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ABSTRACT

The formation of stars in massive clusters is one of the maides of the star formation process. However,
the study of massive star forming regions is hampered by tgpically large distances to the Sun. One
exception to this is the massive star forming region CygnB& @ the Cygnus X region, at the distance of
~ 1400pc. Cygnus OB2 hosts very rich populations of massive and l@gsrstars, being the best target in
our Galaxy to study the formation of stars, circumstellakdj and planets in presence of massive stars. In this
paper we combine a wide and deep set of photometric data, themband to 24:m, in order to select the
disk bearing population of stars in Cygnus OB2 and identify ¢lass I, class I, and stars with transition and
pre-transition disks. We selected 1843 sources with iaftaxcesses in an area 6%11° centered on Cyg OB2
in several evolutionary stages: 8.4% class |, 13.1% flattspe sources, 72.9% class Il, 2.3% pre-transition
disks, and 3.3% transition disks. The spatial distributbéthese sources shows a central cluster surrounded
by a annular overdensity and some clumps of recent star f@man the outer region. Several candidate
subclusters are identified, both along the overdensity mtiae rest of the association.

Subject headings:

1. INTRODUCTION

The vast majority of stars form in clusters (Lada & Llada,
2003) of diferent size and stellar population, and a signif-
icant fraction of star formation occurs in proximity of OB
stars. The energetic radiation from even just a few of mas-
sive stars in a cluster have dramatiteets on the star for-
mation process, and the evolution of circumstellar dishs, t
entire parental cluster, and the molecular cloud. Circeinst

lar disks close to massive stars can be quickly dissipated b)}

photoevaporation induced by the intense UV radiation (i. e.
Johnstone et al., 1998). The loss of gas from the photoevap
orating disk is evident in the images of the proplyds (i.e.

protoplanetary disks) observed by the Hubble Space Tele=

scope in Orion/(O’'dell & Wern, 1994), and th&ects of pho-

toevaporation have been observed in other massive cluster

(i.e. [Balog et al., 2007; Guarcello et al., 2007; Wright et al

2012). It has been shown (ile. Adams etial., 2006) that during

the early evolution of young clusters hosting massive stars
even the low-mass stars formed at large distance from th
OB members may experience intense UV radiation during
their orbital motion around the cluster center.There i® als

strong evidence that the massive stars can trigger the for- ¢ :
9 99 istars. Later|_Knodlseder (2000) estimated a population of

mation of new generations of low-mass stars in the parenta
clouds(Elmegreen & Lada, 1977; EImegreen, 2011).
In order to properly understand these processes, and als
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thanks to the growing evidence that our Solar System formed
in presence of nearby O stais (Adams, 2010), in the last
decades the astronomical community put a gréaten the
study of how star formation proceeds in presence of massive
stars. However, the study of star formation in the most mas-
sive star-forming environments, containing thousands-mas
sive and low-mass stars, is hampered by the large distances
of these associations, which usually lie nearby the Galac-
ic center (such as the Arches cluster, at onl\80 pc from

the Galactic Center, Nagata et al., 1995), in distant region
of our Galaxy (such as Westerlund 1, with a distance to the
Sun ranging between 4 andkpc INegueruela et al. 2010;
Gennaro et al. 2011), or in other Galaxies, such as 30 Doradus
in the Large Magellanic Cloud.

The massive association Cygnus OB2, in the Cygnus-X
molecular cloud, is the best target to study star formaton i
presence of massive stars. In fact, it hosts thousands @8 sta
and low-mass young sources, with a distance 400pcto

ghe Suni(Rygl et all, 2012), which 4s 0.6 times the distance

to the second closest massive star forming region (the &arin
Nebula,Smith 2002). The massive population of Cyg OB2
was first estimated by Reddish et al. (1967) to about 300 OB

about 2600 B stars and 120 O stars, but this result was down-

sized by following studies (Comeron ef al., 2002; Hanson,

2003;|Drew et al., 2008). Cyg OB2 also contains some of
the most massive stars known in our Galaxy (Walbornlet al.,
2002).

The population of the central area of the association has
an age ranging mainly between 3Myrs and ~ 5Myrs
(Wright & Drake,|2009] Wright et all, 2010). The cluster is
affected by a large extinction, which is highly variable across
the field. The main extinction range is"3< A, < 8M

(i.e. \Drew et al., 2008; Sale etlal., 2009; Wright etlal., 2010
and|Guarcello etal!, 2012). Since Cyg OB2 has cleared
most of the intracluster medium creating a central cavity
(Schneider et all, 2006), this extinction is mainly due te th
foreground dust associated with the Cygnus Rift.
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In their study based on an archival Chané@lS-1 observa- part of the disk is usually prominent in the NIR, while the
tion and 2MASS data, Albacete Colombo et al. (2007) found emission from the outer disk and the envelope become impor-
a low fraction of members still bearing a disk (4.4%), tant at longer wavelengths. Besidedfelient disk morpholo-
much lower than other coeval clusters, suggesting thasdisk gies and geometric properties may result ifetent SEDs
and star formation have been halted prematurely by the ex{Spectral Energy Distributions), making some approachemor
tremely intense ionizing radiation produced by the OB stérs  effective than others for their detection and study. For these
Cyg OB2. The disk fraction in the association has been recal-reasons, to obtain a reliable and as more complete as possi-
culated by Wright et all (2010) by using deeper NIR data from ble list of disk-bearing members of Cyg OB2, we compiled a
the UKIDSSGPS catalog, finding a larger fraction (5.9% - multi-wavelength catalog based on optical and infrared.dat
7.9%) more compatible with the age of the association. The catalogs employed are described in following list.

In this paper, we aim to finally identify the disk-bearing pop

ulation of the association, in an areaol square degree cen- GTGOSIRIS catalo65349 sources).

tered on Cyg OB2. We will select stars with disks combining Our main optical catalog in i, zbands is obtained from ob-
several criteria and using deep optical and infrared dat@. W servations with OSIRIS, mounted in the.2énhGran Telesco-
will also study their evolutionary status and obtain infarm  pio CANARIAS (GTC) telescope of the Spanish Observatorio
tion about the structure of the association and the presencelel Roque de los Muchachos in La Palma (Cepalet al.,| 2000)
of recent star formation sites. Fi] 1 shows a RGB image and compiled by Guarcello etlal. (2012). If a source meets
of Cyg OB2, where green is thda emission from hot gas, the criteria for good photometry defined in_Guarcello €t al.
blue the stellar emission in tméband (Drew et al., 2005),red (2012), then its optical photometry i i, z bands is taken
marks the &um emission from dust (from SpitzéRAC im- from this catalog independently from the quality of other
ages of Cyg OB2, Beerer etlal., 2010). This image maps theavailable optical data. This catalog reaches 27", while
regions where the dust emission prevails over the gas emisthe limit for good photometry is approximatelyrat 25™ (i.e.

sion and vice versa. Gas emission is prominent in the areahe limit reached in the color-magnitude diagrams invaivin
at north-west cleared from dust, and particularly promiifren  these data, where the limits 0f,ag < 0.1™ andoco < 0.1M
front of the northern trunk, suggesting the presence of a pho have been adopted). At the distance of 14080and using
todissociation front along the trunk where the gas is heateda 35 Myrs isochrone (Wright et all, 2010) with the average
by the incident UV radiation from nearby massive stars. Dust extinctionAy = 4.3 (Guarcello et all, 20212), this limit corre-
emission is more prominent in the south-east direction andsponds to a A6 Mg star.

in the regions classified as DR18, and Globules #1 and #2

(Schneider et al., 2006). The dashed box encompasses the oiPHAS catalog24072 sources).

square degree field of the Chandra Cygnus OB2 Legacy SurThe catalog in the’, i’, H, bands is obtained from observa-
vey (Drake et al., 2009). This area contains the central parttions with the Wide Field Camera (WFC) on thé&#h Isaac

of Cyg OB2 and most of the important nebular structures in Newton Telescope (INT) for the INT PhotometrietSurvey
this area. The white box encompasses the area observed witiPHAS, Drew et al. 2005). The limit for good photometry is
OSIRIS (Guarcello et al., 2012). approximately’ = 21.5™. When necessary, the IPHAS data
The paper is organized as follow: in the Selct. 2 Bhd 3 we are converted from the Vega system to the AB system (the
present the data and discuss the technique adopted to mergehotometric system of both the OSIRIS and SDSS data) by
them in an unique multiwavelength catalog; in Selct. 4 we using the transformations defined_in Guarcello et al. (2012)
select the preliminary list of candidate stars with disks; i

Sect. [ we select the candidate contaminants (foregroundSDS@RS8 catalog(27531 sources).

stars, background giants, extragalactic sources andwiidrs The Eighth Data Release (DR8) of the SDSS catalog
unreliable excesses) and produce the final catalog, which igAihara et al.,| 2011) inu, g, r, i, z bands. This catalog
analyzed in Sect[]6. The evolutionary status of the disk- reaches = 22™ with good photometry+ 0.4 Mg, at the dis-
bearing stars is studied in Sedfl 7, while the subclustering tance of Cyg OB2), but it is three magnitudes brighter than
the morphology of the associations and the sites of recant st the saturation limit adopted for the OSIRIS catalog-(16™,
formation are studied in Se¢fl 8 dnd 9. corresponding to a.2M,, star), allowing us to study stars

> DATA AND MULTI-WAVELENGTH CATALOG brighter than those in the OSIRIS catalog.

Young Stellar Objects (YSOs) are stars with a complex mor- UKIDSSGPS catalog273478 sources).

phology, which depends on their evolutionary status. Iagla  The main NIR catalog in the JHK bands is the Galactic Plane
YSOs, the central star is surrounded by an accreting circum-Survey (GPS, Lucas etlal., 2008) of the United Kingdom In-
stellar disk and envelope; the envelope is completely or par frared Deep Sky Survey (UKIDSS; Lawrence et al., 2007),
tially dissipated in the class Il phase; in the more evolved based on observations with the Wide Field Camera (WFCAM,
class Il objects the circumstellar disk is also dissipatet Casali et al.| 2007) on the United Kingdom InfraRed Tele-
usually what remains is a young planetary systenyanal scope (UKIRT). We undertook our own photometric extrac-
debris disk orbiting around a contracting pre-Main Segeenc tion from the processed WFCAM images (Dye etlal., 2006,
star. The transition between the class Il and class Il phaselrwin et al in preparation) obtained from the WFCAM Sci-
is thought to involve a disk with an evacuated inner region ence Archivel(Hambly et al., 2008). This optimal extraction
(“transition disks” or “disks with large inner holes”) afod a (Naylor,1998) is described in detail in_King et al. (2013),
low mass disk populated by processed dust. and results in photometry on the system|_of Hodgkin et al.
The best way to study and select a sample of YSOs in a stai(2009). Itimproves the quality of the final data comparedhwit
forming region is by adopting a multiwavelength approach. | the UKIDSS extraction pipeline, allowing us to reach deeper
fact, the study of their stellar properties (e.g. mass, efge,.) magnitudes with acceptable uncertainties. The UKIDSS data
requires the use of optical data, the emission from the innerreachJ = 21™, corresponding to stars witll < 0.1M, at the
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distance and extinction of Cyg OB2. merged in a unique list of stars with disks. This list is then
pruned from all the stars meeting the criteria for being dne o
2MAS@SC catalog43485 sources). the following contaminants: foreground stars, backgrogind

Complementary NIR data idHK bands are obtained from ants, extragalactic sources, and stars with unreliablesses.
the 2 Micron All Sky Survey (2MASS, Cutri etial., 2003) In the following, we first describe each of these criteria and
Point Source Catalog (PSC), and are mainly used to retrieveallustrate them with appropriate diagrams. Each seledson
the JHK photometry of the NIR sources brighter than the sat-applied only to the stars with errors in the involved colors
uration limits in UKIDSS. smaller than @5™. This corresponds to the limit of “good

photometry” defined in Sedil 2. Some of the loci shown in the
Spitzer Legacy Survey of the Cygnus X regi{@49381 diagrams will be defined later in the paper (i.e. those oftgian
sources). and other contaminants). In this section we will descrilbe al
Spitzer data in the IRAC .8, 4.5, 5.8, 8.0um and MIPS the selection criteria we adopted. In Secfidon 5 we will show
24um bands are retrieved from the first data delivery of the how we identified candidate contaminants among the selected
Spitzer Legacy Survey of the Cygnus-X region (Beerer et al., stars and how we obtained the final list of stars with disk.
2010), with sources detected down t6 M.

4.1. The Gutermuth et al. 2009 scheme

All the data used here, except those from OSIRIS, are avall-.l.his scheme is an updated version of that introduced by

able in the entire field studied. The OSIRIS data are only e ai g, (2008). It involves several IRAC col-

available in a centrat 40 x 40 field. ors, which are used for the selection both of contaminants
3. CROSS-CORRELATION PROCEDURE and disk-ﬁearirllg(stars) i?hfﬁre?tt evoIutiona)lryhstagesr.1 (;n
: . . : Gutermuth et al.[ (2009) (hereafter GMMO09) this method is
Igglgéiltll\g?gg Iienn %gctt:g?()g.r';u%u'{[ g%/ osta tfhhem%tglrlnjggi- first applied to select candidate background galaxies and
ate matches, each involving two of these catalogs, with theAGN' and then stars with disks are selected among the re-

number of matched sources, the multiple matches, and thénalﬂmglso;grces._tS|nce we nee(IJI_ tg pompar(ta ﬂiae?c%/hgfd
used matching radii. In the fourth and fifth rows, “NIR” cach selection critérion, We applied In this Step only €

. p w initions of stars with disks presented in GMMO09, while the
mgagzltggjgggg%ﬂzﬁxggg CS\tlglofigrist %Zgg@ﬁh e contaminants have been removed in later step (Eecgibsge
UKIDSS and 2MASS catalogs in a masfe K catalog (first an estimate of the individual extinction is available only

: : for ~ 21%o0f the Spitzer sources, we have not attempted an
ma’tt(;]h Igtsa%%); tgelgl\_/r:é:rea;teid an(opt|caldcatatlog)by ngattr(]:h extinctiono correctil(D)n of the IRAC colors. In Sect. [Bpfalse
ing the an catalogs (second match), and the " . )
the OSIRIS-IPHAS with the SDSS one (third match). In the rbosmves that have been selected also because of this ap

: ~ proximation will be identified and removed from the list.
foeutLth rgﬁté:gntgne ?#)gﬁ:z?]le%nvc\i,ilt-lh}ih%atsalﬁggrigarlr:)eriqne;jbéﬂ a The GMMO09 method is our main selection criterion, resulting
gtep ' y P 9 in a selection which is larger and les§exted by contami-

. . . . nation than the other methods, as we will show later. The
L%ﬁgg?hlgfsr{poerggg Q?;Paﬁgqyéq tlg t-rl;gliﬁloef tlﬁeV\éZtgGEBEXn' initial selection obt_ained with this scheme consists intalto
by matching the two catalogs usingaten = 2 and then cor- of 1448 sources with excesses. Hip. 2 shows th] [3[5.8]

. : Al ; . [45] - [8.0] diagram, which is one of those used in this
recting the coordinates of catalog “B” by the median of the vs. [45] - [8.0] . o .
positional dfsets. The following step consisted in the calcu- ?rﬁger?e?hga/erplotted with the stars with disks selectedgusin
lation of the appropriate matching radius between the two ca :
alogs “A” and “B”. We performed 30 test-matches, increasing
the test value of the matching radius hy’Oat each step. In 4.2. Other methods
each test match, we calculated the expected number of spuritn order to take full advantage of the large set of photoroetri
ous matches using the method developed by Damian| et aldata we have available, we will merge the selection obtained
(2006), which is appropriate for correlated catalogs whosewith the GMM09 method with those obtained from several
sources are almost uniformly distributed in the field. With other criteria defined by several authors. Sindéedént se-
this approach, it was possible to obtain th&eatiential distri- lection methods may be sensitive téfdient morphology, ge-
butions of the expected real and spurious matches as a funcemetry, and evolutionary status of the disks, and also to dif
tion of the increasing matching radius. We simply adopted ferent contaminants, this procedure will allow us to obtin
as matching radius the highest value at which theeckn- highly reliable and complete selection. For instance, bexal
tial distribution of the spurious matches is small (few per- cesses due to low-mass disks can be more easily detected by
centiles) compared to that of the real matches. We then foundcombining optical and infrared colors (Guarcello etial1@p
the sources in common between the two catalogs merging thévackground giants can be more easily identified using the op-
pairs separated by a distance smaller than the matchingstadi tical andJHK colors, that are more sensitive to the extinction,
The results of each match have then been visually reviewed. while Spitzer colors are more sensitive to the presence-of in
Table[2 shows the distribution of the opticalHK, and frared excesses; or, finally, the nature of a source with IRAC
Spitzer counterparts in our catalog. Given the depth of colors typical of a background galaxy can be determined by
the UKIDSS catalog, the sample of the sources with only its position in the optical 0dHK color-magnitude diagrams.
UKIDSS counterparts forms the largest group.

The [4.5] vs. [4.5]-[8.0] diagram A useful method to select
4. DISKS SELECTION disk-bearing objects is provided by thej#ivs. [4.5] — [8.0]
The procedure we adopted to select the disk-bearing populadiagram [(Harvey et al., 2007). In this diagram the direction
tion of Cyg OB2 involves several criteria, whose results are of the reddening vector is almost vertical, resulting in @abm
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overlap between the loci of reddened and intrinsically red in|Guarcello et al.[(2009). Using Elg. 1, in these indiéesB
sources. Unfortunately, the faint-red part of the diagram ¢ is the optical color — i while C — D is equal toJ — [sp| with
be contaminated by background galaxies, so this method igsp being one of the IRAC bands. Figl 6 shows the four dia-
less useful for selecting faint stars. Most of the stars & th grams used to select stars with excesses based dpybigy
gap between the disks and AGN loci, however, are selectedndices. In these diagrams, the PADOVA isochrones can not
by other methods. A total of 667 candidate stars with disks be used to define a lower limit for the photospheric indices in
have been selected with this method. Hiy. 3 shows thg [4 theQyijisy diagrams, since some of the models of giants with
vs. [4.5] -[8.0] diagram with the defined loci and the selected circumstellar dust are characterized by very negafiveal-
candidate stars with disks. ues. However, these background sources hardly contaminate
our selection since they are found at very high extinctions,
K-excess stars Stars with excess in thi€ band have been as shown in the diagram, not accessible to our optical data.
selected with three criteria. The— H vs. H — K diagram The contamination by background giants is, then, a less im-
is a good method to select stars whad$e- K is more red portant issue here than for ti@unk andQiink indices. To
than expected photospheric values (Meyer et al., 11997). Todefine the limit for photospheric colors, we selected all the
select stars with excesseskrband, we defined a locus in the opticak-IRAC sources lying around the origin in the IRAC
J — H vs. H — K diagram taking into account the direction [3.6] —[4.5] vs. [5.8] — [8.0] color-color diagrams. This pop-
of the reddening vector, and selected only those stars ¢avin ulation is known to be dominated by stars with photospheric
J- K > 2™ Fig. [4 shows thel — H vs. H — K diagram colors at moderate extinction (Allen et al., 2004). We thetn s
with the loci of candidate stars with disks and background gi as limit for the photospheric colors the lower limit of tige
ants, together with the selected stars (385 stars). Aniadédlt indices obtained from these stars.
selection of candidat-excess stars is provided by the use The main advantage of using tii@i;;sg indices is that the

of two reddening-free color indice®;nuk (Damiani et al., selection is not flected by the decreasing sensitivity in the
2006;/ Guarcello et al., 2007) ari@iuk . The general defini- IRAC bands at increasing wavelength as using the IRAC
tion of the indexQagcp is: color-color diagrams. With th€i;[sg indices this problem
is not an important issue being the selection of stars with ex
=(A-B)-(C-D)xEap/Ec_ cesses in [3.6], for instance, independent from that in][8.0
Quaco = ( )= )% Ea-a/Ec-0 @) The main drawback of this method is the uncertainty on the
whereA, B, C, D are four generic bands, aifith_g andEc_p color excesses ratio at large extinction. In principles thriob-
are the color excesses in the two colérs BandC - D. In lem may result in the selection of several background con-

this caseC - D is alwaysH - K, while A — B is equal to taminants. This problem will be tackled by our selection of
J — H in the former index and — i in the latter. The index contaminants and a detailed analysis of the SED of the stars
is reddening-free, so its numerical value is nb¢eted by in- selected only with these indices. A total of 800 sources have
terstellar absorption. If compared to photospheric valthes been selected with this method.
index become more negativeGf— D is more red oA — Biis
more blue. These two properties make the index a viece MIPS [24] excessesPhotospheric emission at géis gen-
tive method to select stars with excesses inkhigand K in erally very small, so even weak disk emission in this band
this case), and it can distinguish less intense excesse#itha may result in large excesses. For this reason, criteriadb@se
color-color diagraml(Guarcello etlal., 2010). Besidespgsi the [24] MIPS band are very powerful for the selection ofstar
an optical color such a& — B the index can select stars with  with disks. It is also possible to select very embedded abjec
intense accretion or an optical SED dominated by scatteredthat can not be observed at the shorter infrared wavelengths
light, since both of thesefiects may result in blue excesses The main caveat in this approach is that the distribution of
(Guarcello et al. 2010, and Bonito et al., in preparation). the MIPS sources with good photometry is not uniform in our
The main caveat in using these indices is that the ratio be-field, with a larger sensitivity in the central-west area vehe
tween the color excesses must be exactly known in order forthe dust emission is fainter.
the indices to be really reddening-free. Thisis hardtoaahi  We used four criteria based on the MIPS [24] band, as shown
considering the high interstellar extinction in the direntof in Fig.[d. In the [36] vs. [3.6] — [24] diagram 401 sources falll
Cyg OB2. Thus, this selection canfker significant contam-  within the disk locus, defined with the conditionsgB< 14™
ination from normal stars and background giants. In 9dct. 5and [36] — [24] > 2™ (Rebull et al.| 2011). The lower limit
we will describe how we discarded these contaminants. of this locus was defined by those authors by studying the
Fig. [ showsQjnnk Vs. H — K and Qspk vs. H — K dia- distribution in this diagram of the sources in the 6.1 square
grams with the defined loci and the selected stars with excesslegrees SWIRE survey (Lonsdale etlal., 2003). In the other
in K: 247 and 124 for each index, respectively. In both di- three diagrams used to select stars with excess in [24], the
agrams, an excess was defined to be present for those stareddening vector is almost vertical, resulting powerfutinoe
whose index is smaller than the chosen limit of photosphericto select stars with disks typically falling in the regiontbé
emission by more thand®,. The photospheric limits were diagrams to the right of the normal-colors stars. In the [24]
chosen based on the colors of normal stars predicted by thevs. [80] — [24] diagram 234 sources fall in the disks re-
Siess et all (2000) and PADOVA isochrones. TheK > 2™ gion defined with [8] — [24] > 1™ (except for the very faint
filter was also applied to these two selections. Combinieg th sources). The disks region in the [24] vs.G}— [8.0] con-
three diagnostics, a total of 518 candidetexcess stars have tains 249 candidate sources with disks. In th&]4 [5.8]
been selected. vs. [5.8] — [24] diagram we adopted a slightly more restric-
tive selection criterion ([B] — [24] > 2™) than that adopted
IRAC Q indices To select stars with excess in each IRAC iniGutermuth et al/ (2008) ([B] —[24] > 1.5™) in order to re-
band taking advantage of the properties of @handices, we duce the chances of contamination from normal-colors stars
defined 4 indice®is(sy, Which are similar to those defined selecting 374 sources.



4.3. Robustness of the adopted criteria

All the criteria described in the previous subsections nse i
frared and opticalinfrared diagrams where regions typically

occupied by disk-bearing stars are defined. In some cages, th

limits of these regions have been defined by other authods, an
applied to clusters which have stellar population and extin

tion different than Cyg OB2; in some other cases they have
d

been defined trying to exclude normal color stars as judge
against models of Main-sequence and giant stars, such as i
the Q;unk diagram. Some of these choices are partly arbi-
trary, so a better understanding of th#eets induced in the
selection by slightly changing these limits is required. W&

ify the criteria by repeating the selection adopting lesgtst
limits, and verifying the nature of the new sources that are s
lected. We do not need to repeat the process applying mor
strict limits, since the level of contamination of the crite
we defined will be analyzed later in detail. Table 3 shows
the number of new selections adopting the “relaxed” limits i
each criterion (second column), together with the number of
the stars which are not selected by some of the other criteri
defined in Secf.]4 (“unique new selections”). In all caset) wi
the exception of thd — H vs. H — K diagram, most of the
new selections are candidate stars with disks alreadytsdlec
with one or more of the adopted criteria. A significant frac-
tion, however, are definitively new selections. By studying
their nature in the various color-color and color-magnétdé
agrams, we have indication that these stars are mainlyyhighl
absorbed sources with intrinsic normal colors. Most of the
unique new selections with the— H vs. H — K diagram and
Qsnuk index likely are very low-mass objects. Most of them
haveJ — K < 2™ which is hard to achieve for stars which are
supposed to have excess in idand at the distance and ex-
tinction of Cyg OB2. In conclusion, adopting several cider
for the selection of stars with disks reduces the impact en th
final selection of the uncertainty due to the adopted disk re-

gions in the used diagrams. However, the relaxed conditions
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pected to be found with purely NIR methods. For this rea-
son, we removed from the list all tlig — excessources hav-
ing blue optical colors and that are not selected by other NIR
methods.

We performed a further test for the stars selected only \with t
Q indices or showing excesses onlydrbandin order to ex-
clude stars with SEDs that can be matched to reddened
photospheres The fit with photospheric models has been
gone using the SED fitting tool introducediby Robitaille et al
(2007). With this tool it is possible to compare the observed
SEDs with those of YSO models covering an extensive pa-
rameter space: 20000 models, each at fieéint inclination
angles, for a total of 200000 distinct SEDs of YSOs at dif-
ferent evolutionary phases. This tool also allows to fit the

Hbserved SED with photospheric models from Kurucz (1993)

and| Brott & Hauschildt| (2005) for a large range of distance
and extinction, which is especially useful for this testinds

this tool, we selected and discarded those sources whose SED
is compatible with any reddened photospheric model with dis

dances between Jficand 1kpcand extinction ranging from

Ay = 0.1™to Ay = 1000". This test was necessary in order to
verify the excesses il band of those faint UKIDSS sources
which lack other counterparts. Background giants may also
have been selected by tl@@indices because the used color
ratio Ea_g/Ec_p is not appropriate for background highly ex-
tinguished objects.The color ratio we adopted is surely
reliable for stars at low reddening, for which the Q indices
can be safely assumed to be reddening free. Taking into
account that the reddening law changes at high extinction
and distances, as well as that the reddening vector deviates
from linearity, the color ratio may not be appropriate and

the Q indices are not reddening free anymore. In these
cases, they may give erroneous selections of background
stars at high extinction as disk-bearing objects.

5.2. Stars selected with one criterion

are less reliable than those we used, and they result in-selecThe second step selects good candidate stars with disks

tions which are strongly contaminated.

5. CONTAMINANTS
Merging all the outputs of the criteria defined in the previ-

among those showing infrared excess only in one bagg.
Among these sources, we retained thiaset sources not de-
tected at 1 > ¢« for the decrease of sensitivity at longer
wavelength in our data We also retained the stars with

ous section, we obtained a list of 2703 candidate stars withexcess in one band but having colors typical of YSOs in
disks. The next steps consists in removing the contaminant§Wwo diagrams which have not been used for the selection:

and pruning the list of stars with disks. This process has bee
done following a five-steps selection procedure, shownén th

the [36] — [4.5] vs. [5.8] — [8.0] diagram (see Secf_5.3),
and ther — H, vs. r — i diagram (see Sect_6.2), the lat-

block diagram in Fig[18. Each star has to pass all 5 checks inter being compatible with accreting sources. As furthet; tes

order to be accepted in our final list of stars with disks. Ehes
steps are explained in the following sections.

5.1. Stars with unreliable excesses

In the first step we selected and discarded the sources Whos\éeA
infrared excesses are not reliable, and whose selection may

have been induced by inaccurate photometry.
In sect.[6.1l we will define a class of stars with disks show-

among the remaining sources we removed those whose SED
is compatible with a reddened photosphere as verified with
thelRobitaille et al.[(2007) SED fitting tool. Finally, we als
removed the sources showing excesses onifjs.g;, which

ry likely have the [5.8] magnitude contaminated by nebula

H emission along the line of sight.

5.3. Candidate giants

ing optical colors bluer than the other stars associated wit Within the third step we selected and discarded candidate
Cyg OB2. As we will discuss, these colors can be explainedbackground giants that, especially when they are surralinde
by the presence of the disk, and t@eindices are very sen- by circumstellar dust, may occupy the same region of disk-
sitive to them. However, the presence of an IR excess is de-bearing objects in several diagrams. To take into accoust th
manded since the presence of a circumstellar disk must prosource of contamination, we used the PADOVA isochrones
duce one at NIR or longer wavelengths. Contaminated optical(Girardi et al.,. 2002) to obtain the expected optical and in-
photometry (i.e. due to blends, or proximity to either CCD frared colors and magnitudes of giants, both with and with-
edges or bright stars) may result in selectionsQig;sg in- out circumstellar dust, with ages ranging fronbGyrs
dices that are erroneous. In these cases, no excesses are @r- 13Gyrs and masses ranging from1GM; to 29 M.
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PADOVA isochrones are suitable for our scope since they are ¢ GMMO09 selected PAH dominated galaxies from the

constantly updated in order to provide data in several photo [4.5] — [5.8] vs. [5.8] — [8.0] diagram and [®] — [5.8]
metric systems and they use models for the emission from vs. [45] —[8.0] (shown in Fig[2). In the latter the PAH
evolved stars with circumstellar dust in the Spitzer bands galaxies partially overlap the distributions of candidate
(Groenewegen, 2006). We defined the typical loci of giants stars with disks;

in 6 diagrams:
e Harvey et al.|[(2007) defined the typical locus of back-

e in the [36] — [4.5] vs. [5.8] — [8.0] diagram (shown in ground galaxies in the [24] vs. [ —[24], and [24] vs.
the left panel of Fig[19) the giant locus overlaps both [4.5] - [8.0] diagrams (Figurels| 3 ad 7) by using data
the region typically populated by normal photospheres from the SWIRE survey.

and reddened clasglibbjects;
In order to classify a source as a candidate backgroundyalax
e in the [36] — [5.8] vs. [45] — [8.0] diagram (Fig[R) it  we require that it falls in the galaxies loci in each of these
contains only the blue end of the sample of candidate diagram where it can be plotted. We selected in this way
stars with disks; a total of 37 candidate AGN, 6 PAH-galaxies, and 7 back-
ground galaxies. We then removed all those selected sources
e in the [45] vs [4.5] - [8.0] diagram (Fig.[B) it mostly ~ without further information from optical or UKIDS3MASS
corresponds to the region populated by normal photo-data. The nature of the remaining sources having optical
spheres, with [6] - [8.0] < 0.8™, overlapping the disk ~ or JHK counterpart can be assessed using these data. We
region only in a bright section scarcely populated by discarded those showing optical colors typical of quasars
candidate stars with disks; (Richards et all, 2004), JHK colors typical of AGN (derived
from the|Peth etal), 2011 catalog) or having an extended
e also in the [80] vs [4.5] - [8.0] diagram (shown in the ~ shape in the optical and NIR images.
right panel of Fig[B) it corresponds to the normal colors
locus; 5.5. Foreground contaminants

. . . Foreground optical sources may contaminate our selection a
o in the [24] vs. [80] —[24] diagram (FigLY), the models 5 consequence of a mismatch with the infrared catalog. This

of giants with circumstellar dust are red and bright, so ¢ontamination mainly fiects the selection made with tig

that the giant locus ([8] - [24] < 27) significantly  jpgices involving optical and infrared colors. The moselik

overlaps with the disks locus. mismatch, in fact, occurs between a foreground opticalc®ur

. . _ and a background infrared source. The combined SED of
o in the [45] — [5.8] vs. [58] - [24] diagram (Fig.L¥),  guch a mismatch can mimic an infrared excess detectable with

models of giants with dust can be very red, so that the e ¢ indices (Guarcello et all, 2010). The best way to se-

giant locus roughly corresponds to the entire diagram, ject these sources is by using the- i vs. i — z diagram
WrLth the exception of thme box delimited by.§3-[24] > (Guarcello et dl], 2012) to compare their extinction withtth
3"and [45] - [5.8] < 1 of the members of the association. Higl 10 shows thé vs.

) _ ) i — zdiagram with all the sources with good photometry and
Candidate background contaminants are first selected s tho aJ| the candidate stars with infrared excesses. The twd soli
sources falling in the region defined as “giant locus” in each |ines are the % Myrs isochrones drawn with the 95% and
of these diagrams where they can be plotted. Adopting this5o, quantiles of the visual extinction distribution of therda
criterion, a total of 235 candidate giant contaminants were date members optically and X-ray selected in Guarcellolet al
|dentlfled. Later, we estlm:_:lted their extinction from the op (20_‘]_()) A small group of candidate disk-bearing stars fie le
tical andJHK color-color diagrams, and we retained in the \ard of the isochrone drawn using the 5% quantile extingtion
disks list those candidate background giants showing low toshowing extinction smaller than the cluster range. If these
intermediate extinction in the optical and infrared codoter stars are selected only with tigindices, then they are good
diagrams. candidate mismatches between the optical and infrared cata

logs.
5.4. Extragalactic contaminants

With the fourth step we selected and discarded candidate 6. FINAL LIST OF STARS WITH DISKS
background galaxies. These sources have been selected withll the sources accepted by each of the 5 steps in the block
four different criteria: diagram shown in Fid.18 form the final list of candidate stars
with disks in Cyg OB2, which contains 1843 stars. A to-
e Donley et al. [(2012) updated the AGN classification tal of 337 of these sources fall in the central area observed
made by Stern et al. (2005) based on th&]3- [4.5] with ChandrgACIS-1 (99.7kseg P.l. Flaccomio, centered at
vs. [5.8] — [8.0] diagram (Fig.[B). In this diagram « =20:33:110ands = +41 : 15 : 100), where small pop-
the AGNs overlap both with giants and YSOs, but only ulations of 23 and 63 disk-bearing stars have been preyiousl
faint sources ([$] > 14.5™) are classified as possible reported by Albacete Colombo et al. (2007) and Wright et al.
(2010), respectively. The large improvement brought by our
study in the knowledge of the disk population in the central
e Another criterion for the selection of AGN is provided area of Cyg OB2 is evident, and it is due to our extensive
by GMMO09, using the [&] vs [4.5] — [8.0] diagram use of optical and infrared data, while in these previoud-stu
and a combination of six ffierent conditions involving  ies stars with disks have been selected only among the X-ray
these two IRAC bands. sources using 2MASS and UKIDSE-H vs. H — K diagram.
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Table[4 shows the initial number of sources selected with eac source with bad OSIRIS and SDSS data. The distance of
of the adopted criteria, and the number of those that are inl.4kpc (Rygl et al.,| 2012) and the extinction estimated in
the final list of stars with disks. The mosffieient method |Guarcello et al.| (2012) for the cluster members and the most
we adopted is the GMMO09 scheme, with a total of 1461 starsdistant foreground stars have been used to draw the isoefiron
selected, only 56 discarded and 478 detected only with thisand ZAMS from Siess et al. (2000). The extinction vector has
criterion. This is not surprising, given that this methodhis been calculated from the reddening law defined in O’Donnell
only one which combines several IRAC colors. The sources(1994). The large dots in this diagram mark the stars with
with excesses in [24] typically show excesses also in theddRA disk with good optical photometry. They share the same re-
bands, at least at [8.0]. Only 16 sources show excessesonly igion of the diagram with the optical sources with X-ray de-
[24]. The diagnostics that selected the largest fractiodi®f tection (Fig. 10 in_Guarcello et al. 2012), limited in the élu
carded stars are those based orittmand. Thisis mainlydue end by the SMyrs isochrone. The individual extinction of

to the depth of the UKIDSS catalog. Most of the discarded the disk-bearing sources can be derived from their position
sources are, in fact, very low mass stars detected only withther — i vs. i — z diagram (Fig.[ID) with the same proce-
UKIDSS, for which it was not possible to verify the reliabil- dure adopted for the opticeX-ray sources in Guarcello etlal.
ity of the selection, or candidate background giants olesbrv (2012). The extinction map derived from the disk population
with very high extinction, wrongly selected by tigindices. (not shown here) shares similar properties with that ddrive
In the final list, there are 59 sources showing excesses only i using the X-ray selected candidate cluster members, itrdica
K. Fig[11 compares the spatial distributions of the stars with ing an increase of the optical extinction in the west andtsout
disks selected with the GMMO09 and those selected with otherwest direction. The median extinction of the candidatesstar
criteria. With few exceptions (such as the tip of DR18), the with disks isAy = 4.82™, only 0.5™ larger than that of the
two samples of stars show the same spatial distributior, ind X-ray population. This does not mean that the presence of
cating that the inhomogeneity of the optical and MIPS data a disk does not have a strong impact on the extinction of the
will not affect any inference on the morphology of the associ- central star, since this result is biased toward low andrme
ation. diate extinctions for the use of the sources with good optica
Fig. 12 compares the sample of stars selected by each criphotometry, which are usually not heavily embedded in cir-
terion. Each circle represents a criterion, and all thesstar cumstellar material.

presentin the final list of disk-bearing objects lie along¢ir- Fig. [13 also shows a sample of 39 candidate stars with
cumferences, always in the same order. In each circle, a linedisks with optical colors bluer than the cluster locus, ¢hes
from the center to the position corresponding to a givena®ur being more compatible with the foreground population than
is drawn if this star is selected by the particular criterigii with the association. It must be pointed out that these stars
the stars not selected by the GMMO09 scheme are collectecare not AGN, or foreground contaminants or mismatches,
in the upper right quarter. This quarter is filled by selewtsio  which have been removed during the review phase. Similar
made with the criteria based on MIPS and @igsg indices. stars (called Blue stars With Excesses BWE, stars) have

In fact, stars having a strong excess in [24] combined with been observed and studied in NGC 6611 by Guarcelld et al.
weak IRAC excesses are, then, successfully selected véth th (2010) and Bonito et al. (in preparation), and observed in
Qriarsg indices, confirming their sensitivity to small excesses other clusters (i.e. in the Orion Nebula Cluster, Hillenttta
(Guarcello et al!, 2010). 1997). Blue optical colors in stars with disks can be
The number of disks identified with th®i;[sy indices in- produced by intense accretion from the disk to the cen-
creases at longer increasing wavelength of #g hand, and  tral star (Hartmann & Kenyon, 1990) and scattering of stel-
there are not many “unique” selections among the first threelar optical light by small dust in the circumstellar matéria
Qrigfsy indices. We then conclude that these three indices are(Guarcello et all, 2010). De Marchi et al. (2012) also sutges
not essential to obtain a reliable selection of disk beastacs. that the BWE stars in NGC 6611 can be part of a disk-bearing
Analogously, the selections made with the H vs. H — K population older than 1Myrs. To support this hypothesis,
diagram and th&;nnk indices are similafwith 21 stars se- stars with disks older than 1yrs have been observed and
lected with the Q;nnk index but notinthe J—H vs. H — K well studied|(Palla et al., 2005; Argifibet al., 20077).

diagram and 25 stars in the opposite way)and disks se-  The nature of these stars can be studied by comparing their
lected with [45] - [5.8] vs. [5.8] —[24] are almost completely  observed SEDs with those of the YSO models presented in
contained in the set obtained using the other MIPS criteria.[Raobitaille et al.|(2007). In the fit, we fixed the distance dqua
Fig. [12 is a powerful diagram, then, to study hovfetient to L4kpcand selected for each star the models for which the
selection criteria compare with each other and what contri- reduced chi-square satisfies the condi}jéﬂ)(gests 3, where

butions of the dferent criteria are to the to the final list of X2 s the reduced chi-square of the best-fit model ( as sug-
selected stars. _ ~ gested by Robitaille et al., 2007). Among these BWE stars,
The catalog containing all the photometric data of the disk- 31 are compatible with SED models, both of “phasel” and
bearing objects in Cyg OB2, their classification and thecsele  “phasell” YSOs. Following the definition in Robitaille etlal
tion criteria is explained in AppendixA. (2007), the former models still have a dense protostellar en
6.1. Cluster locus in the optical diagram and BWE stars ~ Velope (i-e. Menveiope > 10°Moyr), which may scat-

ter a significant amount of stellar light into the line of sigh

Fig. [I3 shows the vs. r — i diagram of all the sources ({amiani et al.. 2006). For those fitting “phasell” models (i
with good optical photometry falling in the studied field. (Damian ) g b {

A S . : o )
The stars have been plotted using the OSIRIS photome-Md'sk> 10" M), the scattering of optical radiation by an al

) most edge on disk is the main explanation for their optical
try,h tt?ed SDSS phoglrggtlglgash been usedhflor thholssHitgr%olors, as found in Guarcello et dl. (2010). This interpieta
with bad or saturate photometry, while the is valid for 21 of these sources whose disk is observed with a
photometry, properly converted into the SDSS photomet-

ric system [(Guarcello et al., 2012) has been used for thoseIarge inclination angle (the SED models have only ten possi-
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ble values for the inclination angle, and the SEDs compatibl

with the observed SED of these 21 stars have inclination an-

gles larger than 8). Only in 6 cases the SED is compatible
with YSO models with the right combination of high accre-
tion rate M = 107" — 108 Mg yr~1) and low stellar mass.

6.2. Sources with | emission

Vink et al. (2008) identified about 50 emission line stars in
Cyg OB2 and its periphery. Among those falling in the field
that we are studying (18 stars), 17 are present in our cat
log of disk bearing sources, which are then candidate to bea

ally do not consist of a well-defined evolutionary phase in
YSO evolution, and normal class Il sources (mainly at high
extinction) can be confused as “flat-spectrum” sourcesgusin
a index defined fluxes betweenufh and 24um. Besides, we
have to bear in mind that we have not calculatedutliredices
using reddening-corrected SEDs. We will not consider these
“flat-spectrum” sources as a distinct evolutionary phase.

We calculated the alpha index of disk-bearing objects after
converting theK, IRAC and [24] magnitudes into flux units

a-and applying a linear fit to the infrared SED. It was possible
to calculate the spectral index for 1830 stars. Eig. 15 shows

an actively accreting disk. We can select other stars with the distributions of the spectral indices of stars with djsk

both a disk and emission iHa, which is a signature of in-
tense gas accretion, using the IPHAS- H, vs. r’ — i’ dia-
gram, shown in Figi_14. In this diagram the small dots mark
all the IPHAS sources in our catalog with good photometry.
The solid lines are theolors of normal stars derived by
Drew et all (2005) using the solar metallicity stellar SEDs

of IPickles (1998) drawn withEg_y = 1™, Eg_.y = 2™, and
Eg_v = 3™, corresponding té\, = 3.23", Ay = 6.45", and

Ay = 9.68™ (Munari & Carraro, 1996) which is roughly the
extinction range of the opticalyX-ray selected cluster mem-
bers(Guarcello et al., 2012).

We selected the disk-bearing objects witax emission as
those whosea’ — H, is larger by more than & _y, than
the value expected from th&g_y 1m ZAMS. With
this approach, we found 52 sources with emissiorHin.
Among these sources, 13 have been previously classified a
“emission-line stars” by Vink et al! (2008)We do not ex-
pect large contamination of our sample by chromospheric
active stars, given that the H, luminosity of these stars is
expected to be~ 2 order of magnitudes fainter than in
actively accreting stars (De Marchi et al.) 2010). Besides,
weak lines T-Tauri stars are defined as having | equiv-
alent width < 10A, which in the IPHAS color-color space
corresponds to about a 0.1 increase of the — H,, color
(Drew et all,[2005) Note that 7 out of 39 BWE stars have
intense emission it«, suggesting the blue optical colors
observed in these stars can be a consequence of intense
accretion from the disk (see Secf_6l1).

7. THE EVOLUTIONARY STATUS OF THE STARS
WITH DISKS

7.1. The alpha index

The evolutionary status of disk-bearing objects can bdetud
using the infrared spectral index = dlog(4 F,) /dlog(2).
Following the classification scheme |of Wilking et al. (2001)

together with the limits betweenftirent evolutionary stages
as defined in_Wilking et al. (2001). As expected, the large
majority of stars (72.9%) are classified as class Il objdmxtt,
a significant population of embedded objects are found (188
class | sources).
Following this classification, 92 stars have a spectralxnde
typical of class Ill objects. We verified their nature using
thelRobitallle et al.[ (2007) SED fitting tool in two steps. In
the first step, we verified whether they are normal stars ly-
ing in the direction of Cyg OB2, wrongly selected as stars
with excesses. This test has been performed fitting their ob-
served SEDs with the photospheric models provided by the
SED fitting tool with distances ranging from p@to 10kpc
the extinctions fromAy = 0.1™ to Ay = 1000". In almost
all cases, it was not possible to find a photospheric model fit-
%ng the observed SEDs of these stars in all the photometric
ands, showing excesses in the longest infrared bands. Only
8 stars could be fitted properly by a photospheric model, and
they have been discarded from the list of candidate stals wit
disks.
In order to shed some light on the nature of the remaining 84
stars, we fitted the YSO models from Robitaille €t al. (2007)
to their observed SEDs. In the 52 cases with a good fit, the
presence of small excesses are justified (following theltsesu
of the SED fitting) by the presence of very low-mass disks,
i.e. Mgisk < 10°M,, lower than what is usually observed
in class Il objects (16,1072 M), but larger than the lower
limit of disk masses for the “phasell” YSOslin Robitallle ¢t a
(2007); andor disks with large inner hole, i.&nner > 5 AU.
It is not surprising that disks with such properties produce
only small excesses in the NIR bands, resulting in low spéctr
indices. In the rest of the paper, we will consider thesesstar
normal disk-bearing objects. Fig.]16 shows the SED of one of
these stars with a index typical of class Ill objects (-1.80),
but showing infrared excesses at [8.0] and being classified a
transition disk (see Se¢f.7.3). Following the SED fit, thés s

aclass | YSO still embedded in an accreting envelope is charas a low-mass diskMgisk = 1.54x 10-5 M) and large inner

acterized by a rising infrared SED with> 0.3. During YSO
evolution, the circumstellar envelope is dissipated byate
cretion onto the forming circumstellar disk and the radiati
from the central star. In the intermediate phase, it may be
possible to observe the light from the central star and the
disk together with the envelope emission, resulting in a flat

or double peaked SED. These “flat-spectrum” sources have

—-0.3 < a < 0.3. Once the envelope is completely dissipated
and the infrared SED is dominated by the emission of the op-
tically thick circumstellar disk (class Il YSO), the speattin-

dex ranges between -0.3 and -1.6. Alternative classificatio
schemes based on the spectral index have been proposed (i.
Lada 198F7), but applied to our sample of stars with diskg, the
give unreliable selection of optically bright embeddecbats.

It has been shown, however, that flat-spectrum sources usu

radius R, = 33AU), compatible with the lack of excesses for
A < 8.0um. The lack of detection at [24] is justified by the

intense background around the position of this star. Theupp
limit is the faintest magnitude of the only two MIPS sources
within one arcminute from the position of the source.

7.2. The embedded population

Class | objects have been selected by the analysis of their
SEDs and two photometric criteria. One is the method de-
fined by Wilking et al.|[(2001)¢ > 0.3), resulting in 188 can-
didate class | objects. The second method is based on the
[4.5] - [5.8] and [36] — [4.5] colors, as defined by GMMO09,
resulting in 146 candidate class | YSOs. The intersection be
tween these two samples consists of 95 sources, while 93 star
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are selected only by the former method and 48 only by the lat-step in disk evolution or is a consequence of giant planets fo
ter. mation occurring in the inner disk (i.e. TW Hya, Calvet €f al.
By looking at their SEDs and position in the various IRAC 2002). In the former case, the main mechanism for the cre-
diagrams, the sample of stars selected by both methods formation of the inner hole is claimed to be the photoevaporation
a reliable sample of class | objects. To properly classi®y th driven by the central star (Alexander et al., 2006). Photoe-
stars selected only with one photometric method, we used thevaporation can drive an intense wind from the circumstellar
Robitaille et al. [(2007) SED fitting tool, i.e. we classify as disks, and as soon as the mass-loss rate is higher than the ac-
class | objects those stars for which more than 50% of thecretion rate, the outer disk is not able to replenish the evap
models fitting the observed SEDs is classified as a “phasel’rating material. The first consequence of this is the craatio
YSO, following|/Robitaille et al.|(2007) classification. Wit  of an intermediate gap between the inner and the outer disk,
this approach, we classified as class | objects 60 sourcedollowed by a rapid dissipation of the inner disk and the cre-
among the 9848 selected only with one method, resulting in ation of an “inner hole” phase. Disks with intermediate gap
a total of 155 class | stars. Among these stars, 15 have goodetween the optically thick inner and outer disk have been
optical counterparts, which is unusual for class | YSOs.iThe named “Pre-Transitional Disks” (Espaillat et al., 200Tthe
excesses are genuine, as verified during the review phase. creation of the inner hole is a consequence of planet forma-
Almost all the 48 candidate class | sources selected with thetion, it is not surprising that disks which are not formingml
GMMO09 method but not with thie Wilking et al. (2001) crite- ets may evolve dierently. In this case the disk is expected to
rion have anr index typical of flat spectrum sources. Some of evolve from a primordial massive disk, with a mass of some
them have been classified as embedded objects as explained.01 M, and a large population of small (a fewn size) dust
Hence, the remaining flat spectrum sources will be consid-grains producing intense NIR excesses, to a low-mass disk,
ered as normal disk-bearing stars, likelyfeung extinctions  depleted of small dust grains and producing low infrared ex-
larger than the stars selected as class Il sources witlx the cesses even if the inner disk is still present.

index. Both these disk configurations (disks with a large inner hole
The 24/mimage of Cyg OB2 from th&pitzer Cygnus OB2  and with a low-mass inner disk depleted of small grains)
Legacy Survey (not shown here) was visually inspected toproduce small infrared excesses, if any. As a consequence,
identify very embedded objects not classified as stars withpurely photometric selection criteria based on IRAC colors
disks because of poor photometry in the other bands. Wemay lead to an incorrect classification of evolved disks stil
identified 24 sources detected in both [24] and at least onehaving an inner region as transition disks. The analysis of
other IRAC band (mainly Bumand 80um). Their colors are  the SEDs is the most accurate method to select properly a

typical of very red members of Cyg OB2 with disk and they population of transition disks (Merin et/al., 2010). Werte
lie in regions with dense nebulosity. These sources have bee fore produced a reliable list of candidate transition anet pr
retained and classified as “highly embedded” (Appefidix A) transition disks in Cyg OB2 with the following method. We

in the final list of disk-bearing members of Cyg OB2.
Our deep photometry allows us to detect the central staténsi

first selected a sample of stars having the photometric prop-
erties expected from transition, pre-transition and loasm

some of the proplyd-like objects in Cyg OB2 discovered by disks: i.e. those showing excesses only at [8.0] and [24]
Wright et al. (2012). Given their dimensions (two or three or bands, or whose alpha index is compatible with class Il ob-
ders of magnitude larger than the proplyds observed in Qrion jects following the_Wilking et al.| (2001) classification, thi
they have been classified as “proplyd-like” objects whiah ar good photometry in [8.0] and [24], or stars with disks with
evaporating under the action of the intense UV flux emitted 1™ < [8.0] — [24] < 2™ (Fig. [4). The final classification is
by the massive stars of Cyg OB2. These objects will be the obtained by fitting the observed SEDs with the YSOs models

subject of forthcoming publications, presenting detafi&D
analysis and spectroscopic studies (Robinson et al. and Gua
cello et al., both in preparation).

Also a proplyd-like object not classified hy Wright et al.
(2012) has a faint YSO in its center, as shown in Higl] 17,
with excesses in [5.8] and [8.0] and whose SED fits a class |
model younger than & 10*yrs. The evaporating proplyd is
21” long, corresponding te 3 x 10* AU at the distance of
Cyg OB2. This object lies at the projected distance .8fiz

and 78 pcfrom the closest B and O stars, respectively, which
may be responsible for the ionization and evaporation of the
globule.

7.3. Stars with transition disks

Transition disks are considered to be an intermediate evolu
tionary status between the class Il phase, with intense NIR
excesses due to the emission from an optically thick inner
disk, and class lll phase, with no NIR excesses as a conse-
quence of the dissipation of the inner disk grdhe deple-

tion of small dust grains in the disk. The general definition
of a transition disk is a YSO with photospheric NIR and opti-
cally thick MIR emission, due to a disk with a large inner hole
and thick outer region_(Muzerolle etlal., 2010). It is stidtn
clear whether this evolutionary phase represents a negessa

of[Rabitallle et al.|(2007).

¢ A transition disk must show a declining NIR SED with
IRAC emission at or very close to the photospheric val-
ues, followed by an intense MIR emission from the
outer disk, and its SED has to fit models with large in-
ner holes Rnner > 5AU). A total of 62 stars meet these
criteria and are classified as transition disks. Their in-
ner radii lie in the range BU < Rpner < 91.2AU,
with a median value of 14 AU, and with masses are
Maisk < 0.0941M,, (median value 2 x 1074 My).

e A low-mass disk must show a declining NIR SED with
very low excesses which extend to the MIR bands,
and its SED has to fit models witRpner < 5AU,

Mgisk < 107 M. The stars selected as YSOs with low-
mass disks number 23. Their masses are on average two
orders of magnitude smaller than those predicted for
transition disks (median valudgisk = 8.59x 1075 M)

and they hav&nner < 2.3 AU.

e a pre-transition disk still has an optically thick inner
disk, producing significant NIR emission, which is fol-
lowed by a MIR emission dip; its observed SED must



10

be characterized by NIR excesses, with a [24] flux at time for the transitional phase 0.5 Myrs (Muzerolle et al.,
the same or lower level than that in [8.0]. Since the 2010; Luhman et all, 2010; Currie & Sicilia-Aguilar, 2011).
Robitaille et al.[(2007) models do notinclude disk mod- It must be noted, however, that our sample does not have a
els with an intermediate gap, these stars hardly fit the well defined age. In this estimate, we are mixing together
theoretical models. A total of 42 stars are candidatesinformation from the oldest regions in Cyg OB2, with age
for having a pre-transition disk. presumably in the range-35 Myrs, and from the youngest
regions with ongoing star formation. A better age restitti
 We also consider the possibility that low NIR excesses of our sample will only be possible after a more detailedgtud
can be produced by a highly inclined disk that masks of the star-formation history in this region.
the emission from the inner disiStars fitting models
With Riner < 5AU, Mgisk > 1074 My, highly inclined 8. SUB-CLUSTERING AND MORPHOLOGY OF THE
disks, and with significant [24] emission are classi- ASSOCIATION

fied in this group. Sixteen stars, fitting models with  After the study of Knodlsedef (2000), who concluded that
these properties and inclination angled > 75°, have  Cyg OB2 is a spherically symmetric association with a diam-
been classified as having highly inclined disksTheir  eter of~ 2° and a half-light radius of ¥3more detailed anal-
SEDs fit models with small inner radii (median value ysis revealed a less uniform structure. For instance, there
Rinner = 0.3 AU) and significant mass (median value of  strong indications that the population of Cyg OB2 is the ltesu
Maisk = 107* Mo, but with 6 cases more massive than of different star formation events (Wright et al., 2010); the
0.01Mo). These characteristics are required in order to cloud morphology (Fig[J1) reveals a non uniform structure;
achieve a significant obscuration of the central star andthe spatial distribution of the O stars is far from being sphe
distortion of the optic@NIR SED. cal; a large population of young A stars has been found south-
ward of the nominal center of Cyg OB2 (Drew et al., 2008);
A remaining group of 4 stars shows small excesses and deand the inner part of the association seems to comprise two
clining SED in the NIR, but very intense MIR emission, well different optical clusters (Bica etldl., 2003). Fig.] 20 shows
above the emission level atGgm. These stars fit a model the spatial distributions of fierent populations of Cyg OB2.
where the intense emission at [24] is due to the presence of &he overplotted 16.5%, 33%, 49.5%, 66%, and 82.5% emis-
dense circumstellar envelope, with accretion rates inghge sion levels at ®um from the IRAC observations help us to
4.96x 107" Moyr=t < Menvelope< 1.80x 10°° Moyr—2. Fig. identify the regions with intense dust emission. The left to
[18 shows five examples of SEDs of stars classified with this panel shows the spatial distribution of the O stars idettig
method. different authors (Johnson & Morgan, 1954; Walborn, 1973;
It is interesting to verify whether the stars in these five dif IMassey & Thompson, 1991; Comeron et al., 2002; Hanson,
ferent groups also sharefiirent photometric properties. It [2003; Kiminki et al., 2007; Negueruela ef al., 2008), that ar
is not surprising that the stars with high-inclination diske split into four diferent groups. Two groups lie in the cen-
in general optically very faint, with one exception whose op ter of the association, divided by an intense nebular eprissi
tical SED is dominated by scattered light. Fig] 19 compares These two groups correspond to the two central clusters iden
the distributions of the magnitudes in théand of stars with  tified by|Bica et al.|(2003), and it is not clear whether they
transition and pre-transition disks, of low-mass disks ahd really are two diferent clusters or their separation is induced
the whole disk population. The magnitude distribution of by the peak of extinction corresponding to the bright nebula
the entire disk population peaks betweer"26 r < 24™, between them. A third group is elongated toward the north-
Even restricting the sample to the stars with good photom-west direction, in a region with low dust but high gas emissio
etry in [8.0] or [24] (793 stars), which is crucial for our (Fig.[), while the fourth group lies in the north-east.
classification, the peak is between™& r < 22™. Using The second top panel shows the spatial distribution of the em
the colors of a 3 Myrs isochrone from_Siess etlal. (2000) bedded objects (classified as “class I” and “highly embed-
at a distance of 140pc (Rygl et al.,[ 2012) and\, = 4.3 ded” objects). They are evidently clustered in dense nebu-
(Guarcello et all, 2012), this range corresponds to stats wi lae, such as the two Globules, the cloud DR18 analyzed in
M < 1Mg. Roughly the same distribution is shared by the |Schneider et all (2006) and in the northern pillar strucayre
stars with low-mass disks, though none of them is brighter proximately ate ~ 3082 ands ~ 417 (see also Sec{.] 9).
thanr = 18" (M ~ 1.8 M), while the distribution for the  Both the BWE and the stars witHa emission (bottom left
stars with transition and pre-transition disks peaksatL8™. panel) are more numerous in the north-west and south direc-
This difference cannot be due only to thdfeiential extinc-  tions with respect to the center of the association. This may
tion affecting this region, so it should reflect atdrence in be associated with a disk population in these outer regions
stellar mass. This suggests that i % Myrs (which is the younger than in the center. A younger disk population, i fac
general age range of Cyg OB2 members, Wright et al.,|2010),means on average higher accretion rates and a larger popula-
the stars more massive tha8 M., have more chance to cre- tion of small unprocessed grains in the disks, which are both
ate a transition or a pre-transition disk, likely inducingna required to have BWE anHla emitting stars. The role of
intense photoevaporation than the less massive stars,ewhosthe UV radiation emitted by the O stars can also be invoked
disks have more chance to evolve and still keep their inner(Robberto et all, 2004), but this possibility will be morepr
region. erly addressed in forthcoming studies. The spatial distrib
The number of transition and pre-transition disks we classi tions of transition and pre-transition disks is slightlyfeient,
fied in Cyg OB2 is low compared to the entire disk population with a larger concentration in the center and westward.
with detections in [8.0] and [24] and good photometry in one .
of these two bands. Using this sample, the fraction of transi 8.1. Surface density map
tion disks is 7.8%, and that of pre-transition disks 5.3%.&0 Cyg OB2 is a complex association, so a high level of sub-
3 - 5Myrsold cluster, these fractions are indicative of a life- clustering is expected. However the spatial distributién o



11

the disk-bearing objects shown in Fig. 111 does not allow MST has several advantages for studying the spatial distrib
us a clear understanding of the level of subclustering,yf an tion of a sample of stars with respect to other methods, such
present in the region. A better way to examine this is throughas it does not smooth out the geometry of small groups and
the analysis of stellar density maps and the Minimum Span-allows a direct identification and extraction of subcluster
ning Tree technique (Barrow et al., 1985). members. For the construction of the MST of the disk-bearing
We calculated the stellar surface density of the candidateobjects and the identification of the subclusters, we use th
disk bearing objects following the method introduced by statistics packagenclus?. The identification of the subclus-
Casertano & Hut[(1985), where the stellar surface densityters requires the use of a critical branch length, that weddfi
o (i, j) inside a cell of an uniform grid with center at the coor- adopting the method introduced in GMMQ9. We first con-
dinatedi, j) is: structed the cumulative distribution of the branches leagt
(Fig.[22). Then we found the length at which the cumulative
- ) distribution changes shape, first by choosing an arbitrapy s
ar? (i, j) aration length in the center of the distribution, then perfo
o i ing two linear fits of the points smaller and larger than the
wherery (tlh ) is the distance between the center of the cell chogen length, calculating the value at which the two best-
and theN™ most distant source (i.et3 (i, j) is the distance fjtting lines intersect and using this value as new separatio
to the third most distant sourceN = 18 is a good choice |ength, repeating the procedure until it converged (aftir 6
to smooth out the smallest scale structures (Gutermuth, et al erations). The final critical length is ', corresponding to
2008; | Winston etal.._2012). ~ The typical uncertainty in 51 pcat the distance to Cyg OB2. The result of this proce-
density estimation goes as/ (N - 2)*° (Casertano & Hutt,  dure is shown in Fig_23. The left panel shows the MST con-
1985), being about 25% usiy = 18. Fig.[21 shows the sur-  necting the positions of the candidate disk-bearing stns.
face density map of Cyg OB2 obtained with a 20000 uni-  pranches shorter than the critical length and the connected
form grid andN = 18. The central overdensity correspond- points are drawn in black, while those larger are shown ig gra
ing to the southern cluster identified by Bica et al. (2003) is and dotted lines. The black lines connect the stars thahgelo
clearly evident. Another overdensity corresponds to thre ce to different subclustersThose that contains more than 20
tral northern cluster. As explained, the two optical cluste  stars, and the positions of their members, are shown over-
may be divided because of the extinction peak located ap-plotted on the surface density map in the right panel. Each
proximately ate ~ 3082924 ¢ ~ 412554, but we found a  subcluster is marked with aftiérent color and an identifica-
distribution of disk-bearing objects that connects themene  tion number from 1 to 20, in order of number of stars. The
if with lower density than that of the two clusters. An evidlen spatial distribution of the subclusters mainly follows te-
ring-shaped overdensity about 0.4 deg in diameter sur®und nular overdensity, with only one cluster in the center of the
the central area. This ring-like structure is divided inethr  association, and the subclusters #5, #11, #18, #20 spatiall
different sections: an arc at south-eas24’ long and 14to separated from the whole central region.
1% distant from the approximate center of the association; anin total, 45.3% of the entire disk population belongs to the
overdensity in the south-west direction, southward thgHiri  subclusters, while the remainder is spread over the region o
Globule #1 identified by Schneider et al. (2006) and 3.6 constitutes smaller aggregates, as shown in the left pdnel o
from the southern cluster; and~al4.2’ segment in the west  Fig.[23. However, the results obtained with the MST have to
connecting the northern part of the Globule #1 and the elon-pe used with caution. Some of the spatial associations shown
gated distribution of O stars. It is likely that these lasbtw in Fig. [23 are questionable and slight changes in the criti-
segments form a unique structure together with the Globulecal branch length result in fierent subclusters. The use of
#1, whose high density and brightness prevent a deep identithe color-color and color-magnitude diagrams help us to un-
fication of the embedded low-mass YSOs. derstand whether the physical properties of stars belgrtgin
It is not easy to understand the nature of this ring-like ever various subclusters are reallyfidirent. Tablés summarizes
density around the two central clusters, without informati  the properties of the stellar population of each subclutes
about the stellar dynamics and the sequence of star formatio two central clusters found by Bica et dl. (2003) are merged
These will be the subjects of forthcoming studies. The mostinto the central subcluster #3, mainly because of sevesit di
likely hypothesis is that star formation has been triggéred  bearing objects lying in the nebulosity that separateswioe t
the massive stars in the center and it occurred in the expandoptical subclusters. This finding, together with the faettth
ing shocked nebular front, but in this case these stars alonghe disk-bearing stars falling in these two fields populate s
the ring must be young enough to be not dynamically relaxed,ilar loci in the various diagrams (with no strong evidence fo
and younger than the stars in the central region. An indioati  different extinctions or evolutionary status), suggests Hest t
in this direction is perhaps provided by the spatial distitn  really form a unique cluster, and that the separation batwee
of transition disks and accreting stars shown in Eig. 20,r&he  the two optical clusters is mainly due to the bright nebuosi
the center of the association shows a deficit of the latter andbetween them.
an overdensity of the former stars that are expected to &2 old The subclusters in the northern part of the overdensity ring
than actively accreting stars. (i.e. #6, #7, #9, #13, #16, and #17) share similar properties
. having a low fraction of embedded membetsg% in total)
8.2. Subclustering and an extinction lower than the rest of the disk-bearing pop
Subclustering can be studied in a more appropriate way byulation. Their mediand — H color, in fact, is 131™, while
the use of theMinimum Spanning TreéMST) technique that of the entire population is44™ (almost the same of that
(Barrow et al.) 1985), which is defined as a set of branchesof the stars in the central subcluster), with &eatience cor-
that connect all the points in a given sample (in our case theresponding to an extinction fiérence ofAy, = 1.2™. These
positions of the disk-bearing objects), minimizing theatot
length of the branches, and not producing closed loops. The ? httpy/cran.r-project.orgvelypackagemnclustnnclust. pdf

o, j) =
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properties suggest that they actually form a unique el@atjat In the previous sections we identified 1843 stars with digks i
structure~ 10.6pclong, which runs in the east-west direction Cyg OB2, in various evolutionary stages. The large number
from the Globule #1 northward the central cluster. The lower of identified embedded objects suggests that star formegion
extinction in this subcluster agrees with the extinctionpma still active in some regions of the cloud. One way to infer the
found inlGuarcello et all (2012) using optical and X-ray data relative age of dferent young stellar populations is from the
The large subcluster #2 (187 stars) is apparently one examelass [class Il ratio, given the dlierent timescale of these two
ple of wrong association made by the MST procedure, sinceevolutionary phases. Usually, a ratio larger than 25% or 30%
it appears to be divided into three groups: one northward tha indicates a large fraction of embedded population and ongo-
looks connected to the central cluster; one southward gaghte  ing star formation/(Balog et al., 2007; Masiunas et al., 3012
on a peak in the surface density map (FEig. 21), and the centraFig. [24 shows a gray-scale map of the clgs$abs Il ratio
partthat looks like being a connection between the sulerisist  in an uniform grid, overplotted with the positions of the O
#1 and #4. However, the diagrams reveal that the stars assostars of Cyg OB2 and the emission levels i8n. The map
ciated with the whole subcluster #2 share the same proper<learly shows a large fierence between the central area plus
ties. Also the stars in the subclusters #4 and #15 sharessimil the cavity, that hosts the large majority of the massivesstar
properties, but with dferences in the mediah- H indicating and the outer regions, where the cloud is still dense. In the
larger extinction ofA, ~ 0.5™ for #4 andAy ~ 0.8™ for #15. entire central area the clagslass Il ratio is lower than 20%,
Analogously, #19 is formed principally by low mass stardwit indicating a low embedded population fraction and that the
a slightly higher extinction (by- 0.4™) than the stars in sub-  star formation process has very likely ended. The outer re-
clusters #2, and with a high fraction obtemitters (916). We gions are instead rich in embedded objects, with a larger fra
then conclude than the subclusters #2, #4, and #15 may forntion in the east part of the cloud. The clagsldss Il ratio

an unique elongated structure southward the central cjuste clearly peaks in correspondence of the bright cloud DR18,
with similar stellar content but extinction slightly ineging the dense knots to the north-east, the northern cloud fralht a
toward south-east. the Globule #1. Fid. 25 shows@mimages of the regions in
The western branch is mainly formed by the big subcluster the Cyg OB2 area with large fractions of embedded stars. In
#1, with 213 stars mainly around the Globule#1. Its northern each panel, the positions of stars witlffelient classification
part has been split from the subcluster #10, which is shghtl (class I, flat-spectrum, and class Il YSOs) are marked with
less extinguished (with a fierence ofA, ~ 0.8™) but similar different symbols.

stellar content, while the subcluster #1 may represerffardi ~ The first panel shows the DR18 cloud, which is very bright at
ent small association of stars with a variety of brightness a 8.0um (image size 175 x 6'.5). |Schneider et al. (2006) ob-
extinction. served high gas velocities in the radio emission map of this
The remaining subclusters mainly form the most embeddedcloud, and they concluded that it is modeled by the intense
and young disk population surrounding the central clustdra ionizing radiation from the center of Cyg OB2. As shown in
the ring. The subcluster #11 lies westward the Globule#2, Fig.[25, the tail of DR18 is not perfectly aligned with the di-
and it is characterized by a large fraction of embedded ob-rection of the central cluster (at a projected distance®p8),
jects (411) but just a slightly larger extinction in the— H but it is likely that the sparse distribution of massive star
color with respect the entire disk population (#felience of  in this association contributes in shaping this cloud. Rer i
Ay ~ 0.4™). The subcluster #5 is formed by the stars around stance, the two closest O stars are in twdedlent directions:
and within the Globule#2, and its population can be divided at a projected distance ofl5pcin the north-west and.6 pc

in more evolved class Il stars with a higher extinction than in the south-west. Inside this cloud we identified 10 class |
the rest of the disk bearing population (with dtdience of  objects, plus 6 in the proximity, while only 6 class Il ob-
Ay ~ 0.5™ and an embedded population of class | YSOs jects seems to be related to the cloud. The only flat-spectrum
inside the Globule with very red IRAC colors, suggesting ex- source in this area lies close to the tip of the proplyd-like
tinctions of Ax > 4™. The subcluster #12 has an intermediate object number 10 studied by Wright et al. (2012), and might
position between the central cluster and the northernriith, w  have recently emerged from it.

the 6.7% of embedded stars. Thikegts the estimate ofitsex- The second panel shows the HII region ECX6-27
tinction, inferred from the mediah-H color, which is higher ~ (Wendker et al., 1991) (% 5.5'), at the projected distance
than the stars in the northern rim By, ~ 1™, but lower than  from the central cluster of.3 pc. Following the analysis of
the rest of the central cluster By, = 0.2™. The subcluster #8 the radio emission of this region, its distance is estimated
consists of the stars inside and around the bright cloud ECX6 to be larger than that to Cyg OBZ2._Pipenbrink & Wendker
27. Even if the mediad — H color of these stars suggests a (1988) estimated a distance-ofLOkpc, which has been more
similar extinction than the rest of the disk bearing popatat recently reduced to.3kpcby/Comeron & Torra (2001). This
the stars inside the cloud are in an early evolutionary phasearea hosts 9 class | objects and the subcluster #8, which has
being more embedded in the cloud. The membership of thisa fraction of class | sources of 32%. It is unlikely that the
population of stars to Cyg OB2 will be addressed later. The spatial coincidence between this embedded population and
subcluster #18, located in the center of the north-west cav-the ECX6-27 is fortuitous. However, we note that the class II
ity in the molecular cloud, is formed by class Il YSOs with a objects which lie in the nebulosity share similar positian i
slightly larger extinction than the rest of the disk-begniop- the various color-color and color-magnitude diagrams bf al
ulation (by Ay = 0.4™) and mainly an early spectral type as the other members of Cyg OB2 and they are too bright in
suggested by their position in the color-magnitude diagram optical to be at the distance of3kpc more than twice that
Finally, stars of subcluster #20 are embedded in one of theof Cyg OB2. By the way, some of the very embedded objects
bright immed clouds in the north-east, with a high fraciidn  could be detected even if they lie at such large distance.
embedded YSOs. In conclusion, our data suggest a smaller distance for this

nebulosity, but they do not provide any conclusive evidence
9. ACTIVE STAR FORMATION IN CYGNUS OB2 The third panel shows a 18 x 10.6 image of three bright
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clouds in the north-east direction,2fc distant from the  cific 5-steps selection algorithm. The highly reliable filistl
central cluster and.3pc from the north-east group of O of candidate disk-bearing stars contains 1843 stars.
stars. This region is rich of class | YSOs (20, versus 13 flat- The evolutionary status of the selected stars with disks
spectrum and 37 class Il) and it hosts the subcluster #20, wit have been determined by adopting the definition from
a 30% class | fraction. This is a region rich in recent star Wilking et all (2001) based on the spectral index the
formation activity, experiencing thetects due to both the O  IRAC colors (Gutermuth et al., 2009), and the SED analysis
stars in the central cluster and those in the north-east. (Robitallle et al.| 2007), resulting in 155 class | YSOs 8.4
The fourth panel shows a cloud structure with a north-south of the entire population); 242 flat-spectrum sources (13,1%
trunk-shape and a front, atgg and 36 pc from the two and 1349 class Il objects (72.9%). We also classified 62 stars
closest groups of O stars. Several YSOs (mainly embeddedwith transition disks and 42 whose observed SEDs suggest the
objects) are detected in the head of EGG-like (Evaporatingpresence of pre-transition disks; 39 Blue stars With BExegss
Gaseous Globules, Hester et al., 1996) structures. With 1770 disk-bearing object with &lemission, and 24 highly em-
class | YSOs, almost all along the trunk and the front, to- bedded YSOs.
gether with 12 flat-spectrum and 12 class Il stars and intenseThe structure of the association has been studied with the su
Ha emission in this area (Fidll 1), this population may be the face density map (Casertano & Hut, 1985) and the Minimum
best example in Cyg OB2 of star-formation in an evaporating Spanning Tree (Barrow etlal., 1985). These two techniques
photodissociation front, triggered by nearby OB stars. reveal a complex and clumpy morphology of the association.
The last image shows the ultracompact HII region ECX6- A central subcluster is surrounded by an annular overden-
21 (Wendker etal.; 1991), classified as “Globule 2" by sity of stars with disks, where several candidate subaisiste
Schneider et al. (2006). Indication of ongoing star forma- lie. The subclusters lying along this structure show simila
tion in this cloud has been found by the identification of stellar content, but increasing extinction from north $eut
the source IRAS 202861105 with a rising infrared SED  ward. The surrounding area shows a number of candidate
(Odenwald & Schwartz, 1989) and the presence of watersubclusters, peaks in the stellar surface density and aebul
masersi(Palla et al., 1991). In this area, we detected 6 lglass structures, with a significant embedded population ancelarg
2 flat-spectrum, and 3 class Il objects. Besides, this regionclass [class Il ratio, suggesting the presence of recent star for-
hosts the subcluster #5, which has a 17.8% fraction of class Imation events. The morphology of the association, together
YSOs. All these indications suggest that star-formation is with the orientation of these nebular structures with respe
ongoing in this region. Its distance is compatible with the to the central massive population of the association, sstgge
membership to the Cyg OB2 association (Comeron & Torra, some level of triggered star formation. Future analysidef t
2001). The projected distance from the central clustergela sequence of star formation in the association and the dynam-
(11.6 pc), but this cloud receives more direct radiation from ics of the stars associated with Cygnus OB2 will shed some
some sparse O stars in the north-east, east, and south diredight on the nature of the structures identified in this paper
tions with projected distances ranging fron3 pcto 5.5 pc.
Another interesting group of 5 class | objects lies soutlawar
the Globule 2. We thank the anonymous referee for the useful comments.
The author is indebted with Raele D’Abrusco and Ignazio

10. SUMMARY AND CONCLUSIONS Pillitteri for their precious help. This article makes uske o
Cygnus OB2 is the the best target in our Galaxy to study stardata obtained with observations made with the Gran Tele-
formation and disk evolution in presence of massive stars, b scopio CANARIAS (GTC), installed in the Spanish Obser-
ing the closest star forming region to our Sun {.4kpo vatorio del Roque de los Muchachos of the Instituto de As-
that hosts hundreds of massive stars and thousand of youngofisica de CANARIAS, in the island of La Palma; data ob-
low mass stars. In this paper we select and study the disktained as part of the INT Photometric H Survey of the North-
bearing population of Cyg OB2 in an area of about one squareern Galactic Plane (IPHAS) carried out at the Isaac Newton
degree centered on the center of the association. We comTelescope (INT; all IPHAS data are processed by the Cam-
bined deep optical (from OSIRIS@GTC, SDSS, and IPHAS) bridge Astronomical Survey Unit, at the Institute of Astron
and infrared data (2MASBSC, UKIDSZGPS, and Spitzer omy in Cambridge); SDSS data, founded by the Alfred P.
data from the “The Spitzer Legacy Survey of the Cygnus- Sloan Foundation, the Participating Institutions, theidtal
X Region”) to obtain a deep and complete understanding of Science Foundation, the U.S. Department of Energy, the Na-
how star formation is fiected by massive stars. The com- tional Aeronautics and Space Administration, the Japanese
bined optical-infrared catalog has optical data coverlmy t Monbukagakusho, the Max Planck Society, and the Higher
12™ < r < 25" range and infrared data in th& & J < 20™ Education Funding Council for England; data products from
range with good photometry. the Two Micron All Sky Survey, which is a joint project of
The selection of the disk-bearing population has been per-the University of Massachusetts and the Infrared Process-
formed combining several selection criteria, in order to ing and Analysis Centg@California Institute of Technology,
take full advantage of the large set of multiwavelength funded by the National Aeronautics and Space Administra-
data we have. Candidate disks have been selected usingon and the National Science Foundation; data based on ob-
thelGutermuth et all (2009) scheme, the Harveylet al. (2007)servations made with the Spitzer Space Telescope, which is
scheme, thd—H vs. H - K diagram; six reddening-free color operated by the Jet Propulsion Laboratory, Californiaiinst
indicesQ similar to those defined by Damiani el al. (2006), tute of Technology, under contract with NASA. The paper
and| Guarcello et al! (2007, 2009), and the [3.6] vs. [3.6]- is also based on data obtained as part of the UKIRT In-
[24] diagram |((Rebull et all, 2011). The combined list of se- frared Deep Sky Survey (UKIDSS, Lawrence €tlal., 2007, we
lected stars, amounting to 2703 sources, has been prumad fro are grateful to Charles Williams for his support of the Ap-
stars with unreliable excesses, and candidate foregraarsjs ple Mac X-grid cluster in Exeter, on which the UKIRT data
background giants, and extragalactic sources by using-a spewere reduced). UKIDSS uses the UKIRT Wide Field Cam-
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era (WFCAM; Casali et all, 2007). The photometric system the CXC science sthfor advice and support. D.G.A. ac-

is described i Hewett et lal. (2006), and the calibratioreis d knowledges support from the Spanish MICINN through grant
scribed il Hodgkin et all (2009). The pipeline processind) an AYA2008-02038. R.A.G. would like to acknowledge the sup-
science archive are described in Irwin et al (2009, in prep) port of NASA Astrophysics Data Analysis Program (ADAP)
and Hambly et &l (2008). M.G.G. is supported by the Chan- grants NNX11AD14G and NNX13AF08G, and Caltgifhl
dragrant GO0-11040X. J.J.D., V.L.K., and T.A. are supmbrte awards 1373081, 1424329, and 1440160 in support of Spitzer
by NASA contract NAS8-39073 to the Chandra X-ray Cen- Space Telescope observing programs.
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APPENDIX
ON-LINE CATALOG
In this section we describe the information contained incdtalog of the candidate stars with disk (1843 stars).
¢ |ID: a sequential ID for the stars.

e Celestial coordinates: Right Ascension and Declinatiai2i®00. Remember that the astrometric systems of all theaderg
catalogs are referred to the 2MASS.

e OSIRIS photometry: If available, magnitudes and erronszZr©SIRIS bands.

¢ IPHAS photometry: If available, magnitudes and errorgh, IPHAS bands.

e SDSS photometry: If available, magnitudes and errorgiriz SDSS bands.

e 2MASS photometry: If available, magnitudes and error3iK 2MASS bands.

e 2MASS quality flag: four columns showing thpd_qual, rdflg, bl_flg, ccflg quality flag provided by the 2MASBSC
catalog.

e UKIDSS photometry: If available, magnitudes and errord K plus theJ — K andH - K colors.

¢ IRAC photometry: If available, magnitudes and errors inlfRAC bands.

e MIPS photometry: If available, magnitude and error in [24].

e MULTI _OS.IP tag: larger than O if the source has a multiple match betlee OSIRIS and IPHAS counterparts.

e MULTI _UK_2M tag: larger than 0 if the source has a multiple match betvwiee UKIDSS and 2MASS counterparts.

e MULTI _NIR_OPT tag: larger than 0 if the source has a multiple match kerivtilee UKIDSS-2MASS and optical coun-
terparts.

e MULTI _OI_SP tag: larger than 0 if the source has a multiple match bettree UKIDSS-2MASS+optical and Spitzer
counterparts.

e ecguttag: equal to 1 if the star has been selected with the GMii@®od.

e ec 224 tag: equal to 1 if the star has been selected with ta¢ ¥4. [4.5] — [8.0] diagram.
e ec11Mtag: equal to 1 if the star has been selected with tt& {3. [36] — [24] diagram.
e ecM4M tag: equal to 1 if the star has been selected with the [24]&0] — [24] diagram.
e ec233Mtag: equal to 1 if the star has been selected with tHg {4[5.8] vs. [5.8] — [24] diagram.
e ecM24 tag: equal to 1 if the star has been selected with the [24]45] — [8.0] diagram.
e ecQriJl tag: equal to 1 if the star has been selected witlQthe ) index.

e ecQriJ2 tag: equal to 1 if the star has been selected witlithe 5; index.

e ecQriJ3 tag: equal to 1 if the star has been selected witlithe g index.

e ecQriJ4 tag: equal to 1 if the star has been selected witlithe o) index.

e ec JHHK tag: equal to 1 if the star has been selected withltheH vs. H — K diagram.

e ec QJHHK tag: equal to 1 if the star has been selected witt@theyk index.

e ec QriHK tag: equal to 1 if the star has been selected withQhgx index.
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e alpha: spectral index.

e classification: a string describing the classification @ #tar. If more classifications are present, they are divided
underscores. The flierent codes are: “HE” (highly embedded), “CI1” (class I)S"Hflat-spectrum), “CI2" (class II),
“NC” (not classifiable), “BWE” (BWE star), “TD” (transitiordisk), “PTD” (pre-transition disk), “lowmass” (low-mass
disk with excesses only in [8.0] and [24]), “high-incl” (Hily inclined disk with excesses only in [8.0] and [24]), “Ha”
(classified asa emitter in this paper or by Vink et al. (2008)).
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TABLE 1
SOURCE MATCHING RESULTS

Catalog A Catalog B rmach  N. matches
2MASS UKIDSS o4 34446
OSIRIS IPHAS (0544 11207

OSIRIS+HIPHAS SDSS ®"” 19314

NIR OPTICAL 03" 73208

NIR+OPTICAL Spitzer (0744 114842
TABLE 2

COUNTERPARTS DISTRIBUTIONS

N. sources Optical JHK IRAC/MIPS

47187 X X X
64396 X X
1813 X X
26651 X X
9200 X
144282 X
25985 X
TABLE 3

SELECTION OF THE DISK BEARING STARS WITH “RELAXED” LIMITS

Method New selections  Unigue new selections
GMMO09 scheme 215 79
[4.5] vs. [45] - [8.0] 270 51
J-Hvs.H-K 151 103
Qinnk andQrink 157 39
Qriarsp 61 39
MIPS diagrams 24 7
TABLE 4

NUMBER OF SOURCES SELECTED WITH THE ADOPTED CRITERIA

Criterion Initial"  Final*  Unique™*
GMMO09 scheme 1461 1405 478
[4.5] vs. [45] - [8.0] 655 646 38
[3.6] vs. [36] - [24] 393 377 12
[24] vs. [80 - 24] 230 212 11
[4.5] - [5.8] vs. [5.8] — [24] 366 352 1
[24] vs. [45] - [8.0] 245 223 2
Qriajz.6] 291 235 0
Qrispas] 385 330 5
Qisfs.8] 485 426 2
Qrijfs.0] 680 638 49
J-Hvs.H-K 382 138 8
QuHHK 244 134 1
QriHk 128 83 3

* Stars selected by the given criterion.
** Stars that have been accepted by the merging algorithm.
*** Stars in the final list selectezhly by the given criterion.
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CHARACTERISTICS OF THE SUBCLUSTERS

TABLE 5

ID stars class| flat-spect. classll TD otbmit. cl. |frac.
1 213 11 20 176 3 4 5.3%
2 187 8 30 144 4 8 4.4%
3 93 5 12 74 4 1 5.5%
4 47 2 6 38 1 2 4.3%
5 46 8 6 31 1 1 17.8%
6 42 2 6 34 2 4 4.8%
7 25 3 0 21 0 1 12.5%
8 24 8 7 8 2 3 32%
9 19 0 1 18 1 0 0%
10 16 0 1 15 0 1 0%
11 15 4 2 9 0 0 26.7%
12 15 1 2 12 3 0 6.7%
13 14 0 2 12 1 2 0%
14 13 1 1 11 2 1 7.7%
15 13 1 2 10 1 0 7.7%
16 12 0 2 10 0 0 0%
17 12 0 2 10 0 0 0%
18 12 0 1 11 0 0 0%
19 11 1 0 10 0 9 9.1%
20 11 3 5 2 0 0 30%
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Fic. 1.— RGB image of the Cygnus OB2 association. The emissidtainis shown in green, the emission irD8min red, and stellar emission ir in blue.
The field of view of the Chandra Cygnus OB2 Legacy Sureeptered one = 20 : 33 : 14and 6 = +41 : 18 : 54 is encompassed by the dashed box, while the
field observed with OSIRIS by the white boSpitzer data are available in the entire field The positions of the O stars are marked with blue circlesigkiir
et al. 2013, in preparation). The positions of the relevémictures that are discussed in this paper are also indic@tee small panel in the right shows the
entire field observed for the Cygnus-X Legacy Survey with theortion that it is studied in this paper encompassed by the dshed box.
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[3.6]-[5.8]

PAH galaxies

—05 0t by b b
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Fic. 2.—[3.6]—[5.8] vs. [4.5]-[8.0] diagram with the loci of disks and PAH galaxies from GMMG#iahe giants locus defined with the PADOVA (Girardi €t al.,
[2005) isochrones (dotted lines). See SEtt. 5 for detail erdéfinition of the giants and PAH galaxies loci. Small graysdmrrespond to sources with good
photometry, black dots are those selected as disk-beabjegts with the GMMO09 scheme. The reddening vector was obtaironi Flaherty et all (2007).
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Fic. 3.— [4.5] vs. [45] - [8.0] diagram with the locus of stars with disks from Harvey ét{a007), the giants locus defined with the PADOVA isochrones
(dotted lines), the locus populated by AGN defined in GMMO&a8 gray dots are sources with good photometry, black deteandidate disk-bearing objects
selected with this method. The reddening vector is obtaired[Flaherty et 81[(2007).
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Fie. 4.—J - H vs. H — K diagram with the loci of disks and giants defined with the PAIB@sochrones (dotted lines). There is only a partial oyetietween
the two loci at very high extinction. Small gray dots are tberses with good photometry, black dots are candidate lsiking objects selected with this
method. The reddening vector is obtained fiom Rieke & Lekd(§985). The Siess etlal. (2000) ZAMS wisky from 0™ to 4.3™ are shown (solid lines).
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Fig. 5.— Qyuuk vs. H — K (left panel) andQrink vs. H — K (left panel) diagrams with all the stars with good photomégray dots) and those candidate
to have excess ik (empty circles). The horizontal lines separate the adolateidof reddened photospheres and sources with excess. i€ge & al.[(2000)
isochrones with age ranging fromMyr to 1Gyr (solid lines) and the PADOVA models from 500yrsto 10Gyrs(dotted lines) are shown, withftierent values
of extinction. The black small dots are giants of the north@alactic plane (Wright et Al., 2008), some of which fall lne focus of stars withk excess. The
dashed line in the left panel delimits the locus that can Im¢acninated by background giants.
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FiG. 6.— The fourQrj[sy vs. J — [sp diagrams used to select stars with IRAC excesses (opdesjircThe stars with good photometry are marked with gray
dots. The dotted lines are PADOVA isochrones.
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2703
Merged list of candidate stars with disk —é Stepl

YES=597 Are any of tf_\eée criteria for unreliable
excesses satisfied?
Excess from * BWE, only excessin Q
Step2 YES only 1 ¢ Only excess from Q, optical contaminated
critegion? or not reliable
* Only K- or Q- excesses, SED compatible
with reddened photosphere

Are any of these criteria satisfied? 439
¢ Not detected in A>Aec

e Class|/Il'in [3.6]-[4.5] vs. [5.8]-[8.0]
¢ Hain emission

¢ SED not compatible with a reddened photosphere ES= 369

CANDIDATE GIANT?

T

¢ Is not detected only by Q(riJ[5.8]) —
With all these With one of these =
v properties: properties: o
" . * Low A |
= CANDIDATE FOREGROUND STAR? |G + LargeAyinoptical | [ (RN Lo |
O and NIR col-col b ) o
I I * Excess in Q with [4.5]vs. [5.8]-[8.0] | &S
\‘ NO= 1835 high A, + ExcessesinQ, e
O Step5 YES= 84 with low A,
With one of these With all these
properties: properties: NO 142
* AV<2in r-ivs.i-z * AV>2in r-ivs. i-z | I (
* MSinJvs. J-K * PMSin Jvs. J-K 1904 CANDIDATE GALAXY?
65 19 Stepda W YES=50
With one of these With on‘e ofthese
v v properties: properties:
15 S . + No NIR and optical
. * PMSinrvs.r-i . .
9 Discarded and ) vs 1K, * Optical colors typical
sources Final list of stars E « Clearlyastarin | ‘E’;‘llﬁjgss-ource .
T with disks (1843) optical image. images .
I35

Fic. 8.— Algorithm used to merge the lists of candidate stark disks from the various adopted criteria and accounts fesipée contaminants.
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Fic. 9.— [36] — [4.5] vs. [5.8] — [8.0] (left panel) and [8] vs [4.5] — [8.0] (right panel) diagrams, with the sources with good phatyn(gray dots), all the
candidate stars with excesses (black dots) and the giantklinited by solid lines. In the left panel the dasheddikelimit the AGN locus.
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Fig. 11.— Spatial distribution of the stars with disks selectéth the GMMO09 method (filled circlesand only with the other criteria adopted (empty
diamonds). The 16.5%, 33%, 49.5%, 66%, and 82.5% emissiefslmmeasured at@:m are marked with dashed lines.
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[3.6] vs [3.6]-[24)
[4.5) vs [4.5])-[8) [24] vs [8]-[24]
Gutermuth+ 2009 ‘ [4.5]-[54] vs [5.4]-[24]

QriJ[&lJ]

Fig. 12.— Diagram showing how the samples of the stars selegt&@ddth criterion are related each other. Each circle reptesme selection criterion, with
all the stars with disks along the circumference. A line @mts the position of a particular star with the center of thdecif this star is selected by the given
criterion. Stars are sorted in the same order along eade.circ
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Fie. 13.—r vs. r — i diagram of the optical sources with good photometry in thielist field (light gray dots) and the candidate stars withk @iark gray
circles). The black line is the ZAMS with a distande= 850pc andAy = 1™. The dashed lines are the201, 3, 5, 10Myrsisochrones wittd = 1400pc and
Ay = 4.3M,
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Fig. 14.—r’ — H, vs. r’ — i’ diagram of the IPHAS sources with good photometry (lightygitats), the candidate stars with disks (black crosses) tmd s
with disk with emission irHa (black circles) and the emission line stars discovered Ik ¥t al. (2008) (squares). The black lines are ZAMS witheasing
extinction: fromEg_y = 1Mto Eg_y = 3™.
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Fic. 15.— Distribution of the spectral indices of the disk begrstars.
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Fie. 16.— Results of the SED fitting for a disk-bearing star witlbva mass disk with large inner radius. The black dots are thieerved fluxes, the triangle is
the assumed upper limit for the emission at [24]; the dasineds the SED of the best-fit photosphere, the black linegsIED of the YSO best-fit model.
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Fig. 17.— 80um image of the proplyd not studied by Wright et al. (2012), vilie position of the YSO marked by an arrow. Its size and thecqipate
direction toward Cyg OB2 are also indicated.
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Fic. 18.— Examples of SED of YSOs classified as: transition dits left), pre-transition disks (top center), highly imeld disk (top right), low-mass disk
(bottom left), and disk with low NIR and high envelope emiss{bottom right).

Fie. 19.—r magnitude distributions of the entire disk population of@B2, and of those classified as stars with transition, qamesttion, and low-mass disks.
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Fig. 20.— Spatial distribution of dierent populations of Cyg OB2: the O stars in the upper lefepand subsamples of disk-bearing objects in the remaining
panels. In order to compare the positions of the stars wihsthucture of the nebula, the 16.5%, 33%, 49.5%, 66%, arg@2mission levels measured at
8.0umare also indicated.
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Fic. 21.— Surface density map of the disk-bearing objects in Ofg2. The contours map the@xm emission as in Figl_20. The stars symbols mark the
positions of the O stars.
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Fic. 22.— Cumulative distribution of the MST branches lengtheHotted lines represent the linear fit of the points smalterlarger than the chosen critical
branch length.
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Fig. 23.— Left panel: the MST obtained with all the disk-bear¥§0s, whose positions are marked by circles. The branchaBesrthan the critical length
and the connected points are marked in black with continlinas; those larger than the critical length are in gray wiidiited lines. Right panel: the surface
density map shown in Fi§_21 with the 20 subclusters we foeadh marked with a ffierent color and identification number.
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Fic. 24.— Gray-scale map of the ratio between the number of tlasd class Il YSOs in a uniform grid. The stars symbols maekpbsitions of the O star,
while the dotted lines the [8.0] emission contours.
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Fic. 25.— 80umimages of active sites of star formation in the Cygnus OB2.afée diferent symbols mark the positions of stars witfietient classification:

crosses for class | objects, diamonds for flat-spectrum,cants for class Il. In some image, O stars are marked witis pymbols. The arrow indicated the
direction and the distance of the star-forming region wlia ¢entral cluster or other groups of O stars.
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