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OB ASSOCIA TIONS: NEW INSIGHTS FROM LAR GE SCALE SURVEYS

C. Briceno!

RESUMEN

Una de las pregurtas fundamentales de la astronoma moderna es como se formo el Sistema Solar. Ahora
reconacemosque la mayor a de las estrellasen la Galaxia seformaron en vastasregionesllamadas ascciaciones
OB, que exhiben todas las etapas del procesode formacion estelar, desde cumulos embebidos muy jovenes,
hasta estrellas mas viejas ya libres de su gasy polvo primigenios. Los sondeosa gran escalaen estasregiones
han revelado que las estrellasde baja masaexisten dondequieraque se han formado estrellasde alta masa. La
distribuci on espacialy edadesde las estrellasjovenesde baja masaapoyan la idea de que la nubesmoleculares
progenitoras son estructuras transitorias, contiemposde vida de 10 Maros 0 menos,y que la formacion estelar
es un procesorapido y a menudo inducido. Los estudios de los discos circunestelaresen estas poblaciones
jovenesindican que la fasede formacion de planetas dura en promedio 10 Maros 0 menos.

ABSTRACT

One of the fundamental questionsin modern astronony is how the Solar System formed. We now recognize
that the majority of stars in the Galaxy formed in vast regionscalled OB asscaiations, which exhibit all stages
of the star formation process,from very young, embedded clusters, to older, fully exposedyoung stars. Large
scalesurveysin these regions have revealedthat low-massstars exist wherewer high-massstars have recenly

formed. The spatial distribution and agesof low-massyoung stars provide support to the ideathat the parert

molecular clouds are transient structures, with lifetimes of 10 Myr or less,and that star formation is a rapid

and often triggered process. Studies of circumstellar disksin theseyoung populations indicate that the duration

of the planet-forming phaseis on average10 Myr or less.
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1. INTR ODUCTION sive stars (a BO star has a main sequencdifetime of
roughly 11 Myr). Thus, it follows from their de ni-
tion that OB assaiations are regionsharboring pop-
ulations of very young stars, their low-massmembers
still on their pre-main sequencephase. The Hippar-
cos satellite provided measuremets that located a
dozenOB assaiations within 650 parsecsof the Sun
(de Zeuww et al. 1999). The nearest OB assia-
tion is the Scorpius-Cettaurus Asscciation, located
at 160pc (e.g. Preibisch & Mamajek 2008).

Most star formation in normal galaxiesoccursin
the coresof the largest dark clouds in spiral arms,
known as Giant Molecular Clouds (GMCs). A GMC
may give rise to one or more star complexesknown
as OB assaiations, rst de ned and recognizedby
Ambartsumian (1947). Theseare typically looseag-
gregatescontaining 10{100 massie stars of spectral
classO and B. Becausethe stellar density is rather
low, < 1M pc 3, oncethe surrounding dust and
gas are blown away by the powerful winds of the
early type stars, or by shock waves when the most
massiwe stars explode as supernavae, the remaining
stars becomeunbound and begin to drift apart, un-
der the combined e ect of the internal velocity dis-
persion (of a few km/s) and galactic tidal forces.
This meansthat OB assaiations cannot survive as
coherer ertities in spacefor much longerthan 10{30
Myr; proper motion measuremets in nearby OB as-
sociations show that memberssharea commonspace
motion. This timescaleof a few tens of Myr is also of
the order of the main-sequencdifetimes of the mas-

Since most stars probably originate within the
ervironment of OB assaiations, it is important to
study how the ambient conditions may aect the
resulting young stars and their surrounding plane-
tary systems. Possiblee ects can include the stellar
winds & ionizing UV radiation from the massiwe O
and early B-type stars, which can help dispersethe
molecular gas surrounding low-mass stars in their
earliestformation stages(Hartmann et al. 2001);this
could provide a medchanism to terminate star forma-
tion in the regions closestto the massiwe stars, or
alternativ ely it could truncate the lower massend of
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ation from massiwe stars can also destroy circum-
stellar disks, a ecting planet formation (e.g. Adams
et al. 2004; Robberto et al. 2008). At the same
time, powerful stellar winds and SN shock wavescan
help trigger star formation in nearby densemolecu-
lar clouds, or even help compresslower density HI to
createnew molecular clouds (seeBallesteros-Paredes
et al. 2007;Bricero et al. 2007a).

2. STELLAR POPULATIONS IN YOUNG
ASSOCIATIONS

Recern studies made possible by the advent of
panoramic CCD camerasinstalled on wide- eld tele-
Scopes, are starting to produce our rst signi cant
view of the young, low-mass stellar populations in
nearby OB assaiations. However, obtaining a com-
plete censusof the low-mass stars is not a simple
task. Unlike partly embedded,optically visible clus-
ters like the Orion Nebula Cluster (ONC), most of
the low-massstellar population in nearby OB asso-
ciations is widely spreadover tens or even hundreds
of square degreeson the sky. Moreover, it is likely
that after 4 Myr the stars are no longer ass@i-
ated with their parent molecular clouds (Bricero et
al. 2007a), making it dicult to sort them out from
the eld population. Therefore, a particular combi-
nation of various instruments and techniques is re-
quired to reliably single out the low-masspre-main
sequencgPMS) stars.

2.1 Finding young, low-massstars

Low-massPMS stars, alsoknown asT Tauri stars
(TTS) are characterized by late spectral types (G-
M), strong emissionlines (especially H ), photomet-
ric variabilit y, uv excesemission,strong X-ray emis-
sion, and infrared excesses. Stars resenbling the
original variables rst identied asTTS are currently
called \strong emission" or Classical TTS (CTTS).
The extreme emissionlevels obsened in CTTS can
be explained by a combination of enhancedchromo-
spheric activity and emissioncoming from accretion
shocks in which material from a circumstellar disk is
funneled along magnetic eld lines onto the stellar
photosphere.

Because of these obsenational characteristics,
the main seard strategieshave beenobjective prism,
X-ray, and proper motion surveys, single-epch pho-
tometry, and more recertly, variability surveys (see
Bricero et al. 2007a, for a more extensive review).
In particular, large scale photometric variability
searhes have proved to be an ecient means of
selecting reliable candidate TTS samples over ex-
tended areas of the sky. In Figure 1 it is evident
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Fig. 1. Surface density of 2MASS sources,located above
the ZAMS and agged as variable, in part of Orion OB1
(Bricero et al. 2001, 2005). In the upper right is the

8 Myr old 25 Ori cluster (Bricero et al. 2007b); in
the lower left the 3 Myr old Ori cluster (Hernandez
et al. 2007a). Rectangles indicate regions studied with
Spitzer (seeHernandez et al. 2007b). The three stars of
the Orion belt are labeled.

that objects selectedas variable stars located above
the zero-agemain sequencefrace well the actual dis-
tribution of young membersin the Orion OB1 asso-
ciation.

Howewer, any of the various seard methods ulti-
mately requires low to moderate resolution spectra
to con rm membership of PMS stars. The presence
of strong 6708 A Li | absorption is one of the most
commonly used spectroscopic diagnostics of youth
(e.g., Bricero et al. 1993, 2001; Dolan & Mathieu
2001; Bricero et al. 2005). The advent of power-
ful multi-ob ject spectrographs,suc asHydra on the
WIYN 3.5m and the CTIO 4 m telescopes,and Hec-
tospec on the 6.5 m MMT, has now made feasible
the necessanyarge scalefollowup spectroscoyy, with
enough sensitivity and resolving power to detect Li
| in faint, low-masscandidate PMS stars.

3. WHAT WE HAVE LEARNED FROM YOUNG,
LOW-MASS STELLAR POPULATIONS IN OB
ASSOCIATIONS

3.1 Short molecular cloud lifetimes | Rapid Star
Formation

One of the problemsdirectly related to the prop-
erties of the stellar populations in OB ass@iations
are the lifetimes of molecular clouds. Age esti-
mates for GMCs can be very discordart, ranging
from 10° years (e.g., Scoville & Hersh 1979) to
just a few 10° years (e.g., Elmegreen et al. 2000;
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Hartmann et al. 2001; Clark et al. 2005). Molecular
clouds lifetimes bear importantly on our picture of
star formation. Two main views have beencorntend-
ing among the sciertic community during the past
few years. In the standard picture of star formation
magnetic elds are a major support medanism for
clouds (Shu, Adams, & Lizano 1987). In order for
the cloud to attain the critical value for collapse,the
magnetic ux per unit masscan be reducedthrough
ambipolar di usion, in which the gravitational force
pulls massthrough the resisting magnetic eld, ef-
fectively concerntrating the cloud and slowly \leaving
the magnetic eld behind". Therefore, the duration
of star formation should be of the order of the mag-
netic di usion timescale, tp 5 10%(ni=ny») yr
(Hartmann et al. 1998), which will beimportant only
if the ionization inside the cloud is low (nj=ny 2 <
10 7), in which casetp 10" yr; therefore, the so
called\standard" picture depicts star formation asa
\slow" process.If molecular cloudsdo indeedlive for
long periods beforethe onsetof star formation, then
we should expect to nd a majority of starlessdark
clouds; however, the obsenational evidence points
to quite the cortrary. Almost all cloud complexes
within 500 pc exhibit active star formation, har-
boring stellar populations with ages 1 10 Myr.
Recert wide- eld optical studies in OB ass@i-
ations like Sco-Cen (Preibisch et al. 2002), Orion
(Dolan & Mathieu 2001; Bricero et al. 2001, 2005,
2007b; Bricero 2008), and Cepheus(Sicilia-Aguilar
et al. 2005), show that the groupings of stars with
ages> 4 5 Myr have mostly lost their natal gas.
The growing notion is that not only do molecular
clouds form stars rapidly, but that they are tran-
siernt structures, dissipating quickly after the onset
of star formation. The problem of accunulating and
then dissipating the gasquickly in molecular clouds
has beenaddressedby Hartmann et al. (2001). The
energy input from stellar winds of massiwe stars, or
more easily from SN shocks, seemsto be able to ac-
court for the dispersal of the gason short timescales
in the high density regions typical of GMC com-
plexes;if enoughstellar energyis input into the gas
such that the column density is reduced by factors
of only 2{3, the shielding could be reduced enough
to allow disscciation of much of the gasinto atomic
phase, e ectiv ely \dissipating" the molecular cloud.

3.2. Star formation is often triggered

One of the best sample casesfor triggered star
formation in a nearby OB assaiation is Upper Scor-
pius. Preibisch et al. (2002) investigatedthe star for-
mation history in this region, and estimated that the

original size of the assaiation was probably about
25 pc. The internal velocity dispersion of the Hip-
parcos members of Upper Scois only 1.3 km s !
(de Bruijne 1999), implying a lateral crossingtime
of 25 pc/1.3 kms ' 20 Myr. This crossingtime
is much larger (about an order of magnitude) than
the age spread of the assaiation members (which
is < 2 Myr as derived by Preibisch & Zinneder
1999). This nding clearly shows that some exter-
nal agen must have coordinated the onset of the
star formation processover the full spatial extent
of the assaiation. In order to accourt for the small
spreadof stellar ages,the triggering agert must have
crossedthe initial cloud with a velocity of at least
15 25km s 1. Finally, some medanism must
have terminated the star formation processat most
about 1 Myr after it started. Both e ects can be
attributed to the in uence of massiwe stars.

The scenarioin Upper Scois consistert with a
supernova explosionin the Upper Centaurus-Lupus
assaiation that happenedabout 12 Myr ago. The
structure and kinematics of the large H | loops sur-
rounding the Sco-Cenassaiation suggestthat this
shock wave passedthrough the former Upper Sco
molecular cloud just about 5{6 Myr ago (de Geus
1992), which agreesvery well with the agesof the
low and high massstars. Furthermore, sincethe dis-
tance from Upper Cen-Lup to Upper Scois about
60 pc, this shock wave probably had precisely the
properties (v 20 25 kms 1) that are required to
induce star formation according to various numeri-
cal studies(e.g., Boss1995;Foster & Boss1996;Van-
hala & Cameron1998;Fukuda & Hanawa 2000)that
have modeled the outcome of the impact of a shack
wave on a cloud core. Thus, the assumption that
this supernova shock wave triggered the star forma-
tion processin Upper Scoprovides a self-consisten
explanation of all obsenational data.

Other relatively nearby regions have also been
suggestedas scenariosfor triggered star formation.
The CepheusOB2 assaiation (Cep OB2), located
inside a 120 pc wide ring-lik e feature, also known as
the Cepheusbubble, contains the Tr 37 and NGC
71600pen clusters, and the HI I region IC 1396 (Fig-
ure 2). Patel et al. (1995, 1998) found that the
molecular clouds are undergoing an asymmetrical
expansion away from the Galactic plane, and pro-
posed a scenario in which the large scale bubble
was blown away by stellar winds and photoioniza-
tion from the rst generationof OB stars, which are
no longer preser (having exploded as supernovae).
The 10 Myr old (Sicilia-Aguilar et al. 2004) NGC
7160cluster and ewlved stars such as  Cephei, VV
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Sequential star formation in
Cep OB2: three generations

o

IC 1396 (3 Myr)

Fig. 2. Star formation in Cepheus. The oldest generation
is marked by the NGC 7160 cluster. The 4 Myr old
Tr 37 cluster is located on the lower right edge of the
bubble. The O6 star HD 206267is exciting the IC 1396
HI1 region, inside which Spitzer has revealed a series of
embedded protostars (open squares;Readc et al. 2004),
on the edgefacing the massiwe star.

Cepheiand Cepheiarethe presert day companions
of those rst OB stars. Once the secondgeneration
of massiwe stars formed, they started a ecting the
densegasin the remaining parent shell, which ex-
panded in rings like the one seenin IC 1396. The
dynamical timescale for this expansionis of the or-
der of 1{3 Myr, consistert with the very young ages
(1 2Myr) of the low-massstarsin the vicinity of
IC 1396(Sicilia-Aguilar et al. 2004). This HII region
is interpreted as the most recernt generation of stars
in Cep OB2.

In the Orion OB1 assaiation Blaauw (1964) pro-
posedthat the ONC is the most recert evert in a se-
ries of star-forming episadeswithin this assaiation.
The increasing ages between the ONC, Ori OB1lb
and Ori OBla have beensuggestedto be a casefor
sequettial star formation (Blaauw 1991).

3.3. Star Formation is a rapid process

Another implication of \slow" star formation is
that of agespreadsin star-forming regions. If clouds
did last for tens of Myr there should exist a popula-
tion of PMS starswith comparableages(the \p ost-T
Tauri problem™"). Many seardes for such \missing
population” were conductedin the optical and in X-
rays (seeNeuhauser1997). The early claims by these
studies of the detection of large numbers of older T
Tauri stars widely spreadacrossseweral nearby star
forming regions, were countered by Bricero et al.
(1997), who showed that these sampleswere com-
posedof an admixture of young, X-ray active ZAMS
eld stars and sometrue PMS members of thesere-
gions. Subsequen high-resolution spectroscopy con-
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Fig. 3. HR diagram for the Upper Scoassciation mem-
bers from the study of Preibisch et al. (2002). The lines
show the evolutionary tracks from the Palla & Stahler
(1999) PMS models, somelabeled by their massesin so-
lar units. The thick solid line shows the main sequence.
The 5 Myr isochrone is shown as the dashedline; it was
composedfrom the high-mass isochrone from Bertelli et
al. (1994) for massess 30M , the Palla & Stahler (1999)
PMS models for massesl 6M , and the Barae et al.
(1998) PMS models for masses0:02 1M . The grey
shaded band shows the region in which one expects 90%
of the member stars to lie, basedon the assumption of a
common age of 5 Myr for all stars.

rmed this idea. Presenly, there is little evidence
for the presenceof substartial numbersof older PMS
stars in and around molecular clouds.

Figure 3 shows the HR diagram cortaining all
Upper Sco assaiation members from Preibisch et
al. (2002); the diagram alsoshaws the main sequence
and a 5 Myr isochrone. Not only the majority of the
low-mass stars, but also most of the intermediate-
and high-mass stars lie closeto or on the 5 Myr
isochrone. There clearly is a considerable scatter
that may seemto suggesta spreadin stellar ages.In
the particular caseof Upper Scoshaown here, in ad-
dition to e ects like photometric errors, variabilit y,
and unresohed binaries, the most important factor
for the apparert scatter is the relatively large spread
of individual stellar distances( 20 pc around the
mean value of 145 pc; in this very nearby and ex-
tended region, which causesthe luminosities to be
either over or under estimated when a single distance
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is adopted for all sources. Preibisch et al. (2002)
showed that the obsened HR diagram for the low-
mass stars in Upper Scois consistent with the as-
sumption of a common stellar age of alout 5 Myr;
there is no evidene for an agedispersion, althougha
small agespread of 1 2 Myr cannot be excludel by
the data. The absenceof a signi cant agedispersion
implies that all starsin the assaiation formed more
or lesssimultaneously. Therefore, the star-formation
processmust have started rather suddenly and ev-
erywhere at the sametime in the assaiation, and
also must have endedafter at most a few Myr.

3.4. The timescale for planetary formation

Circumstellar disks around young stars play an
important role in determining the nal massof the
star and as potential sites for planet formation. We
now recognizethat dust particles suspendedin the
disk gasewlve, with solids coagulating and settling
toward the midplane (Weidensailling 1997); this
dust growth and settling are thought to be the rst
stagein planetary accunulation (Pollack et al. 1996).

The presenceof disks can be infered by optical
signatures like strong emissionin hydrogen Balmer
lineslikeH , producedby hot (T  10* K) gas o w-
ing through a magnetosphereand by excesdR emis-
sion from warm dust in the disk, heated by irradia-
tion from the certral star. By courting the number
of disk-bearing stars at ead age,under di ering con-
ditions, we can investigate how bulk disk properties
ewlve, what is the overall timescale for planetary
formation and how ambient conditions may in uence
this ewolution. So far, the most extensive studies of
how circumstellar disk fractions change with time
have beenconductedin the Orion OB1 assaiation.

Bricero et al. (2005, 2007b), usedthe strong H
emissionin CTTS asa proxy for disk accretion, and
derived accretor fractions of 6{13% in Ori OBlaand
in 12{23% Ori OB1b. McGehee(2006) found a simi-
lar CTTS fraction of 10%in Ori OBla. Within the
uncertainties, there is a clear decline in the number
of accreting starsbetweenthe 4 Myr old OB1b and
the 7{10 Myr old OBla. Calvet et al. (2005) used
UV excesseso derive massaccretion ratesin a sub-
set of Orion OB1 CTTS. They found a decreaseof
M. with age,which qualitativ ely agreeswith expecta-
tions from viscousdisk ewolution. However, viscous
ewolution alone cannot explain the decreasingfrac-
tion of accreting objects with age;other factors (e.g.
inner disk clearing assaiated with planet formation
Calvet et al. 2002; D'Alessio et al. 2005) must also
play arole in slowing accretion onto the certral star.

More recertly, Hernandez et al. (2007b) used
IRAC and MIPS on Spitzer to look for dusty disks

Tr 37
i0ri OB1b —
NGC 7160

|
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Fig. 4. Disk Evolution with Spitzer (from Hernandez
et al. 2007b). Upper panel: median slope of the spec-
tral energy distributions between3.6 m and 8 m for
various stellar groups, including 25 Ori and  Ori. \Er-
ror bars" are quatrtiles, i.e., 50% of the obsenations are
within thesebars. Lower panel: similar plot for the IRAC
3.6 m and MIPS 24 m bands.

in Ori OBlaand OB1b. They derived disk fractions
of 6% in the 25 Ori cluster and 13% in Ori OB1b,
similar to what Bricero et al. (2007b) found from
accretion indicators. Hernandez et al. (2007b) also
showed that not only does inner disk emission de-
cay with stellar age, but the inner disk dissipates
more rapidly. In Figure 4 there is a clear decrease
of the median slope of the IRAC spectral energy
distribution with age. There is also a decreasein
the slope of the spectral energy distribution in the
IRAC-MIPS diagram (lower panel), but slower than
in the IRAC-only plot; the IRAC-MIPS slope cor-
responds to regions further out in the disk. The
faster decreasein the IR dust emissionfrom the in-
ner parts of the disk is indicativ e of an \inside-out"
clearing. This study also found a number of \tran-
sition" disk systems, with essetially photospheric
uxes at 4:5 m and excessemissionat longer
wavelengths, interpreted as a signature of inner disk
clearing, with optically thin inner regionsstretching
out to one or a few AU (e.g., Calvet et al. 2002;
D'Alessio et al. 2005; Espaillat et al. 2007).
Therefore, the accunulating obsenational evi-
dencesuggeststhat the planet-forming material has
largely dissipated in most young, solar-like stars by
agesof 10 Myr. This result constrains the plan-
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etary formation phaseto timescalesof seweral Myr,
in agreemen with the more recen theoretical mod-
elsthat allow for rapid growth of large rocky bodies
in protoplanetry disks (e.g. Brauer, Dullemond, &
Henning 2008).
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