the updated list of OB associations presented in
Table |1} for which distances were gathered from the litera-
ture (primarily from Gaia DR2 studies), Figureshows the
distribution of OB associations projected onto the Galactic
plane. The distribution clearly shows the presence of the three
local spiral arms; the Sagittarius (or sometimes Sagittarius-
Carina) Arm towards the inner galaxy, the Orion (or some-
times Cygnus-Orion) Spur that the Sun is approximately
within, and the Perseus Arm towards the outer galaxy. There
are virtually no OB associations known in the inter-arm re-
gions between these three arms, which is particularly striking.
The distribution is projected against an artist’s impression
of the spiral arm structure of the Milky Way, which notably
precedes Gaia DR2 (and therefore the agreement between the
spatial distribution of OB associations from Gaia and the prior
knowledge of the spiral structure of our Milky Way is also
noteworthy).

A number of studies have linked the local (d < 500 pc)
distribution of young stars and OB associations into larger
structures (e.g., [Elias et al|[2006; Bouy & Alves|[2015} [Zari
let al||2018; [Kounkel & Covey|[2019). Bouy & Alves (2015
mapped out the distribution of OB stars within 500 pc of the
Sun and revealed the presence of multiple large and elongated
structures with monotonic age sequences that they called
‘blue streams’ (see Figure. The authors suggest that these
streams represent the progression of star formation on large
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scales, possibly due to triggering. They are associated with
the three largest OB associations in the solar neighbourhood,
Sco-Cen, Vela OB2 and Orion OB1, but extend over larger ar-
eas. For example the authors find that Sco-Cen is the youngest
part of a larger structure that they call the Scorpius — Canis
Majoris blue stream, extending 350 pc and as far as the latter
constellation. However, the extension of this system beyond
the classical extent of the Sco-Cen association is not as well-
defined or populated in the Gaia DR2 distribution of young
stars presented by .

The two other structures reported by [Bouy & Alves|(2015])
are centred around the Vela OB2 and Orion OB1 associations,
and the authors identify possible foreground associations in
front of both (with proposed names Vela OB5 and Orion X).
The large extent of each of these regions has since been ver-
ified by |Armstrong et al| (2018) and |Cantat-Gaudin et al.
(2019a)) for Vela OB2, and by Kounkel et al.| (2018) and |Zari
for Orion OB1, however the existence of the
foreground associations for both regions is still debated. Fur-
thermore, the correlation between age and position reported
by Bouy & Alves| (2015) could not be verified by either
let al.| (2018) or |Cantat-Gaudin et al.| (2019al).

On larger scales the spatial distribution and properties
of OB associations have been traced by using radio emission
from H 11 regions (e.g., McKee & Williams|[1997; Murray &|
, though at large distances such techniques do
not easily distinguish between dense star clusters and loose
OB associations. From their sample of the 13 brightest free-
free Wilkinson Microwave Anisotropy Probe sources,
identify the most luminous as originating from an
OB association at a distance of ~9.7 kpc in the constellation
Crux. From near-IR photometry they estimate the association
contains at least 400 stars of spectral type O and early B. The
authors suggest it to be the most luminous OB association in
the galaxy.

4.7 Feedback, interaction with the ISM, and
super-bubbles

O and early B-type stars produce immense amounts of ion-
ising and dissociating radiation that can heat up surround-
ing molecular clouds and produce large H 1I regions. Strong
winds and supernovae can also play a significant role in the
dynamics of the local interstellar medium (for a recent review,
see [Dale| 2015), with each stellar death releasing as much as
10%! erg (e.g., (Chevalier|1977)). OB associations were amongst
the first objects used to show that stars disperse their parental
molecular material, as evidenced by the decreasing proximity
between associations and interstellar material as a function of
association age (Blaauw|[1964a)).

Type II supernovae are produced by the core collapse of
massive stars with minimum stellar mass of approximately
8 Mg , which is equivalent to a main sequence
spectral type of approximately B3V. Such stars are abundant
within OB associations and live up to ~35 Myrs (Higdon &|
and therefore up to this time an OB associ-
ation will see multiple supernovae. This will release a consid-
erable amount of energy, sweeping up the surrounding inter-
stellar material and creating giant (>100 pc) cavities of hot
(>10° K), low-density (<0.01 cm™?) gas that are known as
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Figure 19. Distribution of known OB associations within ~2 kpc from Table m projected onto the Galactic plane in the Galactic X-Y
coordinate system. The figure is an updated and expanded version of figures by [Blaauw| (1991)) and [de Zeeuw et al| (1999) and based on the
list of associations in . Distances to OB associations are primarily from Gaia DR2 studies. The Sun is at the centre of the
dashed lines, which give the principal directions in Galactic longitude, {. The sizes of each association are kept uniform for clarity, with the
exception of the nearby associations Sco-Cen and Cas-Tau. The distribution is projected onto an artist’s depiction of the shape and spiral
arm structure of the Milky Way galaxy (Credit: NASA/JPL-Caltech/R. Hurt), which notably precedes Gaia DR2. The spiral arms shown
are (from top to bottom) the Sagittarius Arm, the (local) Orion Spur, and the Perseus Arm.

“super-bubbles” (McCray & Snow|[1979} [Higdon & Lingenfel-|
. These super-bubbles can break out of the Galactic
plane and therefore affect the chemistry and dynamics of the
gas in the Galactic halo as well.

Super-bubbles surrounding the nearby OB associations
are well known and have been studied in some detail. These
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include the Orion-Eridanus super-bubble surrounding Orion
OB1 (Reynolds & Ogden!|1979), the IRAS Vela shell surround-
ing Vela OB2 1‘} , the Cygnus super-bubble surround-
ing Cyg OB2 (Cash et al|[1980), and the multiple bubbles
surrounding Sco-Cen (Weaver et al.|[1977; [de Geus|[1992}
[bitaille et al|[2018). See Figure [21] for examples of these bub-
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bles and the different morphologies. Many of these bubbles
are distinctly asymmetric, which may be due to asymmetries
in the surrounding interstellar medium, or might be related to
the asymmetric expansion of their central OB associations (see
Section. That these well-studied OB associations all have
prominent super-bubbles surrounding them suggests that they
are probably a ubiquitous feature of the interstellar medium
surrounding OB associations. It will therefore be interesting to
see if new super-bubbles can be identified in the future around
more distant OB associations.

4.8 The initial mass function

The initial mass function (IMF) is an important product of

the star formation process (see the recent review by
2020). For high-mass stars, accretion plays a dominant role,

be it in a dense cluster environment (competitive accretion,
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Bally||2008)). Right: The super-shell surrounding the Canis Major OB1 association shown in the light of Ha over an area of
Fernandes et al|2019). The three bubbles have diameters of approximately 65, 300, and 140 pc, respectively.

see Bonnell et al|2007) or in a more isolated configuration
(monolithic collapse of a turbulent core, see [Beuther et al|
. Both scenarios of massive star formation might occur
in OB associations, and therefore the resulting IMF may be
a mixture of the two distinct modes. For many years there
has been a theoretical suggestion that the characteristic mass
or possibly the slope of the IMF should vary systematically
with environment, especially due to temperature variations
and feedback heating in the star-forming clouds (e.g.,
and recently , but observationally the
vast majority of studies have found that the upper IMF in OB
associations is consistent with that found in young star clusters
and in the field. A possible explanation for the universality of
the upper IMF is given in the review on massive star formation
by |Zinnecker & Yorke| (2007).

[Massey et al.| (1995]) could find no statistical difference be-
tween the high-mass IMF slope in OB associations from that




in young star clusters, with an average value of I' = —1.1+£0.1
for stars with masses > 7 M. Where differences in the high-
mass slope have been measured, this may be due to incorrect
consideration of the full age distribution of stars in the associ-
ation and the evolution of the most massive stars to their end
states.

For example, Wright et al| (2015]) studied the IMF of the
OB star population in Cyg OB2 and found that the derived
slope was highly dependent on the assumed age distribution
of the population. The observed mass function in Cyg OB2
was found to have a slope of I' = 2.06 4+ 0.06, though limit-
ing the sample to stars younger than 3.5 Myrs old (for which
stellar evolution should not bias the results) or modelling the
mass distribution of the population and accounting for stel-
lar evolution, leads to a mass function slope consistent with a
‘universal’ IMF. This study highlights how closely intertwined
the IMF and the star formation history are when studying a
population of high-mass stars more than a few million years
old. Other factors such as the predictions of different stellar
evolution models (e.g., Berlanas et al.2020) and the role that
rotation and mass-loss play on stellar evolution (and there-
fore on a star’s position in the HR diagram) can make the
derivation of the IMF slope highly uncertain.

At lower masses many studies have also found the IMF in
OB associations to be consistent with that of star clusters and
the Galactic field (e.g., [Preibisch et al|[2002; Briceno et al.|
. It is therefore well-established at this point, at least
down to the hydrogen-burning limit, that there is no evidence
for IMF variations between star clusters and OB associations
(see Bastian et al|2010| for a more detailed discussion on this
topic).

4.9 Stellar multiplicity

Some of the most important clues towards the formation of
massive stars come from their high frequency of binary and
multiple systems (for an overview of the various possible for-
mation processes, see |Zinnecker & Yorke|2007, particularly the
3-dimensional SPH simulation of the collapse and fragmenta-
tion of a 10° Mg, 100 pc size cloud into an OB association in
Figure 3). OB associations are valuable targets to study stel-
lar multiplicity and the properties of close and wide binary
systems in a plentiful, young population. It is well known that
both the multiplicity fraction (the fraction of stars that are
not single) and the companion frequency (the average num-
ber of companion stars per primary star) increase with stellar
mass (Duchéne & Kraus|[2013)), and this has been observed in
the field as well as in clusters and associations. For example,
the multiplicity fraction of stars in Sco-Cen has been observed
to vary from 60-80% for A /F stars (Janson et al|[2013]) to 70—
100% for A and B stars (Kouwenhoven et al|[2007; Rizzuto|
, both of which are higher than observed for low-
mass and solar-type stars (e.g., [Tokovinin & Briceno||2020)).
The companion frequency has also been observed to increase
with stellar mass, going from ~0.3 for low-mass and solar-type
stars (Tokovinin & Briceno[2020) to 1.35 for B-type stars (Riz-
zuto et al.[2013)) and 1.5-2.0 for O and B-type stars (Preibisch
et al.[1999; |Gravity Collaboration et al.|[2018]).

The most thorough investigation of the multiplicity of

massive stars is a series of papers by (2012). This
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vast and comprehensive statistical study established that, af-
ter correcting for observational selection effects, at least 75%
of massive stars are in multiple systems, often consisting of a
close spectroscopic binary with a lower mass distant compan-
ion. These systems with periods less than a few years are close
enough to experience mass exchange and interactions during
the late stages of stellar evolution, and 1/3 of these will be
so tight as to undergo a merger between the components. For
bright O-type stars (many of which are members of OB associ-
ations), we refer to the early spectroscopic survey of |(Garmany
@ and also the speckle interferometry survey of [Ma-|
son et al. . The multiplicity of intermediate-mass stars
(types B, A, F) in Sco OB2 was observed and analysed by
Shatsky & Tokovinin| (2002, for B-type stars) and by [Kouwen-|
hoven et al.| (2005, [2007, for A and F stars). Both of these
high-resolution imaging surveys concluded that the mass dis-
tribution of secondary components is inconsistent with ran-
dom sampling from an IMF.

There is growing evidence that the frequency and proper-
ties of binary systems can be different in low-density associa-
tions compared to denser star clusters. Clearly, tight (“hard”)
binary systems with orbital velocities larger than the clus-
ter/association velocity dispersion will not be disrupted by
stellar encounters, while wide (“soft”) binaries can be. Hard
binaries harden, while soft binaries get softer (Heggie’s rule).
The dividing line between hard and soft binaries depends on
the stellar density, i.e. it is different in clusters and associa-
tions. Thus, wide binaries are more likely to be disrupted in
dense clusters than in less dense associations (e.g.,

2001).

For example, [Duchéne et al. (1999) and Kroupa & Bou-|
find that the multiplicity frequency of low-mass
stars in the Taurus association is almost twice that in dense
clusters or for field stars (see also [Duchéne & Kraus||2013),
a phenomenon that could be explained by the disruption of
binary systems in dense clusters and the infrequency of such
disruptive close-counters in low-density associations
|& Bouvier|[2003). King et al| (2012) observed a tentative de-
cline in the multiplicity fraction with increasing stellar density
in nearby star forming regions that would support this theory.
Recently, [Tokovinin & Bricenio| (2020) studied the low-mass
(0.4-3 M) binary population in the Upper Sco subgroup us-
ing speckle interferometry (see also the earlier work of
on a smaller, X-ray selected sample). They found
that the low-mass binary properties of Upper Sco differ from
the binary field star population and that the statistics of young
low-mass binaries is not universal and may depend on the dy-
namical and/or radiative environment. Brandner et al.| (1996)
also found that low-mass stars in the vicinity of Upper Sco
B-type stars had a deficit of visual companions compared to
field stars, while further away from the B stars they were more
comparable.

For low-mass pre-main sequence stars in clusters and asso-
ciations, we respectively refer to the binary companion studies
of Duchéne et al.| (2018) in the Orion Nebula Cluster (binaries
with separations 10 —60 AU) and to |Tokovinin et al.|(2020) in
the Ori OB1 association (binaries with separations 220 — 7400
AU). Both investigations conclude that, on the basis of com-
panion statistics, low-mass field stars must originate from a
mixture of both star clusters and associations.




The jury is still out as to whether the frequency of OB
binaries (as well as their orbital separation and mass ratio dis-
tributions) differ between dense clusters and loose OB associ-
ations. For example, [Chini et al| (2012) found similar binary
fractions in clusters (72 &+ 13%) and associations (73 &+ 8%),
though both are larger than in the field (43 +13%) — in agree-
ment with past findings (Gies|[1987; Mason et al.|2009)).

|Garcia & Mermilliod| (2001) studied the fraction of spec-
troscopic binaries among O-stars in several clusters by search-
ing for radial velocity variations and found it to be mostly
high, but variable, and possibly related to the cluster density.
For example, in the loose open cluster NGC 6231 in Sco OB1,
11 out of 14 O-stars are close spectroscopic binaries (with pe-
riods less than 10 days). On the other hand, in the very dense
cluster Tr 14 in the Carina Nebula, only 1 of the 7 O-stars is
a close spectroscopic binary. To explain the dearth of short-
period binaries in M17, [Sana et al| (2017) hypothesise that
OB star binaries are born with large separations (>100 Rg)
and are then hardened on a timescale of 1 Myr or less.

The assumption that wide binaries are more likely to be
disrupted in dense clusters than in less dense associations is
true only if OB associations did not result from denser ini-
tial configurations. A case in point may be Cyg OB2, where
44 + 8% of the observed “complete” sample of 114 OB stars
(8 — 80 Mg) are spectroscopic binaries, most of which have
short-periods (P < 1 month). This is consistent with an ex-
trapolated frequency of 90 + 10% if periods up to 10* yr are
considered (Kiminki et al.|[2012} [Kiminki & Kobulnicky|[2012]),
while observationally ~50% of the Cyg OB2 O-stars are de-
tected with an abundance of wide (> 100 AU) companions
(Caballero-Nieves et al.|[2020)).

4.10 Protoplanetary discs and their evolution

As with binary systems, OB associations are useful targets for
studying protoplanetary discs, particularly since they typically
offer older populations than most young clusters and thus pro-
vide clues to the evolution of discs and the formation of planets
(e.g., |Carpenter et al|2006). Many studies have searched for
evidence of the impact of environment on the properties and
evolution of protoplanetary disks, with some studies finding
evidence for disk destruction (e.g., [Balog et al.|[2007; |Guar-|
and other studies finding no evidence for disk
destruction (e.g.,[Richert et al|2015]), though the different spa-
tial scales and ultraviolet radiation fields present in different
environments can make comparisons between different studies
difficult.

One notable study is that by |Guarcello et al(2016)), who
find that the disc frequency within the Cygnus OB2 associ-
ation is inversely correlated with the local ultraviolet radia-
tion field, suggesting that discs are more rapidly evaporated
in regions with strong ultraviolet radiation fields.
went on to use this observation and the known kinemat-
ics of the association, to constrain its dynamical history. They
found that the observed protoplanetary disc fraction, driven
almost entirely by ultraviolet photoevaporation, implies that
the gas expulsion process must have finished 0.5 Myr ago, giv-
ing the discs 0.5 Myr of exposure to ultraviolet radiation.

Multiple studies have observed a correlation between disc
radius and stellar density in young star forming regions.

37

[Juan Ovelar et al.| (2012) observe that, at stellar surface den-
sities greater than 10%° pc~2 there is an abrupt change in the
protoplanetary disc radius of young stars, with the maximum
radius dropping from ~10% AU to ~200 AU. This effect is pri-
marily driven by stars in the ONC, the only local environment
where such stellar densities are reached. [Eisner et al| (2018)
performed an Atacama Large Millimeter Array study of the
ONC and found most discs had radii <50 AU, significantly
smaller than found in studies of other nearby star forming
regions. However it is unclear if this truncation of protoplan-
etary disks is caused by close encounters or by photoevapora-
tion from ultraviolet radiation, since the ultraviolet radiation
field scales strongly with stellar density (e.g.,

2018).

5 DISCUSSION

Work over the last decade has provided us with a far more
detailed picture of OB associations than since the last reviews
of the Hipparcos era (e.g., Brown et al.|[1999; [Briceno et al.|
[2007; [Preibisch & Mamajekl|2008)), but that we are also on the
brink of an even greater revolution in the study of young stars
brought about by Gaia. The availability of parallaxes for low-
mass members of OB associations has allowed recent studies to
break away from the classical ‘projected’ view of nearby, young
stars and provided the first ever 3D views of their true struc-
ture. It is clear now that OB associations have considerably
more substructure than once envisioned, both spatially, kine-
matically and temporally. Furthermore, our improved ability
to identify low-mass pre-MS stars over large areas of the sky
has allowed the true spatial extent of associations to be traced
away from their bright, young OB members, and revealed for
the first time the large spatial extent and star formation his-
tory of these systems. Here we discuss these results and what
they mean for our understanding of the formation and evolu-
tion of OB associations.

5.1 Origin of OB associations
5.1.1 Substructure in OB associations and its implications

One of the most significant developments in the study of OB
associations over the last few years has been the identification
of substructure in these systems. That OB associations have
substructure has been known for over half a century
[sumian1949; Blaauw||1964a} |Garmany|1994), but recent stud-
ies have revealed how significant and prevalent this substruc-
ture is, both physically (Preibisch & Mamajek|[2008} [Wright

et al|[2014b)), kinematically (Wright et al.||2016; [Wright &
Mamajek| [2018), and temporally (Pecaut & Mamajek||2016).

Furthermore, this substructure is connected, with spatially-
or kinematically-identified substructures showing distinct age
differences (e.g., [Kounkel et al. 2018} |Cantat-Gaudin et al.|
[2019a} [Zari et al|2019).

Many authors have argued that the existence of this sub-
structure is inconsistent with OB associations being the ex-
panded remnants of single (or a small number of) star clusters
(e.g.,|Preibisch & Mamajek|2008} [Wright et al.[2014b)). This is
because two-body interactions between stars can disrupt their
organised motions and erase substructure (Parker et al[2014]
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Figure 22. Positions of young clusters at ages of 9 Myrs (left, before gas expulsion) and 13 Myrs (right, after gas expulsion) that formed
during a smoothed particle hydrodynamics simulation of star formation within a giant molecular cloud. The circles in the right-hand panel
show the size of the cluster after 4 Myr of expansion, assuming the clusters expand with their internal velocity dispersion. The simulations
result in an extended distribution of young stars with multiple kinematic substructures (the expanding star clusters) within a larger dispersing

stellar system (the OB association). Figure from |Clark et al.| (2005).

see Figure . Therefore any system of stars that has been
through a densely-clustered phase in its past should not re-
tain significant levels of substructure, even if it was born with
substructure. For example, Wright et al.| (2014b) argued that
the substructure in Cyg OB2 implies it must have been born
highly-substructured and with a relatively low volume density,
much as we see it today.

An OB association with substructure may have formed as
a collection of star clusters that have since dissolved and may
be briefly visible as kinematic substructures within the associ-
ation (e.g., [Preibisch & Mamajek|2008]). Wright et al.| (2016
argued that the kinematic substructures or internal ‘moving
groups’ seen within Cyg OB2 could be the remnants of denser
structures that existed within the association. They concluded
that the association was most likely born highly substructured
and globally unbound, with the individual subgroups born in
(or close to) virial equilibrium, and that the OB association
has not experienced significant dynamical evolution since then.

If OB associations have not passed through a densely clus-
tered phase then some (or most) of the substructure observed
within these systems is likely to be primordial, i.e., it could di-
rectly correspond to the physical and kinematic groupings and
separations predicted to result from the star formation process
(Elmegreen|2008). This could place valuable constraints on the
spatial distribution of stars during formation and therefore the
star formation process itself (e.g., Bressert et al.|2010). [Win-
ter et al.| (2019)) argued that the velocity anisotropy observed
within Cyg OB2 required the presence of primordial substruc-
ture (such as large-scale filaments of fractal clumps) from
which the substructure within the association has evolved. The
presence of velocity anisotropy within a group of stars could
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therefore be evidence for internal kinematic substructure and
insufficient dynamical mixing to erase this anisotropy.

The question this leads to then is whether the observed
substructure is primordial and if so, whether we are seeing it
in the state it was born in or whether all substructures were
initially more compact and dense in the past.

5.1.2 Ewvidence (or not) for expansion of OB associations

N-body simulations of the residual gas expulsion process pre-
dict that once the gravitational potential holding the cluster
together has been removed then the cluster expands rapidly
and that the motions of the stars should exhibit a strong and
symmetric radial expansion pattern (Baumgardt & Kroupa
2007)). The first kinematic studies of OB associations capable
of resolving such a signal could find no evidence for such radial
expansion, indicating that the associations studied were not
currently undergoing radial expansiorEI (Wright et al.|[2016;
Ward & Kruijssen||2018; [Wright & Mamajek|2018). Pre-Gaia
studies of (less massive) moving groups have found similar re-
sults (Mamajek!| 2005} [Weinberger et al.|2013; Mamajek & Bell
2014). This suggests that these systems are not expanded rem-
nants of dense star clusters. Ward & Kruijssen| (2018) were
able to go one step further and show that, with the use of
various kinematic diagnostics quantifying the degree of radial
expansion, that none of the 18 OB associations they studied
showed evidence of expansion from either a single or multiple
star clusters.

3 Note however that the systems studied are gravitationally un-
bound and therefore should expand in the future.
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Despite this, more recent studies that divide OB associa-
tions into subgroups based on their kinematics or 3D structure
have found evidence of expansion (Kounkel et al.[2018}|Cantat-|
|Gaudin et al.|[2019a). This could indicate that our previous
division of OB associations into subgroups based primarily on
the positions of stars on the plane of the sky was inaccurate
and that a spatio-kinematic division is necessary to properly
identify the remnants of expanded star clusters. If this is the
case it would support a picture whereby a large fraction of
stars are born in star clusters (or at least pass through a clus-
tered phase) that then expand and disperse for some reason.

The cause of this expansion is not currently known. Mod-
els of residual gas expulsion predict a symmetric radial expan-
sion of stars as the cluster disperses (Baumgardt & Kroupa|
, and yet recent 2- or 3-D kinematic studies of OB as-
sociations find strong evidence that most expanding associa-
tions are doing so asymmetrically (Mel'nik & Dambis||2017;
Wright & Mamajek 2018} [Cantat-Gaudin et al.|[2019a} [Arm-|
strong et al|[2020). Even some recent studies of more clus-
tered regions find that where expansion exists it is asymmetric
(Wright et al.|2019). If residual gas expulsion is not responsible
for the observed expansion of these systems, then what process
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is responsible? One possibility is that star clusters may become
unbound by tidal disruption due to a nearby giant molecular
cloud (e.g., [Elmegreen & Hunter|[2010; Kruijssen|[2011)). This
should produce expansion preferentially along a single axis
(aligned towards the disrupting body), with expansion along
the other axes developing as the cluster becomes unbound.
This process could be combined with residual gas expulsion
if the molecular cloud that the cluster is embedded in is not
symmetrically distributed around the cluster (e.g., the fila-
mentary structure of molecular clouds such as Orion A that
the ONC is in the middle of, Hartmann & Burkert|2007) or
if its density is sufficiently asymmetric that the dispersal of
the gas does not become isotropic . As the cluster becomes
unbound, the asymmetric distribution of the molecular cloud
mass surrounding the cluster could then lead to asymmetric
expansion of the cluster.

A final possibility explored by |Wright et al| (2019)) is
that the observed asymmetric expansion of these systems is
a relic of their formation process and that the clusters did
not survive long enough to be sufficiently mixed to erase it.
This might occur following the collision between two molecu-
lar clouds or if the region formed from the merger of multiple




sub-clusters along a certain axis (e.g.,|Vazquez-Semadeni et al.|
[2017} [Wright & Parker|[2019). In both of these circumstances
the cluster would form with an excess of kinetic energy along
one axis and, unless sufficient mixing occurred to erase this,
and once the cluster became unbound, this asymmetry would
be carried over to its expansion. The violent relaxation and ex-
pansion of a cluster that formed by cool collapse is a possible
mechanism for this (Parker & Wright|[2016)).

The key question therefore is whether the asymmetric ex-
pansion patterns observed are produced by the cluster dis-
ruption process (either residual gas expulsion or tidal disrup-
tion) or if they are a relic of an asymmetry that existed before
cluster formation (possibly introduced during the cluster for-
mation process) itself. Further simulations that explore these
different models would be useful to ascertain if they can re-
produce the observed levels of asymmetry.

5.1.8 Clustered versus hierarchical star formation

There are two models for the origin of OB associations that
are commonly discussed in the literature. The first is that OB
associations are the expanded remnants of dense star clusters
disrupted by processes such as residual gas expulsion (e.g.,
[Kroupa et al|[2001} Lada & Lada)[2003), while the second is
that OB associations are born out of unbound giant molec-
ular clouds with an initially hierarchical distribution of stars
(e.g.,|Clark et al|[2005}; Elmegreen|2008} Kruijssen|2012). This
difference is sometimes postulated as the difference between
clustered and hierarchical star formation, or alternatively as
the difference between star formation taking place in bound or
unbound groups. The truth is likely to be somewhere between
these extremes, but they represent useful models to explore
and compare to observations.

In the clustered star formation model the view is that
most (if not all) stars form in dense and gravitationally bound
clusters that are born embedded within molecular clouds (e.g.,
|[Lada & Ladal[2003)). Since the crossing time in such clus-
ters is smaller than the star formation timescale this implies
that the cluster is thoroughly mixed before it finishes forming
(Boily & Kroupal|2003). Feedback from the young stars heats
up and disperses the residual gas left over from star forma-
tion, removing the gravitational potential holding the cluster
in virial equilibirum and unbinding the system (Tutukov|[1978}
[Hills|[1980} Kroupa et al[2001} |Goodwin & Bastian|2006). Be-
coming gravitationally unbound the cluster then expands and
would briefly be visible as a low-density OB association, be-
fore its stellar contents disperse and populate the Galactic
field (Brown et al|[1997; Baumgardt & Kroupa/2007)). Despite
the popularity of this model, particularly for explaining the
significant difference between the number of young, embedded
clusters and older exposed clusters (Lada & Ladal[2003), re-
cent studies have questioned the effectiveness of residual gas
expulsion for disrupting clusters in regions of high star for-
mation efficiency (e.g., |Girichidis et al|2012; [Kruijssen et al.|
[2012} [Dale et al.|[2015]).

In the hierarchical model of star formation stars form in a
substructured and scale-free distribution over a range of densi-
ties (e.g., [Elmegreen/2008; |[Kruijssen|2012), following the same
fractal structure that has been observed in interstellar gas
(Scald1985} [Elmegreen & Falgarone|[1996; [Beuther et al.2007)
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and is thought to be shaped by supersonic turbulence
[1981} [Stutzki et al|[1998)). In the high-density regions, dense
and bound star clusters form due to a combination of high
star formation efficiencies (Kruijssen||2012) and hierarchical
collapse (Véazquez-Semadeni et al.|[2017)), while low-density re-
gions remain substructured and gravitationally unbound. The
model of hierarchical star formation does not require GMCs to
be gravitationally bound or in virial equilibrium for them to
be sites of star formation, supporting observations that many
GMCs are unbound (e.g., 2001)). Once these re-
gions form stars they are already gravitationally unbound and
dispersing and therefore processes such as residual gas expul-
sion are not necessary to produce unbound systems (they may
still play a role, though studies suggest the process is less ef-
ficient for clumpy initial conditions than for centrally concen-
trated conditions, [Smith et al]2011). This model predicts that
young stars should be found at a range of densities, from low-
density groups to dense star clusters, consistent with observa-
tions (e.g.,|Gomez et al.|1993; |Gutermuth et al.[|2008; Bressert|
2010).

[Clark et al.| (2005) presented simulations of star forma-
tion in an unbound and turbulent GMC that are often cited
as a possible method for the formation of OB associations.
They find that stars form in a series of star clusters that are
gravitationally unbound from each other and therefore natu-
rally move apart. The individual clusters do undergo residual
gas expulsion and potentially disperse, just as in the clustered
star formation model, with these clusters dispersing within
the larger system of clusters, potentially representing the sub-
groups observed within OB associations (see F igure. These
simulations include aspects of both models, with stars form-
ing at a range of stellar densities indicative of the hierarchical
star formation model and the formation of dense clusters that
get unbound by residual gas expulsion as in the clustered star
formation model. |Grudié et al| (2020) presented magnetohy-
drodynamic simulations of star formation in a turbulent GMC,
including the effects of radiative feedback. They find that once
feedback disperses the cloud, the stars are distributed in both
gravitationally-bound star clusters and unbound OB associa-
tions, the former often embedded within the latter, as is com-
monly observed.

To distinguish between these models we need to know
whether all the substructures observed within OB associa-
tions were originally more compact (and are now expanding)
or whether some have not been through a more compact phase
in the past and therefore constitute a truly ‘distributed’ form
of star formation that occurs at a lower density to that occur-
ring in dense clusters. If all substructures within associations
were originally more compact then an OB association may just
be considered the expanded remnants of multiple star clusters.
This leads to the question of how OB associations should be
defined.

5.2 Large-scale distribution and propagation of star
formation across OB associations

Two of the most significant results concerning OB associations
that have come from Gaia data over the last few years have
been the discovery that OB associations appear to be more
spatially extended and with longer star formation histories
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than previously thought, and that most OB associations do
not appear to exhibit a clear age gradient, but instead exhibit
a much more complex age - position structure that suggests a
more complex and fragmentary star formation history.

5.2.1 Uncovering the full spatial extent of OB associations

One of the major results to come from Gaia so far has been
the discovery of extended distributions of young stars around
many known star forming regions, clusters and OB associa-
tions. This highlights the power that Gaia parallaxes provide
in identifying young stars based on their position above the
zero-aged main sequence (see Section . Coupling these
new samples of young stars with proper motions has allowed
many authors to trace out the large-scale distributions of can-
didate young stars connected to known clusters and associa-
tions. For example traced out the distribution
of young low- and high-mass stars in the Solar neighbourhood
and found extended distributions of older stars surrounding
clusters of younger stars. This included foreground extensions
to some of the known Cygnus and Cepheus associations, as
well as a confirmation of the foreground population in front of
Orion (previously identified by [Bouy & Alves||2015). [Cantat-|
|Gaudin et al.| (2019a)) found that the young stars of the Vela
OB2 association were extended over a significantly larger area
as well, covering an area at least 200 x 300 pc across the Galac-
tic disk and extending into the neighbouring constellation of
Puppis. They found diffuse young populations of stars sur-
rounding many of the known open clusters in the area and
traced a star formation history over the last 50 Myrs.
Extragalactic studies of OB associations have also found
that some systems can be very large. [van den Bergh| (1964)
studied groups of blue stars in the Andromeda Galaxy that he
called OB associations, finding ~200 such groups (some up to
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~500 pc across) while |Delore et al| (1986]) found 42 associa-
tions in Andromeda with a typical size of 300 pc. Such spatial
scales should not necessarily be a surprise. Giant molecular
clouds can span up to a hundred parsecs and have velocity
dispersions of 5-10 km s~ (e.g., Larson|[1981} Myers||1983)). If
these scales and velocities are imprinted on the stellar popu-
lations that form then after 10-20 Myr the size of these sys-
tems can span hundreds of parsecs. Whether such systems are
identified or labelled as OB associations becomes a matter of
nomenclature. [McKee & Williams| (1997) argue for a physical
upper limit to the size of OB associations that is set by the
size of molecular clouds. Efremov & Elmegreen| (1998) suggest
that all stellar structures exist on a hierarchy of scales (see
Figuire and that OB associations (~100 pc) are just one
step on this hierarchy, larger than OB subgroups (~10 pc)
and smaller than star complexes (~1000 pc). As our census
of young stars improves over the next decade and the spatial
extent of the known OB associations is improved it is likely
that their borders and subdivisions will need to be redrawn.

This raises the question of how we define an OB associa-
tion, i.e., where does one association end and another begin?
As with molecular clouds, this is likely to be an observational,
rather than a physical, definition, as there may be no mean-
ingful physical way to divide up young stars distributed over
an extended volume of space.

5.2.2 Models of triggered star formation in OB associations

The classical model for the formation of OB associations put
forward by [Elmegreen & Ladal (1977) is that star formation
propagates through a molecular cloud by triggering, with pho-
toionization triggering the formation of each new generation
of massive stars. This model explains the existence of OB
subgroups with different ages and kinematics as the product
of each generation of triggered star formation, the triggering
process causing the stars to move away from each other and
thus creating an association of stars that are gravitationally
unbound (extending up to Galactic scales,
suggested that this model of triggering-induced self-
propagation of star formation could even explain the spiral
structure of galaxies). This model was popular because it ex-
plained the age sequences seen in OB subgroups at the time,

such as in Cep OB3 (Blaauw|1964a) and Cep OB4 (Churchwell
& Felli|1970)), though the authors did note that an irregularly-

shaped molecular cloud could prevent a clear age sequence
from being visible. A downside to this model is that it pre-
dicted that OB stars would form by triggering, with low-mass
stars forming spontaneously throughout the cloud, in disagree-
ment with more recent observations (de Geus|/1992; [Preibisch)|
|& Zinnecker|1999). Despite this, triggered star formation could
still explain the propagation of star formation within OB as-
sociations.

There are many different models for triggered star for-
mation, including radiation-drive implosion
[1982; [Bertoldi| [1989) and the collect-and-collapse process
(Elmegreen & Elmegreen||[1978). Each of these models makes
different predictions for the effectiveness of the triggering pro-
cess, the types of stars that it forms (low- versus high-mass
stars) and therefore the age differences or gradients expected
between stars of different mass (see discussion in .




Many of these predictions have been tested, but so far over-
whelming evidence for any one mechanism has not been found.
However, the idea of triggered star formation has still proven
popular with observers. It is worth noting that star formation
may be hindered or halted by feedback as well as triggered by

it, and in fact |Dale et al| (2013) estimate that the disruptive

effects of feedback typically outweigh the constructive effects.

5.2.8 Ewvidence for (or against) triggered star formation

The Sco-Cen association has provided an interesting testing
ground for theories of triggered star formation and the propa-
gation of star formation in associations. Early observations of
the low-mass population of Upper Sco provided no evidence
for an age spread (Preibisch et al.[1998| [2002)), suggesting some
external mechanism must have triggered star formation across
the subgroup. The most likely candidate for this was a su-
pernova from the nearby Upper Centaurus Lupus subgroup
(Preibisch & Zinnecker|[2007). More recent studies of the age
distribution and spreads across Sco-Cen show multiple sub-
structures within each subgroup with clear age substructure
(Pecaut & Mamajek|[2016), suggesting a single external trig-
gering agent is not required. Many authors have commented
that the classical picture of sequential star formation is not
valid for Sco-Cen because the oldest subgroup (Upper Cen-
taurus Lupus) is actually in between the other two (e.g.,
, though other models of triggered star forma-
tion do not require linear propagation of star formation (e.g.,
|[Krause et al.[2018).

In Orion OB the positions and relative ages of the various
subgroups in the association do not suggest star formation has
propagated through the cloud in a linear fashion. The associa-
tion has been forming stars for 15-20 Myrs (and still continues
to do so), but does not show any age gradient or evidence for

a linear and sequential pattern of star formation (Bally/[2008
2019). However, this conclusion is usually based

on the current positions of stars and yet these subgroups can
have very different kinematics and thus will have been in very
different positions (relative to each other) when they formed.
This may not reveal an age gradient indicative of triggering,
but it would be valuable to see where each subgroup is relative
to the other ones at the time they formed. A similar lack of age
gradient is seen in Vela OB2 and Puppis (Cantat-Gaudin et al.|
7 despite forming stars for ~50 Myrs, though again this
is based on the current positions of stars and not their posi-
tions at the time of formation.

To conclusively address the question of what role trig-
gering has played in star formation within OB associations it
will be necessary not only to map out the star formation his-
tory of an association, but to do so at the time the stars were
born, tracing the motions of the substructures back to their
configuration at birth.

5.3 Implications from our understanding of OB
associations
5.8.1 Where does star formation take place?

For many decades OB associations were considered to be the
dominant mode of star formation, due to both their ubiquity
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in the solar neighbourhood and the fact that embedded clus-

ters had yet to be discovered in huge numbers (Roberts|[1957}
[Miller & Scalo||1978). With the discovery of vast numbers of

embedded clusters in the infrared (e.g.,|Grasdalen et al|1973;
Wilking & Ladal[1983}; [Herbig & Terndrup|[1986; [McCaughrean|
& Stauffer||1994) the consensus view was that star formation
primarily took place in clusters (Lada & Ladal2003} Pfalzner|
2009) and that OB associations were remnants of dissolved
embedded clusters. It is here that the term ‘cluster’ becomes
vague, as for some this is simply a group of stars whose sur-
face density significantly exceeds that of the field
, but for others it implies a dense, gravitationally bound
and well-mixed group of stars (Baumgardt & Kroupa||2007)),
which can have very different implications (e.g., |Zinnecker &

2007)). For a discussion of the different density thresh-
olds used for defining star clusters, see [Bressert et al.| (2010).

Recent studies have suggested that star formation takes
place over a wide range of stellar densities, including both
dense clusters, low-density OB associations, and potentially
in relative isolation (e.g., Bressert et al.|[2010; [Lamb et al|
[2010; [Wright et al.|[2014b). A recent example of this is the
study by |Rate et al. @ of the membership of known WR
stars in OB associations and clusters. They find that 59-75%
of Galactic WR stars are currently isolated (i.e., are not found
in any known cluster or association), a distinctly larger frac-

tion than for Galactic O-type stars (~30%, Maiz Apellaniz

2013)). Comparing their results to predictions from sim-
ulations of dispersing star clusters and OB associations,

conclude that >50% of WR stars formed in low-
density, moderately substructured associations that expand
during the WR star lifetime and make the WR star appear
relatively isolated. The degree to which OB associations are
made up of dense clusters is potentially still open for debate,
as highlighted by the ongoing search for evidence of expansion
in OB associations and their substructures (see Section,
and these systems may include stars that formed at a wide
range of stellar densities in groups that are now dispersing
and mixing.

One of the implications of such a view is that star forma-
tion takes place at different densities and therefore that un-
derstanding and quantifying the distribution of star formation
densities is important for fully understanding the star forma-
tion process. present a model whereby stars
form over a range of stellar densities, with bound clusters aris-
ing at the high-density (and high star formation efficiency) end
and the remaining stars forming in unbound, substructured
groups that would be observed as OB associations. Models
such as this that attempt to quantify the frequency at which
star formation takes place at different densities are useful for
understanding the relative important of different birth envi-
ronments, particularly if the products of the star formation
process (such as binary or planetary system properties) vary
with environment. In their model generate
a probability density function at which star formation takes
place and then integrate this to calculate the fraction of stars
that form in bound clusters or in unbound associations. They
predict that, over cosmic time, 65-70% of stars in the Uni-
verse formed in associations, which would therefore make it
the most common form of star formation. The simulations of
star formation presented by |Grudié et al| (2020) suggest that




the fraction of stars born within bound clusters is related to
the overall star formation efficiency in the GMC, that itself is
driven by stellar feedback (though with significant scatter due
to small-scale variations in the star formation process). This
would imply that the fraction of star formation occurring in
bound clusters should increase as metallicity decreases (due to
weaker OB stellar winds) and therefore bound clusters should
be more common in the early Universe.

5.8.2  FEwvolution of binary systems

There is some evidence that the multiplicity fraction of stars
in associations is higher than in star clusters or the field and
that the properties of binary stars also differ (see Section.
Given that binary systems can be affected by close encoun-
ters with other stars and that the close encounter timescale
scales as p~ ' (such that close encounters between stars are
less common in associations than in star clusters) then it is
not surprising that the multiplicity rate is higher in associa-
tions.

If this is the case then binary stars are more likely to origi-
nate from associations than from clusters and the multiplicity
properties of those systems could vary in the two different
environment. This could have implications for the origins of
high-mass X-ray binaries, the ejection of runaway OB stars
(Gies & Bolton||[1986), and the evolutionary descendants of
high-mass stars in binary systems (Sana & Evans||2011). It
could also affect how observers deal with the impact of bi-
nary systems, such as the effect on the positions of stars in
the colour-magnitude diagram (Hurley & Tout|/1998) and on
measured radial velocity dispersions (Cottaar et al.[2012). It
will therefore be necessary to understand how the multiplicity
properties of stars varies as a function of their birth environ-
ment.

A notable example of the possible impact of environment
on the properties of binary systems is the abundance of wide
O-type binaries in Cygnus OB2, where |Caballero-Nieves et al.|
find that ~51% of stars have companions with pro-
jected separations >100 AU. |Griffiths et al|(2018) argue that
this observation places strong constraints on the number of
clusters or bound structures that could have existed within
this association, as their simulations show that only one mas-
sive wide binary can exist within a cluster, implying that the
association must have been made up of at least 30 distinct
massive star formation sites (supporting the significant kine-
matics structure observed within the association,

2016).

5.8.8  FEwolution of protoplanetary disks and formation of
planetary systems

As with binary systems, protoplanetary disks and planetary
systems are strongly affected by close encounters with other
stars and by UV photoevaporation due to nearby OB stars
(e.g., [Johnstone et al|[1998; |Scally & Clarke| 2001} |Adams|
et al|2004). For example, Rosotti et al.| (2014) find that the
radii of protoplanetary disks are set by the closest dynami-
cal encounter they experience. [Vincke & Pfalzner] (2016)) also
find that in dense clusters (> 10° Mg pc™), disks with radii
larger than ~500 AU can be easily affected by fly-bys that
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Figure 25. Local stellar density, n., versus far-UV flux, Go, within
various star clusters and OB associations. Each region was divided
into radial bins and the mean flux and density in that bin is shown
by the square markers, except for the Cyg OB2 association, for
which triangles also show the mean flux and density when the
substructure within the association is considered. Shaded regions
show the standard deviation (+1c) of the flux in each radial bin.
The numbers in brackets represent the assumed maximum stellar
mass in solar masses for each region. The solid black line follows
Go = 103 (ne/pc—3)1/2. Figure from [Winter et al|(2018).

truncate their disks down to 100-200 AU in radius.
[Ovelar et al|(2012) show that dynamical interactions between
stars and planetary systems can also eject planets from their
host star. [van Elteren et al.| (2019) find that in young dense
clusters like the Orion Nebula Cluster, 16.5% of planets will
be ejected within 10 Myr due to a combination of strong close
encounters with other stars and internal planetary scattering
(see also [Laughlin & Adams|[1998). Such ejections have im-
plications for the chances of life existing within these systems
if planets are ejected from the habitable zones of these sys-
tems. Photoevaporation due to far-ultraviolet radiation is also
thought to be important in the vicinity of luminous OB stars,
inducing mass-loss that can evaporate gas from protoplane-
tary discs within as little as 1 Myr (e.g., [Adams et al.||2006;
[Nicholson et al.[2019).

All of these effects are strongly dependent on the stellar
density. The lower densities in OB associations (typically ~10
Mg pc™?) means that young stars will (typically) have lower
close encounter rates and be exposed to weaker UV fluxes than
stars in dense clusters (e.g.,/Adams et al.|[2006; Nicholson et al.|
[2019} [Winter et al|[2019). For example, Winter et al. (2018)
compare the far-UV fluxes and stellar densities in various clus-
ters and associations and show that stars in Cyg OB2 expe-
rience significantly lower ionising fluxes and stellar densities
than stars in comparably-massive star clusters such as West-
erlund 1, the Arches cluster or NGC 3603 (see Figure. One
would therefore expect protoplanetary disks in high-density




environments to be less frequent, smaller, and less massive,
and studies confirm this (e.g., |Guarcello et al|[2016} [de Juan]
[Ovelar et al.|2012; [Eisner et al.||2018]).

Smaller disks and more frequent close encounters will
lead to shorter disk lifetimes, which may have implications for
planet formation. In very high density clusters, such as West-
erlund 1, most wide-orbit planets (a > 20 AU) will be ejected
within 10 Myr, favouring the production of systems with fewer
planets, that are preferentially close-in and high mean eccen-
tricities or inclinations . This means that most
wide-orbit planets, planets with low eccentricities or inclina-
tions, or planetary systems with a high degree of multiplicity
are likely to originate in either small star forming regions or
low-density OB associations. At first glance this might hin-
der the formation of planetary systems, though some studies
have argued that photoevaporation may help trigger the for-
mation of planetesimals (Throop & Bally|[2005). It may also
be the case that less massive protoplanetary disks may lead to
the formation of less-massive, and therefore more Earth-like,

exoplanets. We refer the reader to (2020) for a more

detailed discussion on these topics.

5.4 Future prospects

Early Gaia data have already provided a tantalising glimpse
of the potential of data from this satellite over the next few
years. The existing astrometric data will improve in precision,
the current systematic uncertainties in the astrometric solu-
tion will hopefully be resolved (Lindegren et al.|[2018), and
additional stellar parameters (such as radial velocities and
effective temperatures) will become available for an increas-
ing number of stars. In addition, complementary spectroscopy
from wide-field multi-object spectroscopic surveys for millions
of stars will become available from facilities such as WEAVE
(Dalton et al|2018) and 4MOST (de Jong et al.|[2019). Ro-
tation periods from time-domain surveys (such as those used
to discover exoplanets) and X-ray data from satellites such as
eROSITA (Merloni et al.|[2020) will also help identify young
stars for studies of OB associations.

Here we discuss how these developments and new facilities
could lead to advances in our understanding and investigation
of OB associations.

5.4.1 Identification of members of nearby associations

Gaia data has already proven revolutionary in allowing us
to use the luminosity method to identify nearby young stars
(e.g., [Zari et al|[2018} [Damiani [2018} |[Cantat-Gaudin et al|
2019b)). This has so far been effective for associations within
~500 pc where Gaia’s current parallax uncertainty (0.3 mas
random error at G = 19 mag, combined with a 0.1 mas system-
atic uncertainty [Lindegren et al|[2018]), allows identification of
unreddened stars above the binary main sequence (0.32 mas
at 500 pc equates to a photometric uncertainty of ~0.35 mag).
Stellar reddening complicates matters, but this can be offset by
using spectroscopic extinctions or applying broad proper mo-
tion cuts to isolate the OB association population (e.g., |Zari
. Gaiad’s end-of-mission astrometric performance
will improve (Gaia Collaboration et al.|[2016) and systematic
errors should be resolved, which will extend the viability of
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this method, potentially out to ~1 kpc (though at these dis-
tances the smaller parallaxes and fainter sources limits the
range of this approach).

The use of rotation periods to identify young stars
based on their rapid rotation will become more effective as
more wide-field time-domain surveys come about (e.g., TESS,
[Ricker et al.|2015)). Though these missions are designed to
detect exoplanets, the high cadence and precision photome-
try is ideal for measuring rotation periods, and being wide-
field with high-enough spatial resolution makes them well-
suited for studying OB associations (the pixel scale of 21”
for TESS should be sufficient for the brighter members of
most nearby associations). New all-sky X-ray satellites such as
eROSITA (Merloni et al.|[2020) will also be valuable for iden-
tifying nearby young stars in OB associations. While both of
these approaches will not extend as deep as Gaia astrometry,
they will be more effective for older (>20 Myr) OB associa-
tions members whose luminosity is not sufficiently above the
main sequence to facilitate easy identification.

All these techniques will greatly increase our knowledge
of the membership of nearby associations. This will facilitate
detailed studies of the structure of OB associations to help
understand their initial conditions and evolution. Larger and
more complete samples of young stars within OB associations
will be useful for studying their mass functions, particularly
at low-masses, and to determine whether there is any sys-
tematic variation of the mass function between stars born in
low-density associations and high-density clusters (e.g.,
. Combined with data from infrared or sub-
mm surveys these data will be important for measuring the
fraction of stars with protoplanetary disks and their proper-

ties and to study how they vary with environment (Williams
2011). As new OB associations at different ages are

identified they will provide useful samples for studies of stel-
lar evolution, for example to understand how radius inflation
varies with stellar mass and age (e.g., [MacDonald & Mullan|
and to study the evolution of exoplanet systems and

atmospheres (Ribas et al.|2005).

5.4.2 Identification of distant OB associations and members

For more distant OB associations (>1 kpc), the identification
of their low-mass members becomes more difficult, due to both
their faintness and the reduced precision of Gaia-derived dis-
tances for such stars. Our knowledge of OB associations at
such distances is very limited and typically dates back to the
works of [Humphreys| (1978) and |Garmany & Stencel| (1992),
both of which based their membership only on photometry and
sky position, as kinematic information was not available. As
such, some of these associations may not prove to be physical
entities once analysed with parallaxes and kinematic informa-
tion.

Identifying the members of more distant associations (and
thus mapping out the distribution and properties of OB as-
sociations across the galaxy) is best achieved photometrically
and focussing on the more massive members of these asso-
ciations. Recent Galactic Plane photometric surveys such as
IPHAS (Drew et al][2005), VPHAS+ (Drew et al|[2014), and
GALANTE (Lorenzo-Gutiérrez et al|[2019) allow OB stars
to be identified to great distances (e.g., [Mohr-Smith et al|




2017), with their kinematics and parallaxes constrained by
Guaia. Drew et al. (2018]) use these data to study the distri-
bution of massive stars around the star cluster Westerlund 2,
uncovering a new OB association projected in its vicinity.

The combination of photometric surveys and Gaia as-
trometry offers the potential over the next decade to map
out the distribution of OB stars within the majority of the
near-side of our galaxy. This will allow our list of known OB
associations to be verified, updated and expanded, providing
samples for further studies of these systems, recalibration of
the upper main sequence in the Hertzsprung-Russell diagram,
and for studying the luminosity function and spatial distri-
bution of OB associations in the galaxy. This can be used to
address important questions such as whether OB associations
differ in and between spiral arms, how much substructure OB
associations exhibit at different ages, and how OB associations
within large (kpc) volumes, such as in star-forming complexes
and spiral arms, are related to each other.

5.4.8  Youth indicators and age estimates from spectroscopy

Despite advances in our methods to identify candidate young
stars from photometric and astrometric surveys, spectroscopy
is still crucial to verify the youth of candidate members of
OB associations. The next-generation of multi-object spec-
troscopic instruments (e.g., WEAVE, 4MOST, and MSE, the
Maunakea Spectroscopic Explorer) are ideal for studying OB
associations as they have wide fields of view (several square
degrees) and can observe a large number of sources in each ob-
servation (several thousand in each configuration). They are
therefore well suited to the large spatial extent and low stellar
densities within OB associations. Spectroscopy from these sur-
veys can provide lithium equivalent widths and surface grav-
ity indicators to verify the youth of low-mass stars, as well as
providing effective temperatures, radial velocities, and abun-
dances.

The combination of precise effective temperatures and ab-
solute magnitudes can provide improved age estimates for OB
associations and their subgroups. This will help to address
the question of whether age spreads exist within OB associ-
ations and to what extent such spreads can be explained by
the observed physical substructure in associations. On larger
scales, stellar ages allow us to trace the star formation history
across OB associations and OB complexes, which can be used
to address the question of what role triggering may play in the
propagation of star formation.

5.4.4 3D kinematics of OB associations

The combination of precise astrometry from Gaia and radial
velocities from spectroscopic surveys opens the doors to 3D
kinematic studies of OB associations, which will be necessary
to constrain their past evolution and understand their dynam-
ics. Combined with parallaxes for stars in nearby associations
this will facilitate 6D spatial and kinematic studies. Early ex-
amples of such studies have shown their potential for dissecting
the complex structure of OB associations and searching for ev-
idence of expansion (e.g., Wright & Mamajek||{2018; [Kounkel
et al.[2018;|/Cantat-Gaudin et al.|2019a)). Extending these stud-
ies to more associations and larger samples of stars will allow
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us to study how the kinematics of different subgroups are re-
lated and to determine how OB associations are dispersing
and what processes were responsible for disrupting them.

Combining 3D kinematics with 3D positions and age es-
timates for groups of stars provides 7D spatial, kinematic
and temporal structure in the association to be studied (e.g.,
Cantat-Gaudin et al.|2019a; [Zari et al.|2019). With age and
kinematic information we can also trace back the motions of
stars in 3D to ascertain their initial arrangement and kinemat-
ics at formation, and also look forward in time to determine
how long OB associations will retain a distinct phase-space
structure and be identifiable to observers.

5.4.5 Chemistry within OB associations

The next frontier of OB association studies is to use high-
resolution spectroscopy to study their chemistry. Chemical
abundances for large numbers of stars will allow us to deter-
mine whether OB association subgroups exhibit distinct chem-
ical variations and if so how this compares to their primordial
structure and potentially the chemistry within the molecu-
lar clouds from which they formed. Such data can also be
used to search for abundance gradients across the large scales
of OB association complexes, testing evidence for supernova-
driven enrichment from stars in one association subgroup to
another. A variant of ‘chemical tagging’ may also be possible,
allowing the membership of dispersed OB associations to be
reconstructed from isolated young stars in the vicinity of OB
associations or in the Galactic field.

6 SUMMARY

OB associations have long been recognised as important ob-
jects in both star formation and the early evolution of stars
and stellar systems. There is now growing evidence that star
formation takes place in OB associations at lower densities
than in dense star clusters, and that the low density in such
environments is favourable to the formation and evolution of
binary systems and for the survival of protoplanetary disks
and young planetary systems. It is therefore important to un-
derstand how OB associations form and evolve.

It is clear that OB associations are highly substructured,
both spatially, kinematically and temporally, and that this
substructure is connected. It appears that these systems were
born with at least as much substructures as we seen them now
and therefore that this substructure can provide clues to their
primordial state. Though OB associations are globally un-
bound, the evidence for their expansion has so far been mixed,
with some studies finding clear expansion patterns and other
studies finding no evidence for expansion. These disagreements
may originate with the different samples or subdivisions of as-
sociations into subgroups used by different authors, with the
complex substructure within associations hiding their true ex-
pansion patterns. Despite these disagreements, even when ex-
pansion is observed and measured there is very little evidence
for the simple picture of symmetric radial expansion predicted
by models of residual gas expulsion. It is likely that either more
complex models of residual gas expulsion or even other models
for the dispersal of young stars will need to be considered.



Large-scale studies are also increasing the size of known
OB associations beyond the classical OB star markers of these
systems. As with the recent discovery that open clusters have
a larger physical extent than once thought (Gaia Collabora-
tion et al.[|2017)), OB associations also seem to extend further.
These extended regions appear older and more diffuse than the
main parts of the association, lacking the bright OB members
that would explain why they have only recently been uncov-
ered. These extended regions will be important for studying
the propagation of star formation on larger scales, within and
between associations.

It is an exciting time to be studying OB associations.
Gaia data is revolutionising our view of these systems, while
future spectroscopic and multi-wavelength facilities will only
improve the observations. There are still many open questions
regarding the initial spatial and kinematic structure of OB
associations, their properties, stellar content (including bina-
rity), evolution and dispersal. Whatever the outcome of the
studies that address these questions, it is clear the results will
only enrich and improve our understanding of the star and
planet formation process in the Universe.
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