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ABSTRACT

We analyze the spatial distribution of dusty young stellar objects (YSOs) identified in the Spitzer
Survey of the Orion Molecular clouds, augmenting these data with Chandra X-ray observations to
correct for incompleteness in dense clustered regions. We also devise a scheme to correct for spatially
varying incompleteness when X-ray data are not available. The local surface densities of the YSOs
range from 1 pc™2 to over 10,000 pc~2, with protostars tending to be in higher density regions. This
range of densities is similar to other surveyed molecular clouds with clusters, but broader than clouds
without clusters. By identifying clusters and groups as continuous regions with surface densities
> 10 pc~2, we find that 59% of the YSOs are in the largest cluster, the Orion Nebular Cluster
(ONC), while 13% of the YSOs are found in a distributed population. A lower fraction of protostars
in the distributed population is evidence that it is somewhat older than the groups and clusters.
An examination of the structural properties of the clusters and groups show that the peak surface
densities of the clusters increase approximately linearly with the number of members. Furthermore,
all clusters with more than 70 members exhibit asymmetric and/or highly elongated structures. The
ONC becomes azimuthally symmetric in the inner 0.1 pc, suggesting that the cluster is only ~ 2 Myr
in age. We find the star formation efficiency (SFE) of the Orion B cloud is unusually low, and that
the SFEs of individual groups and clusters are an order of magnitude higher than those of the clouds.
Finally, we discuss the relationship between the young low mass stars in the Orion clouds and the
Orion OB 1 association, and we determine upper limits to the fraction of disks that may be affected
by UV radiation from OB stars or by dynamical interactions in dense, clustered regions.

Subject headings: infrared:stars — ISM:individual(Orion A) — ISM:individual(Orion B) — stars:

formation — stars:protostars — stars: variables: T Tauri, Herbig Ae/Be

1. INTRODUCTION

Since the identification of T Tauri stars as low-mass
stars undergoing pre-main sequence evolution (Joy 1949,
Herbig 1962), young (< 2 Myr), low-mass stars have been
found in almost every surveyed molecular cloud (e.g.
Palla & Stahler 2000, Hartmann et al. 2001, Megeath
et al. 2009). Low mass star formation has been observed
to occur in a rich diversity of environments, from iso-
lated, cold globules containing only a few young stars
to rich clusters in giant molecular clouds heated by OB
associations (e.g. Carpenter 2000, Feigelson et al. 2005,
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Stutz et al. 2010). The surface densities of the young
stellar objects (YSOs) vary dramatically between these
diverse environments, from a few stars per square par-
sec in the Taurus cloud to hundreds of stars per square
parsec in rich clusters (Telleschi et al. 2007, Evans et al.
2009, Gutermuth et al. 2009, Megeath et al. 2009; 2012,
Rebull et al. 2010).

The broad range of stellar densities at which young,
low-mass stars are found has led to the division of star
formation into distributed and clustered modes, where
the distributed mode is characterized by the low stel-
lar densities typical of the Taurus dark clouds and the
clustered mode is characterized by the high stellar den-
sities of the cluster found in the Orion Nebula (Herbig
1962). In the 50 years since this distinction was made,
a primary goal of infrared molecular cloud surveys has
been to measure the relative number of stars forming
in distributed and clustered environments. In the 1980s,
surveys with near-IR cameras revealed the importance of
the clustered mode. In a K-band survey of the Orion B
cloud, Lada (1992) found four clusters with a total of 627
stars, and they estimated that the stars in the clusters
represented 58-82% of the total population of young stars
in this cloud. The large uncertainty in this fraction re-
sults from the unknown number of foreground and back-
ground stars contaminating the survey; young stars in
molecular clouds cannot be distinguished by field stars
in the line of sight by their K-band magnitudes alone.
This left open the possibility that almost half of the stars
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were formed in relative isolation as part of the distributed
population. More definitive evidence for a distributed
population was found in the Orion A cloud using the
2MASS 2nd incremental release data. After subtracting
out the estimated surface density of contaminating field
stars, Carpenter (2000) found an excess of 2MASS point
sources in the Orion A cloud which was interpreted as a
distributed population of young stars. In contrast, there
was not a significant excess of point sources in the Orion
B cloud; however, the 2nd incremental release of 2MASS
only covered half of the Orion B cloud. Furthermore, due
to uncertainties in the surface density of contaminating
field stars, the number of stars in the distributed pop-
ulation was highly uncertain. Nonetheless, the 2MASS
results suggest that over > 50% of the stars in molecular
clouds are in clusters.

A second goal of infrared surveys has been to estab-
lish the relative importance of star formation in clusters
relative to that in groups. Lada & Lada (2003) define
young clusters as gravitationally bound assemblages of
stars with densities above 1 Mg pc~2 and more than 35
members, the minimum size at which the relaxation time
is greater than the crossing time. In contrast, Adams &
Myers (2001) defined clusters as having more than 100
stars, the size at which the relaxation time equals the for-
mation time. They further define groups as having 10-
100 members. In their literature compilation of young
clusters and groups in the nearest 1 kpc, Porras et al.
(2003) found that groups with sizes of 10-100 members
are more numerous than clusters, but that the clusters
contain 80% of the YSOs. A similar result was found by
Carpenter (2000), who found that the largest clusters in
a given cloud contained a much larger fraction of mem-
bers than the more numerous groups. Thus, the obser-
vations in the current literature indicate the more stars
are formed in clusters than groups. In total, these re-
sults suggest that the majority of stars form in clusters,
although there remains a significant uncertainty in the
number of young low mass stars found in the distributed
population.

Despite the importance of clusters, the nature of em-
bedded clusters and their connection to open clusters has
not been well established. Both the physical processes
that drive the fragmentation of the cluster forming gas
and the subsequent dynamics of the ensuing stars are not
understood. Much of the debate has centered on the best
studied young cluster, the Orion Nebula Cluster (here-
after: ONC). Tan et al. (2006) argued that the ONC is in
a quasi-equilibrium configuration that has lasted multi-
ple dynamical times. In contrast, observations and mod-
eling of the radial velocities of young stars in the ONC by
Tobin et al. (2009) and Proszkow et al. (2009) indicated
that the cluster is sub-virial and undergoing global col-
lapse. Understanding the structure and dynamical state
of embedded clusters is an important step toward under-
standing the formation of open clusters. Although it is
likely that embedded clusters are the progenitors of open
clusters, Lada & Lada (2003) find that only 7% of the
embedded clusters survive gas dispersal. It is not clear
what properties are required for an embedded cluster to
survive and form a bound open cluster. Of further in-
terest is the origin of the stars found in the distributed
population; did these form in relative isolation or did
they originate groups and clusters?

The range of environments in which low-mass stars
form may influence planet formation. Protoplanetary
disks surrounding young, low mass stars in rich young
clusters can be affected by tidal interactions with other
cluster members as well as the UV radiation from mas-
sive stars within the cluster. The gravitational tides ex-
perienced by disks during flybys of cluster members may
induce structures within the disks as well as strip the
outer regions of the disk. The rate of such encounters
depends strongly on the density of stars within a cluster
and appears to be rare at the stellar densities observed in
the typical clusters observed in the nearest 1 kpc (Guter-
muth et al. 2005, Adams et al. 2006). In contrast, the UV
radiation from massive stars has a measurable effect on
disks in the Orion Nebula. The most massive star in the
Orion Nebula is ! C with a spectral type of O7 (Brown
et al. 1994). VLA and Hubble observations of the nebula
show that the UV radiation from 6' C is photoevaporat-
ing the disks around low mass stars near the massive star
(Churchwell et al. 1987, O’dell & Wen 1994, Bally et al.
1998, Johnstone et al. 1998). Theoretical analyses show
that the radiation erodes the outer disks (Adams et al.
2004); the resulting loss in disk mass has been observed
for young stars in the Orion Nebula (Mann & Williams
2009b;a; 2010, Mann et al. 2014). In contrast, it is not
clear whether the radiation can destroy the disk. Theo-
retical models of photoevaporating, viscous disks suggest
that total disk destruction can occur (Matsuyama et al.
2003); however, the observational evidence for the de-
struction of gas rich disks is mixed. In support of disk
destruction, Balog et al. (2008) find a deficiency of disks
in the inner regions of the Rosette nebula where the low
mass stars with disks are in close proximity to several
massive stars. However, in an analysis of the disk frac-
tion in the Cep OB3Db cluster, Allen et al. (2012) show ev-
idence that observed variations in the disk fraction come
from a mixture of ages, and not photoevaporation by the
O7V star in the cluster. Despite the growing evidence
that UV radiation can at least erode the outer regions of
disks, the amount of erosion depends sensitively on the
distance of the low mass stars orbiting in a cluster from
the massive stars (Adams et al. 2004; 2006). Thus, more
work is needed to assess the typical radiation exposure
experienced by young low mass stars.

Surveys of the distribution and density of young stars
in molecular clouds have important ramification for all
the above topics: the demographics of young stars, the
structure of embedded clusters, and the role of environ-
ment in planet formation. Most of the studies described
above used maps of the surface density of stars to trace
embedded populations; however, this approach is not
sensitive to more distributed populations of young stars
where the surface density of young stars is similar to
that of background stars (see number counts method in
Allen et al. 2007). Cloud surveys with the Spitzer Space
Telescope have now provided an alternative means for
mapping the distribution of young stars with dusty disks
and infalling envelopes (Allen et al. 2004; 2007). Such
dusty young stellar objects (hereafter: dusty YSOs) can
be identified even in relative isolation and a map of the
distribution of young stars can be obtained down to very
low stellar densities (Megeath et al. 2004, Evans et al.
2009).
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Fic. 1.— Left: the log of the nearest neighbor density, Nig =
9/(wr2,) where r1g is the distance to the 10th nearest neighbor,
vs. the log of the RMEDSQ in the 8 um band. Note that the
dense, clustered regions show systematically higher RMEDSQ val-
ues. Right: histograms of the 4.5 pm magnitude for young stel-
lar objects sorted by their RMEDSQ. For increasing values of
RMEDSQ), the faint end of the histograms become increasingly
truncated: this is due to lower rates of detection in these faint
magnitudes bins. Together, these plots demonstrate lower detec-
tion rates of YSOs in crowded regions. This is mostly due to the
bright nebulosity found in clusters which is tracked by the 8 pm
RMEDSQ.

The Spitzer Orion Survey covered 9 sq. deg. of the
Orion A and Orion B molecular clouds with the IRAC
and MIPS instrument onboard Spitzer. Megeath et al.
(2012, hereafter Paper I) combined 2MASS, TRAC, and
MIPS 24 pm phototometry from the survey and pub-
lished a catalog of 3479 dusty YSOs in the Orion clouds.
In Paper I, we presented the catalog of dusty YSOs,
briefly examined the spatial distribution of the YSOs,
and then studied the variability of the YSOs between
two epochs. In this second paper on the Spitzer Orion
survey, we use the catalog of dusty YSOs to address the
questions posed above. First, we will examine the spa-
tially varying incompleteness over the surveyed regions
and correct for this incompleteness using newly devel-
oped methods combining both existing X-ray surveys of
Orion clusters and artificial YSO tests. These correc-
tions allow us to assess the demographics of dusty YSOs
in the Orion clouds and present the statistical distribu-
tions of YSO densities and the relative fraction of stars in
clusters, groups and isolation for all YSOs and for proto-
stars alone. To place the Orion clouds in context, we also
compare the demographics of YSOs in Orion to those in
other nearby clouds. Next, we study the structure of the
embedded clusters in the Orion survey and examine the
relationship of those clusters to the surrounding Orion
OB1 association. Finally, we study the population of
young stars with disks, estimating both the fraction of
stars with disks and the projected distances of the typical
disks from the OB stars in the Orion OB1 association.

2. THE COMPLETENESS OF THE YSO CATALOG

In Paper I, we described a method to identify and clas-
sify protostars using the eight band 1.2-24 ym photome-
try from 2MASS and Spitzer. We then presented a cat-
alog of YSOs identified in this manner. In this contribu-
tion, we use the same YSOs catalog, with 12 extra dusty
YSOs added from one minor modification (Appendix A).
In addition, seventeen pre-main stars have been reclassi-
fied as protostars, and two protostars have been reclassi-
fied as pre-main sequence stars with disks (Appendix A).
In this section, we examine the completeness of that cat-
alog.

A study of the spatial distribution of dusty YSOs re-
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F1G. 2.— The distribution of the 8 pum log(RMEDSQ) values
toward dusty YSOs in the entire Spitzer Orion Survey and for
individual fields in the survey (see Paper I for the definition of the
different fields). In the fields containing bright nebulosity due to
HII regions (the Orion Nebula and NGC 2024) or reflection nebulae
(NGC 1977, NGC 2023, NGC 2068 and NGC 2071), the RMEDSQ
varies by three orders of magnitude.

quires a correction for the spatially varying completeness
found in mid-IR surveys of star forming regions. Paper I
analyzed the completeness of the Spitzer point source cat-
alog in the four IRAC bands and the MIPS 24 ym band
using artificial star tests. To account for spatial varia-
tions, the completeness in each band was determined as a
function of magnitude and the root median square devi-
ations (see Appendix B for definition of RMEDSQ). This
analysis showed that the completeness of the catalog is a
strong function of the RMEDSQ and that the complete-
ness varied between the bands. This spatially varying
completeness can bias comparative studies of crowded
and sparse regions. In Figure 1, we plot the value of the
log(RMEDSQ) in the 8 um bandpass as a function of
stellar density for the dusty YSOs in the Orion survey;
this plot shows that the RMEDSQ increases significantly
with the stellar density. This is due to the bright neb-
ulosity, which is particularly apparent at 8 pum, being
strongly enhanced in all the Spitzer wavelength bands
toward clustered regions. We also show histograms of
4.5 pm magnitudes for the identified Orion YSOs as a
function of their RMEDSQ. As the RMEDSQ values in-
crease, the faint end of the distribution is progressively
eroded until only the brightest stars are left. In Fig-
ure 2, we show histograms of the log(RMEDSQ) values
for YSOs in each of the fields displayed in Figures 10-
16 of Paper I. The histograms show that the fields with
bright clusters, such as the ONC and the NGC2024 /2023
regions, have systematically higher values of RMEDSQ,
and hence systematically higher incompleteness. This
leads to a bias in Spitzer surveys in which bright nebu-
losity found toward embedded clusters preferentially re-
duces the number and density of YSOs in those regions.

Our study focuses on the population of YSOs toward
the Orion A and B molecular clouds. It is well known
that the population of young, low mass stars in Orion
extends beyond the molecular clouds and into the older
OBlc, OB1b and OBla subgroups of the Orion OB1 as-
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Fic. 3.— The fraction of recovered young stellar objects

vs. log(RMEDSQ) at 8 um. For a given value of log(RMEDSQ),
we show fractions determined from different fiducial YSOs samples
and survey fields. The symbols corresponding to the various com-
binations of the samples and fields are defined in the key printed
within the plot; see Appendix B for a description of these combi-
nations. The solid line shows the adopted fit and the dashed line
shows the +1 o uncertainties of the fit. The functional form and
adopted parameters for the fit are presented in Appendix B.

sociation (e.g. Briceno 2008). By design, our survey
is spatially incomplete to the somewhat older stars of
these subgroups. Since our focus is on the population
of stars associated with the molecular clouds, we focus
on the incompleteness to faint YSOs within the spatial
boundaries of our survey.

In the remainder of this section, we address the com-
pleteness in two ways. First, we add artificial YSOs to
the IRAC mosaics to estimate the fraction of YSOs re-
covered as a function of the RMEDSQ. Second, we use
Chandra X-ray observations of the two clusters with the
brightest IR nebulosity, those found in the Orion and
NGC 2024 nebulae, to correct for the undetected sources.

2.1. Correcting the YSO sample for Incompleteness on
the Basis of the RMEDSQ

To establish the completeness of the YSO catalog, ar-
tificial YSOs were added to the mosaics; this process is
described in Appendix B. The goal was to compare the
completeness of crowded regions with bright nebulosity
to that of sparse regions with comparatively faint nebu-
losity. As in the single band completeness analysis in Pa-
per 1, we characterize the amount of fluctuations in the
region surrounding a YSO by the RMEDSQ (Eqn. 13 in
Appendix B). The spatial variations in the background
measured by the RMEDSQ can be due to both stars
and nebulosity; however, the bright nebulosity typically
dominates the background fluctuations at all wavelengths
longward of 3 um. We use the 8 um RMEDSQ to char-
acterize the background fluctuations; this band is most
dominated by the nebulosity. To ensure that the artificial
YSOs had realistic properties, a fiducial sample of dusty

Orion YSOs was extracted from regions of our mosaics
with low values of RMEDSQ. The colors and magnitudes
of the artificial YSOs were then randomly chosen from
those of the fiducial YSO sample. The artificial YSOs
were then extracted from the mosaics using the methods
described in Paper 1.

The resulting fraction of recovered YSOs gives the
completeness relative to that found in the low RMEDSQ
region of the fiducial sample. The results of the artificial
YSO analysis are shown in Figure 3, where we display
the fraction of recovered YSOs as a function of the 8 ym
RMEDSQ. We find a strong dependence of completeness
on the RMEDSQ. In Appendix B, we assess the depen-
dence of the fraction on the chosen fiducial sample. To
determine a functional relationship between the fraction
of recovered YSOs and RMEDSQ, we adopted the ap-
proach of Paper I and fit a modified error function. In
contrast to the single-band curves in Paper I, there is no
dependence of the fraction of recovered YSOs on mag-
nitude since we added a representative sample of YSOs
spanning a range of magnitudes.

We use the fit displayed in Figure 3 to correct for in-
completeness in our analyses of YSO surface densities,
YSO demographics, and embedded cluster properties. A
weight is assigned to every detected YSO which accounts
for the expected number of YSOs that were not detected.
A weighted YSO will then be counted as more than one
object if it is found in a region with a high RMEDSQ. To
determine the weighting, we use the best fit function in
Figure 3 to calculate the fraction of recovered YSOs as
a function of RMEDSQ. For a given YSO, the weighting
factor, w and its uncertainty, o,, are then determined by
the equations

1 af

W= —, Oy = =5, 1

& 72 (1)
where f is calculated by Eqn. 14 for the RMEDSQ mea-
sured around the YSO. The value of o is the formal un-
certainty in f calculated using the coefficients and uncer-
tainties in Appendix B. We weight all YSOs with a given
value of RMEDSQ equally. For example, if we expect
20% of the YSOs to be missing for a given RMEDSQ,
then we apply a weight of 1.25 to all stars with that value
of RMEDSQ. Thus, the YSOs added to correct for the
incompleteness follow the spatial distribution of observed
YSOs. Accordingly, YSOs are not added to regions with
high RMEDSQ values but without any detected YSOs:
we presume that these regions are empty. Since the
distribution of YSOs in molecular clouds is highly non-
uniform, the assumption that the missing YSOs follow
the distribution of the observed YSOs is more realistic
than adopting an uniform distribution.

The uncertainty in the weight goes up as the fraction
of detected stars decreases; hence, in regions where the
completeness is low, an alternative method is preferable
for determining the number of missing stars. In the next
two sections, we use X-ray data from the Chandra ob-
servatory to correct for the incompleteness in the ONC
and NGC 2024 nebulae; these regions show the brightest
nebulosity in the Orion survey and the highest level of
incompleteness.

2.2. Comparison with the COUP Survey of the ONC
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F1G. 4.— Left: the azimuthally averaged surface density of
sources as a function of radial distance from the median R.A. and
decl. of all COUP sources (R.A. = 5:35:16.8, decl. = -5:22:60).
The black line/open circles shows the density of all sources. The
color lines show the densities for sources belonging to four different
categories. The green line/asterisks is the density of COUP sources
that are not detected in enough IR-bands to identify an IR-excess.
The blue line/triangles shows the density of COUP sources that
are detected in enough IR-bands bands to identify an IR-excess,
and the orange line/filled circles show the density of those X-ray
sources which have IR-excesses. The red line/diamonds shows the
density of all IR-excess sources; the lower curve shows the density
uncorrected for incompleteness and the upper curve shows the den-
sity corrected by the RMESQ derived weights. The black dot-dash
lines show the density for the adopted weighted combinations of
X-ray and IR-excess sources; the lower line is for the case when
there is no correction for incompleteness outside the COUP field,
while the upper line is corrected by the RMEDSQ weights to ac-
count for the incompleteness of the census at the the outer radii
and outside the COUP survey. Right: the density of sources in
each of the five categories normalized by the density of young stars
identified in the COUP survey. For comparisons, the black dashed
lines give the weights of the X-ray sources without (0.75) and with
(1.29) the correction for the RMEDSQ weights. Note that the
fraction of COUP sources which do not have enough photometry
to be identified as an IR-ex sources rises to 75% in the center of
the ONC.

The Chandra Orion Ultradeep Project (hereafter:
COUP) obtained a nearly continuous 9.7 day exposure
of the ONC over a 17" x 17’ field of view with the ACIS-I
instrument onboard Chandra; these are the deepest exist-
ing X-ray observations of a star forming region (Getman
et al. 2005b, Feigelson et al. 2005). Young, low mass stars
often exhibit elevated yet highly variable X-ray emission;
consequently, X-ray surveys provide a means to iden-
tify young stars both with and without IR-excesses (e.g.
Feigelson et al. 2007, Winston et al. 2007). Furthermore,
X-ray observations can detect deeply embedded sources
and are not limited in sensitivity by the bright nebulos-
ity typically found in mid-IR observations toward young
clusters.

To assess the incompleteness of the Spitzer data to-
ward the Orion Nebula, we have examined the radial
dependence of the number of X-ray sources, IR-excess
sources, and X-ray detected IR-excess sources in the
ONC. To minimize contamination of the COUP from
background AGN, we use only COUP sources with de-
tected near-IR analogs taken from Table 10 of Getman
et al. (2005b), which tabulated X-ray sources detected
in near-IR 2MASS, NTT and VLT imaging of the ONC.
The requirement of an IR detection should eliminate all
but a few (< 10) extragalactic sources (Getman et al.
2005a). The nebulosity in the near-IR images is much
weaker than that found in the mid-IR images; conse-
quently, the completeness of the near-IR photometry is
much less affected by nebulosity than the Spitzer mid-IR
imaging. In this analysis, we only include Spitzer sources

that are located within the COUP field.

Figure 4 shows the azimuthally averaged surface den-
sity of X-ray sources, IR-excess sources, and X-ray de-
tected IR-excess sources binned by radial distance. We
also show the surface densities normalized to the sur-
face density of young stars detected in the COUP sur-
vey. The radial distances were calculated relative to a
central position defined by the median right ascension
and declination of the COUP sources and the densities
were then determined for concentric annuli of constant
width. We divided the X-ray sources into those that do
have and do not have detections in a sufficient number
of Spitzer bands to test for an IR-excess (as described in
Paper I, the detections of TR-excesses require detections
in at least two Spitzer bands, and most criteria for iden-
tifying IR-excess sources require detections in 3-4 Spitzer
bands or detections in two Spitzer bands and two 2MASS
bands). A distinctive peak in the density of X-ray sources
is apparent toward the center of the ONC. This peak is
not present in the Spitzer YSO catalog, demonstrating
that there is a very compact clustering of young stars
in the center of the ONC where our Spitzer census of
IR-excess sources is incomplete due to the bright mid-IR
nebulosity. The center of the peak is dominated by the
COUP sources with IR-counterparts that do not have
Spitzer photometry in a sufficient number of bands to be
identified as TR-excess sources (hereafter: COUP-only
sources). This confirms that the peak is not apparent in
the Spitzer data because of the lack of detections in the
Spitzer bands.

The COUP data can be used to estimate the number of
dusty YSOs missed by Spitzer in the center of the ONC.
However, in addition to the dusty YSOs found by Spitzer,
the COUP survey detects diskless young stars without
IR~excesses that cannot be identified with the Spitzer
data alone. To correct for this, we estimate the fraction
of sources with IR-excesses using two methods. First,
we find the fraction of X-ray sources with IR-excesses
by taking the ratio of the number of X-ray sources with
IR-excesses to the number of X-ray sources which have
sufficient infrared photometry to apply the color crite-
ria necessary to detect IR-excesses. We calculate this
ratio for stars between radii of 0.1 and 0.13 degrees, out-
side the bright center of the Orion Nebula where the
Spitzer data are highly incomplete. A total of 98/179 X-
ray sources, or 0.55 %+ 0.06, show IR-excesses. This value
is comparable to the disk fractions found for the X-ray
selected samples of other embedded clusters studied by
Spitzer and Chandra (Winston et al. 2007; 2010). Sec-
ond, we take the ratio of all IR-excess sources over the
total number of YSOs identified by either IR-excess or
X-ray emission. In this case, the fraction of sources with
excesses is 136/193, or 0.70 £ 0.06.

The second method for determining the disk fraction
results in a significantly higher disk fraction. The rea-
son is that there are IR-excess sources in the COUP field
that are not detected by Chandra. The sources lacking
Chandra detections are typically faint, as shown in the
J vs. J — H diagram of young stars in the COUP field
(Figure 5) . We find an increasing number of Spitzer-only
sources for J > 12; for a 1 Myr population of stars, this
corresponds to masses < 0.25 M. The X-ray luminosity
drops with mass, and the lowest mass M-stars and sub-
stellar objects can typically be detected only during flares
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4

Fi1Gc. 5.— J vs. J — H color magnitude diagrams for young stars
detected in the COUP field. On the left we show the IR-excess
sources: those detected with COUP are blue while those detected
only with Spitzer are shown in red. On the right we show all
young stars. The green dots mark the X-ray detected stars that
lack the photometry needed for the detection of an IR-excess, blue
dots are the X-ray detected that have sufficient photometry for the
detection of IR-excesses, and the red dots are young stars identified
by Spitzer that are not detected in the COUP survey. The black
curve is the 1 Myr isochrone from Baraffe et al. (1998) and two
lines are extinction vectors extending to 1 Ax for 1 Myr stars with
masses of 0.25 Mg and 0.08 Mg. These diagrams show that the
COUP data are not complete for very low mass stellar and sub-
stellar members (< 0.25 Mg).

(Preibisch et al. 2005); the resulting fraction of stars with
Chandra detections depends on both the duration of the
observations and the rate of flaring.

To augment our catalog of YSOs in the ONC, we use
the COUP catalog to correct for the incompleteness in
the central regions of the Orion Nebula by including stars
that lack Spitzer detections in enough bands for the iden-
tification of an IR-excess. There are two factors which
complicate this approach. First, since we only include
stars with IR-excesses in the Spitzer survey, the fact that
COUP detects stars both with and without disks could
result in an overestimate in the number of YSOs. Sec-
ond, the lack of X-ray detections for very low mass stars
could result in an underestimate of the number of YSOs.
To account for both these factors, we set the weight of
every COUP-only source to a single value: the density
of Spitzer identified IR-ex sources (whether or not they
are detected by COUP) divided by the density of X-
ray sources with sufficient IR photometry to determine
whether they have an IR-excess. However, as shown in
Figure 4, this ratio can change significantly with radius.
We find that the ratio of the IR-excess sources to X-ray
sources with sufficient IR photometry varies from 0.78
to 0.62 over radii of 0.0060° to 0.14°. Since the annu-
lus at radius = 0.1275° is less affected by incompleteness
than the annuli at smaller radii, and since the sensitivity
of Chandra decreases at larger radii, we adopt the ratio
of 0.75 found at this radius as the weight for the X-ray
sources.

Recently, Getman et al. (2014b) argued that the stars
in the center of the ONC are younger and have a higher
disk fraction. To assess the effect of a higher disk frac-
tion in the inner nebula, we estimated the disk fraction
for X-ray detected sources in the inner 0.06 pc. If we
only consider stars with sufficient Spitzer photometry to
determine whether they have infrared excesses or not, we
find a disk fraction in the inner 0.06 pc of 0.71 4 0.05.
Although this suggests that the disk fraction may in-
crease in the central region of the cluster, this high disk
fraction should be considered an upper limit. The sam-

TN |

ple of stars with Spitzer photometry is expected to be
biased to sources with IR excesses in the inner cluster
since sources with TR-excesses are brighter and easier to
detect in the mid-IR. If we instead use the total number
of excess sources divided by the total number of COUP
identified YSOs in the central cluster, the disk fraction
drops to 0.301+0.02 due to the lack of detections in the IR.
Given the large uncertainties in determining disk fraction
in the inner cluster, we will assume a constant disk frac-
tion. If the disk fraction does rise up to 0.71, the ratio of
IR-excess sources to Chandra sources may increase from
0.75 to as high as 0.97. Consequently, if there is an in-
crease in the disk fraction in the inner cluster, we are
underestimating the number of dusty YSOs in the inner
ONC by as much as 22%. Since we consider the increased
disk fraction in the inner cluster to be an upper limit, the
22% value should be considered an upper limit.

In the following sections, we will analyze the spatial
distribution of YSOs using three different variants of the
Orion Survey sample: the uncorrected Spitzer YSO point
source catalog, the YSO point source catalog augmented
by the Chandra X-ray sources, and the point source cat-
alog augmented by the X-ray data and corrected by the
weighting factors determined from the RMEDSQ analy-
sis. In the first case, the X-ray data are not used and the
weights of all the Spitzer sources are set to 1. In the sec-
ond case, the weight of 0.75 for the COUP-only sources
is used and the weights of all the Spitzer identified IR-
excess sources are set to 1. In the third case, we include
both the COUP-only sources and we apply an RMEDSQ
correction outside the COUP field. To ensure consistency
in the third case, we need to minimize any discontinuity
in the density of sources between the COUP field and
the surrounding regions. In Figure 4, we show the ra-
dial density and normalized radial density for IR-excess
sources corrected by the RMEDSQ weighting scheme de-
scribed in the previous sub-section. At radii of 0.14° to
0.17°, we find the average RMEDSQ corrected weight is
1.72. To ensure that the weighting factors throughout
the Spitzer survey are consistent with those within the
COUP field, we adopt a weight of 1.72 for all Spitzer
identified TR-excess sources in the COUP field. Further-
more, we will assign the COUP-only sources a weight of
0.75 x 1.72 = 1.29. We note that when we apply this
weighting scheme, the ratio of the corrected density of
YSOs to the density of COUP detected young stars is
remarkably constant with radius (Figure 4).

2.3. Comparison with Chandra Observations of NGC
2024

The NGC 2024 nebula was imaged by Chandra in a 76
ks exposure (Skinner et al. 2003). Although the sensitiv-
ity was much lower than that of the COUP survey, the
Chandra data for NGC 2024 does provide the spatial dis-
tribution of young stars unbiased by confusion with the
bright nebulosity. In Figure 6, we show the radial plots of
the azimuthally averaged surface density of sources and
the surface density of sources normalized by the density
of young stars in the Chandra data. They are shown
as a function of radius from the central density peak of
the cluster. For the NGC 2024 data, we count an X-ray
source as a young star if it is detected in at least one band
by Spitzer or 2MASS. As was the case for the ONC, a
substantial number of sources are detected in the center
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F1G. 6.— Left: the surface density of source within the NGC2024
field as a function of radial distance from a central R.A. and
decl. (R.A. = 5:41:45.8 and decl. =-01:54:30). The curves/symbols
show the densities for the same five categories of sources as dis-
played for the ONC. Right: the density of sources in the five cat-
egories normalized by the density of X-ray identified young stars.
For comparisons, the black dashed lines give the weights of the X-
ray sources without (1.16) and with (1.67) the correction for the
RMEDSQ weights. The fraction of Chandra identified young stars
without sufficient IR photometry to be identified as an IR-excess
source peaks at 40% in the center of the cluster.

of the nebula at X-ray and IR wavelengths that lack suf-
ficient IR photometry to be identified as dusty YSOs by
Spitzer.

To account for these sources, we adopt the same
methodology we applied to the COUP survey of the
ONC. The first step is to find the ratio of IR-excess
sources to X-ray sources detected in a sufficient number
of Spitzer bands to identify IR-excesses. The densities
of TR-excess sources, X-ray detected IR-excess sources,
and sources with sufficient IR photometry are shown in
Figure 6. At radii > 0.08°, we find the normalized num-
ber of IR-excess sources fluctuates due to the smaller
number of sources in these outer regions. Thus, for the
weighting of the X-ray sources, we use the average ratio
of all IR-excess sources to X-ray sources with sufficient
Spitzer photometry between radii of 0.0675° and 0.0825°;
the average ratio equals 1.16. This weight value is much
higher than that found in the ONC. We note that the
disk fraction determined by the ratio of the number of
X-ray detected IR-excess sources to the number of X-
ray sources with sufficient IR photometry is 0.58 & 0.10,
consistent with that found in the ONC. Thus, the higher
value of 1.16 is due to the lower sensitivity of the Chandra
observations toward NGC 2024 and the resulting lower
detection rate for the X-ray sources.

Getman et al. (2014b) also found evidence that the
typical ages of the stars decrease and the disk fraction
increases in the center of the NGC 2024 cluster. Using
the sample of X-ray detected sources with sufficient IR
photometry, we find that the disk fraction increases to
0.64 £ 0.07 in the inner 0.06 pc of the cluster. However,
these data suffer from the same biases we discussed in the
previous section, and we consider this number an upper
limit. If this increase is real, we are underestimating the
number of dusty YSOs in the center of NGC 2024 by up
to 12%.

As we described previously, we analyze the spatial
distribution of YSOs using separately the uncorrected
Spitzer YSO point source catalog, the YSO point source
catalog augmented by the Chandra X-ray sources, and
the point source catalog augmented by the X-ray data
and corrected by the RMEDSQ weighting factors. For

the second case, we use the same approach adopted for
the ONC, and we give each X-ray source without suffi-
cient IR-photometry a weight of 1.16 and each Spitzer
identified IR-excess sources a weight of 1. For the third
case, we must once more minimize the discontinuity be-
tween the densities outside the Chandra field, which
are corrected by the RMEDSQ factor, and the densities
within the Chandra field. To do this, we adopt the typical
RMEDSQ weight given to YSOs in the outer radius of the
NGC 2024 region: between radii of 0.1275° and 0.1425°
we find an average weight of 1.44. This value is much
lower than the weight found in the outer regions of the
ONC due to sharp decrease in the nebulosity in the outer
regions of the NGC 2024 nebula. Thus, when the incom-
pleteness is corrected across the entire survey, we assign
every Spitzer identified IR-excess source in the NGC 2024
Chandra field a weight of 1.44, and every Chandra-only
source a weight of 1.44 x 1.16 = 1.67. As was the case
in the ONC, the ratio of the corrected YSO density to
Chandra detected young star density is remarkably con-
stant, particularly for radii < 0.9° where the density of
sources is high.

2.4. The Number of Dusty YSOs Before and After

Completeness Correction

The corrections for incompleteness substantially
change the number of dusty YSOs in the Orion molecular
clouds. From the Spitzer data, we identify 3481 YSOs in
the Orion clouds; 2821 in Orion A and 660 in Orion B. Af-
ter adding in the X-ray sources without sufficient Spitzer
photometry to identify IR-excesses, we obtain a total of
3889 dusty YSOs; 698 in Orion B and 3191 in Orion A. In
this case, every COUP X-ray source is weighted by 0.75
and every Chandra source in NGC 2024 is weighted by
1.16. Finally, with the full correction, we estimate that
there are 5104 dusty YSOs in the Orion clouds: 905 in
Orion B and 4199 in Orion A. Note that these numbers
do not include a correction for the number of YSOs which
have already dissipated their dusty disks and envelopes
and do not exhibit IR-excesses.

3. THE DENSITIES AND SPACINGS OF DUSTY YSOS IN
THE ORION CLOUDS

Although young stars are often divided into high den-
sity clusters surrounded by a low density distributed pop-
ulation, observations of molecular clouds show a contin-
uum of densities. Bressert et al. (2010) constructed the
distribution of stellar densities for nearby star formation
regions from catalogs of dusty YSOs from the c2d, Gould
Belt and Orion Molecular cloud surveys. They found a
continuous distribution of densities spanning four orders
of magnitude with no evidence for a break in the distri-
bution that might suggest the presence of two or more
distinct populations of young stars. Gutermuth et al.
(2011), (Masiunas et al. 2012) and (Rapson et al. 2014)
found a power-law relationship between the surface den-
sity of dusty YSOs and the column density of gas span-
ning three orders of magnitude in YSO stellar density.
In this power-law relationship, the YSO surface density
scales as the 1.8-2.7 power of gas column density and the
efficiency of star formation increases with the gas col-
umn density (see also Heiderman et al. 2010, Burkert &
Hartmann 2013, Lada et al. 2013, Lombardi et al. 2013;
2014). This relationship results in clustered regions with
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high star formation efficiency (SFE) surrounded by a dis-
tributed population of more isolated stars with a SFE
efficiency even though there is a continuum of densities
and efficiencies and not distinct modes of star formation.

The spatial distribution of dusty YSOs in Orion are
shown in Figure 9 of Paper I. This figure shows that the
dusty YSOs in Orion extend throughout the cloud com-
plex. Dense clusters such as the ONC are found to be
peaks in the YSO surface density. Extended regions of
relatively low YSO density are also apparent, with the
distribution of YSOs in such regions tending to follow fil-
amentary structures punctuated by small density peaks.
In this section, we examine the statistical distribution
of YSO densities in the Orion molecular clouds. Our
analysis complements that of Bressert et al. (2010), who
excluded the ONC from their consideration to minimize
biases due to incompleteness. By taking into account the
incompleteness in the rich clusters of Orion, we can ex-
tend the distribution of YSO densities to the most active
star forming region of the Gould Belt.

3.1. The Distribution of YSO Surface Densities

In Figure 7, we show the distribution of nearest neigh-
bor surface densities for all the identified dusty YSOs
in the survey. For each YSO, we calculate the nearest
neighbor distance using the equation

n—1

where r, is the distance to the nth nearest neighbor
(Casertano & Hut 1985, Gutermuth et al. 2005). To
include the weights and correct for incompleteness, we
modify the equation to take into account the total weight
of all the YSOs up to the nearest neighbor distance, in-
cluding the nth nearest neighbor and the central YSO.
The resulting density is

2
7T7an

Wtot

N, =

(3)

The weight, w;ee, is the sum of the weights for all n + 1
YSOs at a radius of r < ry,:

2
Ty

Wiot = Y wi — 2 — 0.5(wy — 1). (4)
0

Since we are measuring the density inside the annulus
between the central YSO and the outer YSO, we sub-
tract 2 from the weight: 1 for the central YSO and 1 for
the outer YSO. For the inner YSO, we add the excess
weight above 1, i.e. wy — 1; thus, if the weighting for the
central YSO is 1.5, then we include a total value of 0.5
for that YSO in our density measurement. For the outer
YSO (the nth YSO), we assign a value of 0.5(w,, — 1).
In this case, if the outer YSO has a weight of 1.5, we as-
sign 0.25 as the number of YSOs inside the annulus; the
remaining 0.25 are considered to be outside the annulus.
The variance of the nearest neighbor density is given by

Nn
— (5)

(Casertano & Hut 1985). This is used for both the
weighted and unweighted values. For n = 10 and n = 5,
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FiGc. 7.— Left: the distribution of nearest neighbor densities for
the dusty YSO sample. The distance to the 10th nearest neighbor
was used to estimate the local density around each source. We
show the distribution calculated for three cases: the dusty YSOs
identified by Spitzer, the dusty YSOs augmented with the Chandra
sources, and the Spitzer plus Chandra YSOs corrected for incom-
pleteness. For comparison, we fit a lognormal function to the low
density end of the distribution, the high density end cannot be fit
with a lognormal. Right: the normalized cumulative distribution
of YSOs for each of the three samples.

which are used throughout this paper, the uncertainties
are 35% and 58%, respectively. The variance character-
izes the range in fluctuations in N,, for multiple real-
izations of a randomly distributed set of stars with an
average density of N,,, and it is not an expression for
the uncertainty in the measurement of N,, at a particu-
lar location in the Orion clouds. The uncertainty in the
measured N,, is instead dominated by the uncertainties
in the distance to the Orion clouds and the incomplete-
ness in the YSO sample and cannot be simply character-
ized. Uncertainties due to the distance, which may be as
much as 12% due to the depth of the Orion cloud com-
plex (e.g. Wilson et al. 2005), are on the order of 25%.
Uncertainties due to the incompleteness correction are
approximately 10% given the spread of measured values
for the fraction of YSO recovered shown in Figure 3.

The distribution of N,, densities is displayed in Fig-
ure 7 for three separate cases. The first case uses the
catalog of YSOs with IR-excesses identified with Spitzer.
As described previously, this plot may not reproduce the
high stellar densities in clusters where the bright nebu-
losity lowers the completeness. Consequently, high den-
sity regions are incomplete relative to the low density
regions (Figure 1). To correct for the incompleteness in
the Orion and NGC 2024 nebulae, the second case has
the additional X-ray sources as described in Secs. 2.2
and 2.3. The third case employs the RMEDSQ based
weighting correction for all sources outside the Chandra
fields, this corrects for incompleteness throughout the
entire survey. This final case is our most aggressive at-
tempt at creating a density distribution unaffected by the
spatially varying completeness and should be considered
an upper envelope to the Njg distribution. It extends
to higher densities than the other cases since the den-
sity of the clustered regions have been scaled up by the
weighting scheme.

The uncertainties are derived by a combination of the
variance in the Njg values and the Poisson statistics for
the number of objects in each bin. We do not include
systematic uncertainties in the distance or in the incom-
pleteness correction. To take into account the variance
in the individual surface densities, we perform 1000 it-
erations of the curve where we vary the density at each
point by a normal distribution where the peak and stan-
dard deviation are given by Nip and o1g, respectively.
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Fic. 8.— Maps of the nearest neighbor surface density in the
Orion A and B molecular clouds. We have used the 10th nearest
neighbor and have corrected the densities for incompleteness. The
blue contour gives the outline of the TRAC field. The inverted
gray scale images renders the densities with a logarithmic scaling.
The red contours are for 1, 10 and 100 YSOs pc—2. The adopted
distance is 414 pc.

We then calculate the mean and standard deviation, N
and op;n, of the 1000 iterations for each of the bins. We
add this uncertainty, oy, to the Poisson uncertainties for
each bin:

o(bin) = (02, + < w >2 N)"/?, (6)

where < w > is the average weight of the stars in a given
bin and N is the number of YSOs in the bin. In the cases
where we do not correct for incompleteness by assigning
weights to the YSOs, < w >=1.

All three cases show a broad peaked distribution where
the peak extends between 10 and 100 pc~2. All three also
extend to densities above 1000 pc~2. The peak densities
approach 10* pc=2 when the Chandra data are used to
augment the source catalog in the ONC and NGC 2024,
where the highest YSO densities are found. These dis-
tributions shows that the observed YSO surface density
varies by almost five orders of magnitude. The low den-
sity region below 10 pc~2 is well represented by a log-
normal distribution; however the entire distribution is
too broad to be represented by a log-normal distribu-
tion or the superposition of two log-normal distributions.
In all three versions, the high stellar density side of the
curve show a peak between 40-60 pc~2 and a wing that
extends to densities above 1000 pc~2.

The divergence from a log-normal distribution is not
surprising for two reasons. First, extinction maps of
molecular clouds exhibit gas column density distribu-
tion that are not log-normal, but instead are best fit
by a lognormal function at lower column densities and a
power-law tail or a 2nd lognormal function at high col-
umn densities (Kainulainen et al. 2009, Kainulainen &
Tan 2013). Furthermore, if the column density of YSOs
appears to scale as 2nd to 3rd power of the gas column
density (Gutermuth et al. 2011), the exponential tails
apparent in the gas column density distribution should
be even more prominent in maps of YSO surface density.

3.2. Mapping the YSO Surface Density

In Figure 8, we show the map of nearest neighbor den-
sities for all the identified YSOs. For each point in a
rectangular grid, we calculate the density using Eqn. 3.
Since there is no longer a central YSO (except in rare
chance coincidences when a YSO is located at the grid
point), the annulus is now defined by the outer YSO and
the central grid point. Correspondingly, the central YSO
does not need to be subtracted out of the weight term
and the weight is defined as:

Wiot = Zwi —1-0.5(wy, — 1) (7)
0

where w, is the weight of the nth star (Casertano & Hut
1985). In this map, we use the Chandra data to augment
the density distribution in the ONC and NGC 2024.

A large range in stellar densities is again evident. Spa-
tially extended regions of high densities correspond to the
previously known embedded clusters and groups. These
include the highly elongated ONC, the NGC 2024 cluster,
the small group towards the reflection nebula NGC 2023,
the double peaked cluster found toward the reflection
nebulae NGC 2068 and 2071, and the numerous small
groups found in L 1641 (Lada 1992, Chen & Tokunaga
1994, Allen 1995, Hillenbrand & Hartmann 1998). The
clouds also contain large regions of relatively low stellar
densities (Strom et al. 1993, Carpenter 2000), these dis-
tributed regions dominate the cloud in area. In Sec. 4, we
probe the demographics of clustering in the Orion com-
plex, i.e. the fraction of stars in large clusters, in small
groups, and in the distributed population.

3.3. Comparing the Spatial Distributions of Protostars
and Pre-main Sequence Stars with Disks

In the previous analysis of the spatial densities of
YSOs, we ignored the distinction between protostars
(ages < 0.5 Myr, Evans et al. 2009) and the older pre-
main sequence stars with disks (hereafter: disks sources;
ages < 5 Myr, Herndndez et al. 2008). Do protostars and
disk sources show distributions of surface densities simi-
lar to that for all YSOs, as shown in Fig 7, or are there
systematic differences? Is there evidence for an evolution
in the spatial distribution of YSOs, and in particular, ev-
idence for the migration of the older disk sources from
their formation sites? Finally, what do the spacings of
protostars imply about the fragmentation process and
the potential for subsequent interactions between pro-
tostars? We approach these questions through a com-
parison of the nearest neighbor separations and nearest
neighbor densities of protostars and those of the more
evolved disk sources.

We first examine nearest-neighbor separations between
protostars and between stars with disks to facilitate com-
parisons with previous analyses performed with Spitzer
data for the NGC 1333, Serpens Main and AFGL 490
clusters (Winston et al. 2007, Gutermuth et al. 2008,
Winston et al. 2010, Masiunas et al. 2012). In Figure 9,
we show the separations of protostars and disks; these
have not been corrected for incompleteness. We have in-
cluded all protostellar candidates: the protostars, faint
candidate protostars and red candidate protostars from
Paper I. Regions with the highest YSO densities, particu-
larly the Orion nebula and NGC 2024, are highly incom-
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Fic. 9.— Left panels: the cumulative distributions of near-
est neighbor (nn2) distances for protostars and pre-main sequence
stars with disks. On the top we show the nn2 distances for the
entire sample while on the bottom we show the distances only
for the L1641/ Ori region. These plots show that nn2 distances
are typically smaller for disk sources than for protostars. Right
Panels: cumulative distribution of 5th nearest distances (nn6) be-
tween protostars and all dusty YSOs and between disk sources and
all dusty YSOs. We show the nn6 distances for the entire sample
on the top panel and the nn6 distances for the L1641/« Ori region
in the bottom panel. These show that in the L1641/x Ori region,
that protostars are typically found in denser regions than the disk
sources. Although this is not seen for the entire sample, the com-
parison between protostars and disk sources in the entire sample
is affected by our inability to detect and identify protostars in the
bright nebulosity found in the cores of the dense clusters.

plete; consequently, the most tightly spaced protostars
and disks are not accounted for in the displayed distri-
butions. However, given the difficulties in correcting the
number of protostars when one of the primary bands for
identifying protostars, the 24 um band, is saturated in
the densest clusters, we have chosen not to augment the
nearest neighbor distributions like we have done for the
distribution of all dusty YSO densities. Instead, we also
show the nearest neighbor separations for the combined
L1641 cloud and k Ori region (hereafter: L1641/x Ori
region, see Paper I for the definitions of these regions),
which contains both a high number of objects, yet due
to the lack of massive stars (Hsu et al. 2013), does not
contain the bright nebulosity that reduces completeness
(see Figure 2).

The cumulative distributions of the nearest neighbor
distances (hereafter: nn2) are shown in Figure 9. The
cumulative distribution for the protostars shows that for
any fraction of sources, the spacing of the protostars are
larger than that of the more evolved disk sources. The
median spacing between protostars, 0.13 pc, is larger
than that between disk sources, 0.08 pc. The difference
is significant, a Kolomgorov-Smirnov (K-S test) gives a
probability of the distributions being drawn from the
same parent distribution as only log(P) = —18. How-
ever, much of the difference between these two samples
may be due to the incompleteness to protostars in the
dense centers of the ONC and NGC 2024 clusters, where
the saturation of the 24 um band and the lower sen-
sitivity in the lower wavelength IRAC-bands limits our

ability to detect and identify protostars. To reduce this
bias, we perform the same analysis for the L1641/ Ori
region. In L1641/ Ori, the median separation between
protostars is 0.17 pc while the median separation be-
tween disk sources is 0.13 pc. The K-S test give a prob-
ability of log(P) = —4.1 that the two distributions are
drawn from the same parent distribution. In contrast,
the protostars in the the Serpens and AFGL 490 clusters
haves smaller median separations than the disk sources
(Winston et al. 2007; 2010, Masiunas et al. 2012), and in
the NGC 1333 cluster, the separations of protostars and
disks are indistinguishable (Gutermuth et al. 2008).

Part of the reason for the longer separations between
the protostellar sources is their short lifetimes, and hence
rarity, of protostars. In other words, disks sources have
shorter separations simply because there are more of
them. To remove this bias, we follow the analysis of
Gutermuth et al. (2009) and examine the separations be-
tween protostars to the 5th nearest dusty YSO and disk
sources to the 5th nearest dusty YSO. By choosing the
separation to the 5th nearest neighbor (hereafter: nn6),
we reduce the effect of random fluctuations on the near-
est neighbor distance. The cumulative distributions for
the nn6 distances are plotted for protostars and disks
sources in Figure 9; as was done for the nn2 analysis, we
consider both the entire Orion sample and the sample of
objects in the L1641/k Ori region. For the entire Orion
sample, there is not a clear difference between the proto-
stars and disk sources. The median nn6 distance between
protostars to YSOs is 0.20 pc while the median nn6 dis-
tance for disk sources to YSOs is 0.22 pc, and the K-S
probability that they are drawn from the same sample
is log(P) = —0.9. However, if we restrict the sample to
L1641/ Ori , we find that the protostars have system-
atically smaller nn6 distances: the median nn6 is 0.27 pc
for protostars and 0.37 pc for disk sources. The proba-
bility that the distributions for protostars and disks are
from the same parent distribution, as given by the K-S
test, is log(P) = —3.7.

For comparison with the results in Sec. 3.1, we also
plot the nearest neighbor density histograms for the pro-
tostars and disk sources in Figure 10. The nearest neigh-
bor density is calculated using Eqn. 2 with no weights ap-
plied to the sources. The calculation of the uncertainties
are described in Sec. 3.1. These results reinforce those of
the nn6 distance analysis. We see no difference between
the protostars and disk sources in the cumulative distri-
bution for the entire survey. If we limit our analysis to
the L1641 /x Ori region, however, we find that the pro-
tostars tend to be located in denser environments than
the more evolved disk sources. Since we have not cor-
rected for incompleteness, the comparison between the
protostars and disk sources in the entire ONC survey will
be affected by the higher level of incompleteness for the
protostars in the dense clustered regions. However, if we
limit our analysis to the L1641/ Ori region, the distri-
butions of both the nn6 separations and nearest neighbor
densities show than the protostars are found in system-
atically denser regions than the disk sources. This is in
agreement with the result of Gutermuth et al. (2009),
who found that the protostars in their sample of 36 em-
bedded clusters also have systematically smaller nn6 dis-
tances than the disk sources. Thus, we conclude that
the weight of the evidence favors a tendency for proto-
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Fic. 10.— The distribution of nearest neighbor densities for the
entire clouds and the L1641/x Ori region. The upper panels give
the cumulative distributions while the lower panels give the differ-
ential distributions. The key defines the different colors used in
the plots. The left panels shows the distributions for the entire
sample, the right panels show the distributions for the L1641/x
Ori region. Again, the protostars in the L1641/k Ori are located
in denser regions than the disk sources.

stars to be found in higher density environments than
more evolved pre-main sequence stars. We will discuss
the implications of this result in Sec. 4.3.

Previous analyses of the nearest neighbor separations
of protostars and YSOs in general suggested a character-
istic separation similar to the local Jeans length (Teixeira
et al. 2006, Gutermuth et al. 2009). In the Orion molec-
ular clouds, we find a wide range of separations, from
0.01 pc to 2.8 pc in L1641/k Ori. The median separa-
tions are 0.13 and 0.17 pc (2.6 and 3.4 x 10* A.U.) for
the Orion complex and for the L1641 cloud, respectively.
For, a random orientation, the corresponding 3D separa-
tion would be 0.17 and 0.22 pc (3.4 and 4.5 x 10* AU).
In comparison, a Jeans length of 0.2 pc (8 x 10* AU)
requires Hy densities of 1.5 and 3 x 10* ecm™3 for kinetic
temperatures of 20 and 40 K, respectively. These values
are very similar to the kinetic temperatures and volume
densities determined for dense cores in the Orion A cloud
by Wilson et al. (1999). Consequently, the median sepa-
rations are consistent with the length-scale predicted for
thermal, Jeans-type fragmentation of the gas. However,
the distances that we used were the median separations,
and the full distribution of separations spans almost 3 or-
ders of magnitude. Future work should examine whether
the range in separations can be explained by Jeans frag-
mentation in the very inhomogeneous and structured gas
of the Orion molecular clouds.

The wide range of separations in Orion suggest that
while some protostars form in relative isolation, others
may be found in densely packed groups of interacting pro-
tostars. Studies of other star forming regions have found
dense groups of protostars that could potentially interact
(Winston et al. 2007); such interacting groups are also
found in some simulations of cluster formation in turbu-
lent clouds (e.g Bate 2012). To assess the importance of
interactions between protostars, we estimate the fraction
of protostars where the projected separations to the near-

est neighbor protostar is small enough that interactions
may occur. In the entire sample, 11% of the protostars
have projected separations < 0.024 pc, or 5000 AU; this
percentage decreases to 7% for the L1641/ Ori region.
An average projected separation of 5000 AU would corre-
spond to a 3D separation of 6400 AU if the separation of
the protostars were constant and the orientation of pairs
of protostars with respect to the observer were random.
This separation is close to the size of molecular cores;
Enoch et al. (2008) found deconvolved core diameters
of 59” in the Ophiuchus cloud, corresponding to 7080
AU for the cloud distance of 120 pc (Loinard et al. 2008,
Lombardi et al. 2008b). Thus, with the caveat that cores
have a range of diameters and could be systematically
different in size within the Orion clouds, ~ 11% of pro-
tostars of Orion could be part of interacting pairs/groups
of protostars.

Since the 3D distances are not known, the percentage
of interacting protostars should be considered an upper
limit to the actual percentage. For this reason, the in-
teractions can at most affect 11% of the Orion proto-
stars, and the observed protostars typically are not close
enough to directly interact. We conclude that the pro-
tostars in Orion are found in a range of environments,
ranging from small, dense, potentially interactive groups
to protostars in relative isolation. However, most pro-
tostars, even in the more clustered regions of Orion, are
spaced at distance which make interactions unlikely and
from this perspective, can be considered essentially iso-
lated.

4. THE DEMOGRAPHICS OF DUSTY YSOS

In the previous section, we found that the column den-
sity of YSOs varies by more than three orders of mag-
nitude within the Orion clouds, with the areas of high
density organized into contiguous regions with varying
sizes and morphologies (Figure 8). In this section and
the following section, we focus on the contiguous regions
of high YSO column density and their properties. We re-
fer to the large contiguous regions containing hundreds
of dusty YSOs as clusters, while smaller regions with ten
to a hundred YSOs we refer to as groups.'? The remain-
ing YSOs that are not found in clusters and groups with
10 or more members are referred to as the distributed
population.

It has been often suggested in the literature that clus-
tered and isolated star formation are two distinct modes
of star formation, potentially driven by separate physi-
cal processes; however, recent observation suggest that
the clusters and distributed populations may be part of
a continuum of densities and star formation efficiencies
with no clear break between the two (Allen et al. 2007,
Bressert et al. 2010, Gutermuth et al. 2011). Neverthe-
less, an analysis of the demographics of star formation
- i.e. the fraction of YSOs that are found in clusters,
groups or relative isolation - as well as the the proper-
ties of the individual groups and clusters can provide a

12 Lada & Lada (2003) define young clusters as assemblages with
more than 35 stars, the minimum size at which the relaxation time
is greater than the crossing time. Since gas dispersal can lead to
a decrease in the cluster membership due to the ejection of stars,
35 members should be considered a lower limit. In order to use
logarithmic binning, we define clusters as containing > 100 dusty
YSOs.
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Fic. 11.— A comparison of the distribution of nearest neighbor
densities for the uncorrected Orion A and Orion B cloud YSO
samples from this paper, for the c2d catalogs of the Chameleon,
Lupus, Ophiuchus, Perseus and Serpens clouds and for the Taurus
cloud (K. Luhman, p. Com). The nearest neighbor density for the
10th nearest neighbor (N10) was used to estimate the local density
arouQnd each source. The dashed line is drawn at a density of 10

pc

unique characterization of how the observed YSOs are
aggregated together. This characterization is needed to
address some of the key problems posed in the introduc-
tion. An analysis of the number of YSOs (and conse-
quently the total stellar mass) found in embedded clus-
ters and the diameters, densities and morphologies of
those clusters may provide clues into which clusters sur-
vive gas dispersal and the resulting distribution of open
cluster masses. Furthermore, the fraction of YSOs in
groups and clusters and the properties of those assem-
blages can provide a better understanding of the envi-
ronments in which stars and planets form.

In this section, we develop a methodology for identi-
fying clusters and groups in the Orion molecular clouds
above a threshold density. We then use this methodology
to characterize the demographics of the Orion molecular
clouds and we discuss how the adopted threshold den-
sity affects the demographics. Finally, we compare the
Orion clouds to other molecular clouds within 500 pc of
the Sun.

4.1. The Demographics of the Orion A and B Clouds

An analysis of the demographics requires a methodol-
ogy for isolating clusters. Previous methods have relied
on surface densities or projected spacings between stars
(Lada et al. 1991, Carpenter 2000, Allen et al. 2007,
Chavarria et al. 2008, Koenig et al. 2008, Gutermuth
et al. 2009); we choose a similar strategy for the follow-
ing analysis and search for contiguous regions above a
threshold YSO surface density. The primary parameter
in this analysis is the threshold density. Figures 7 and
8 show no clear break between clustered and distributed
populations. Except possibly in the case of NGC 2024,
the clusters appear as peaks in more extended distribu-
tions of stars (Allen et al. 2007). Hence, there is no
apparent critical YSO separation or density that can be
used to separate clustered and distributed YSOs. Guter-
muth et al. (2009) defined the boundaries of clusters by
searching for an increase in the gradient of the YSO sur-
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F1G. 12.— The clusters identified in the Orion A and Orion B
clouds. The Ay = 3 contour of the two clouds are shown. The
grey area shows the region surveyed by with all four IRAC bands.
The colors show the different groups and clusters identified above
a threshold of 10 pc—2, the black dots are YSOs which are not
included in a group or cluster with 10 or more members.

face density and the corresponding decreasing of branch
lengths in minimum spanning trees. Although this works
well for individual clusters, it is more difficult on cloud
scales where nested hierarchical structures and variations
in the YSO density over the length of a molecular clouds
make this approach difficult to apply uniformly in a sin-
gle cloud.

An alternative approach is to compare the spatial dis-
tribution in the Orion clouds to that in other nearby
molecular clouds. Although the average of the solar
neighborhood gives a continuous surface density with
an approximately log-normal distribution (Bressert et al.
2010), individual clouds can exhibit density distributions
which can diverge significantly from the average. This is
shown in Figure 11, where we display the density distri-
bution for clouds in the Orion survey, from the c2d sur-
vey, and from the Taurus molecular cloud. In these maps,
we have not corrected the Orion data for incompleteness.
Of particular importance is the distinction between the
nearby dark clouds, Taurus, Lupus and Chameleon 2,
and the molecular clouds with clusters, Perseus, Serpens,
Ophiuchus, Orion A and Orion B. In each of the plots,
we have indicated the density 10 pc~2, the distributions
for the nearby dark clouds peak below this density while
the distributions for molecular clouds containing embed-
ded clusters peak at densities above this value. For this
reason,we initially pick 10 pc~2 as our threshold density.
A comparison of different stellar density thresholds used
to identify clusters is found in Bressert et al. (2010).

Next, we group together sources found in contiguous
regions where Nijg > 10 pc=2. To identify contigu-
ous regions, we use a friend of a friend method. For
a given YSO, the 10 nearest YSOs which also show
Nio > 10 pc2 are friends. Each friend of a friend is a
friend. In Figure 12, we show the results of this method
for the Orion A and B clouds. In this figure, each clus-
ter identified by our friend of a friend technique is given
a distinct color. Stars that are not assigned to a group
or cluster with 10 or more members are given the color
black; these are the distributed population.

In Figure 13, we show the number of members as a
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function of the size of the group and/or cluster. We have
binned our sources in logarithmic intervals: large clus-
ters with 10,000-1000 members, clusters with 1000-100
members, groups with 100-10 members, and the remain-
ing objects are in the distributed population. We display
this for each of the three cases, the Spitzer sources alone,
the Spitzer sources augmented by Chandra, and the fully
corrected sample; these three cases are also found in Ta-
ble 1. In all three cases we get the same result as found
by Carpenter (2000): that 50% to 80% of the members
are in the largest clusters. In the Orion A cloud, most
of the members are in the ONC, and in the Orion B
cloud, most of the members are in the NGC 2024 clus-
ter, and the NGC 2068/2071 cluster. In the combined
distribution of the Orion A and B clouds, around 50%
of the members are in the ONC. The fraction of YSOs
found in the distributed population depends strongly on
the completeness correction, decreasing from 21% in the
uncorrected sample to 13% in the fully corrected sam-
ple, with Orion B exhibiting a slightly smaller fraction
of distributed YSOs than Orion A.

How sensitive is this result to the chosen threshold den-
sity? Figure 14 shows how the fraction of members in
groups and clusters and the number of groups and clus-
ters as a function of the threshold density. As we in-
crease the threshold density, there is a tradeoff between
the distributed stars and the clusters; 47% of the YSOs
are found in the distributed population if we raise the
threshold to 100 pc=2. Over the entire range of densi-
ties, the ONC still has more members than all the small
clusters and groups combined. The fraction of members
in the ONC drops continuously with increasing threshold
density. At 75 pc~2, the ONC is broken into two clusters,
which is seen as a jump in the number of small clusters
in the displayed trends. The number of small clusters
(100-1000) members and the fraction of YSOs in these
clusters drops until 50 pc~2, at which point only the
NGC 2024 cluster is left. This cluster has a remarkably
high average density which makes it relatively insensi-
tive to the threshold density (Sec 5). In contrast, the
NGC 2068/2071 and ONC clusters have lower average
densities and more complicated internal structures; their
properties are more strongly dependent on the thresh-
old density. Interestingly, the number of groups (10-100
members) and the fraction of members in these groups
is relatively insensitive to the threshold density.

In summary, we find that the ratio of YSOs in large
clusters to distributed YSOs depends on the chosen
threshold. However, the result that the larger clusters
contain more than YSOs than the smaller clusters or
groups seems to be insensitive to the adopted threshold.
Thus, our analysis is in agreement with that of Carpenter
(2000), who found that in the Perseus, Orion and Mon
R2 clouds that the large clusters contain more stars than
the more numerous groups or small clusters.

This result is inconsistent with studies of demographics
integrated over large regions of our galaxy and of clus-
ters in other galaxies, in which the number of stars per
logarithmic interval of cluster membership is found to
be constant (Lada & Lada 2003, Whitmore et al. 2007,
Chandar et al. 2010). However, such studies include clus-
ters formed from many different molecular clouds which
presumably span a range of cloud masses. We speculate
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Fic. 13.— The fraction of dusty YSOs in groups and clusters
binned in logarithmic intervals of the number of members. Sources
which are not found in a group or cluster with 10 or more members
are put in the first bin. We display the fractions for the combined
Orion clouds (Top), the Orion A cloud (middle) and the Orion B
cloud (bottom). We show this for the fully corrected fractions
(black), the Chandra augmented fraction without the weighting
corrections (red) and the sample without completeness corrections
or the addition of the Chandra sources (blue).
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Fic. 14.— Left: the fraction of dusty YSOs in groups and clus-
ters as function of the critical threshold density using the incom-
pleteness corrected fractions. The blue circles are the fraction of
dusty YSOs in clusters with > 1000 members, the green upside
down triangles are the fraction of YSOs in clusters with 100 to
1000 members, the red triangles are the fraction in groups with 10
to 100 members, and the black stars are the fraction in the dis-
tributed population. Right: the number of groups and clusters
as a function of critical density. The symbols are the same as the
right panel. As we raise the critical density, YSOs switch between
the largest clusters and the distributed population; however, the
fraction of stars in small groups (10-100 members) and the number
of small groups remain relatively constant.

that if the size of the largest cluster increases with the
total cloud mass, the flat distribution of cluster sizes in
galaxies may result from the distribution of cloud masses
that produced the clusters. Future analyses of Spitzer
molecular cloud surveys that adopt the same methodol-
ogy applied to Orion are needed to determine whether
the Orion cloud is unusual, or whether the largest clus-
ter(s) typically dominate the demographics of molecular
clouds.
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4.2. Comparison of the Orion A and B Clouds to Other
Nearby Clouds

How do the demographics of the Orion A and B clouds
compare to other nearby clouds? We contrast the prop-
erties of the nearby clouds discussed in Sec. 4.1 using a
simplified analysis of clustering based on two diagnos-
tics: the fraction of YSOs with Nig > 10 pc~2 and the
median value of Nyy (Figure 15). We plot these two val-
ues against the total number of YSOs in the clouds. For
each cloud, we include the number of Spitzer identified
YSOs, and have not performed a correction for incom-
pleteness. The sample includes five clouds with clusters
(the Orion A and B, Perseus, Serpens and Ophiuchus
clouds) and three nearby dark clouds that do not have
clusters (the Chameleon, Lupus and Taurus clouds). The
Nio > 10 pc~2 density appears to bifurcate the sample,
with the clouds with clusters having fractions above 0.6
and the three nearby dark clouds having fractions below
0.4. Furthermore, the clouds with clusters have median
densities above 25 pc~2 while the nearby dark clouds
have median densities below 10 pc2.

The fraction of YSOs in clusters and the median den-
sity do not show a clear dependence on cloud mass.
For example, Ophiuchus and Taurus have similar cloud
masses (Lombardi et al. 2008a; 2010) and a similar num-
ber of YSOs (Padgett et al. 2008, Rebull et al. 2010).
Despite these similarities, most of the YSOs in Ophi-
uchus are clustered in the central Lynds 1688 core while
the YSOs in the Taurus cloud are distributed throughout
extended filaments (Wilking et al. 2008, Luhman et al.
2010). This comparison demonstrates that the relative
number of YSOs in clusters is not simply a function of
the size and mass of a cloud and its embedded popula-
tion, but is also a function of the structure of the gas.
Furthermore, for the clouds with clusters, the fraction
of YSOs in clusters and the median YSO density do not
seem to depend strongly on the number of YSOs or the
mass of the cloud.

One apparent trend is that we find no YSO rich (> 500
YSO), massive clouds (10° Mg) that do not have clus-
ters. An open question is whether there exist clouds with
gas masses and YSO numbers similar to the Orion clouds
that do not contain a significant number of YSOs in clus-
ters. One possible example is G216-2.5 or Maddalena’s
cloud, a giant molecular cloud (> 10°> M) which har-
bors only a low density, Taurus-like star forming region
(Lee et al. 1994; 1996, Megeath et al. 2009). However,
(G216-2.5 may contain only ~ 100 YSOs and it is char-
acterized by low gas column densities; in this respect it
appears to be much more similar to Taurus than Orion
despite its large mass of molecular gas (Megeath et al.
2009, Imara 2015).

4.3. The Demographics of Protostars

The demographics presented above are for the total
sample of all dusty YSO protostars identified by Spitzer.
The question arises, do the protostars follow the same de-
mographics? In Figure 16, we show the number of proto-
stars logarithmically binned by the number of members
in their parent assemblage. We also display the ratio of
the number of protostar to number of disk sources in each
logarithmic bin. For the reasons discussed in Sec. 3.3, we
do not correct the number of objects for incompleteness.
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respective clouds (see histograms in Figure 11).
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Bottom Left: the protostar/disk ratio for the same bins. There
has been no correction for completeness, thus the numbers and ra-
tios for the clusters are affected strongly by incompleteness. Top
Right: the number of protostars as a function of the number of
members in the host assemblage for the L1641 region; this region
suffers less from incompleteness than the other regions of the Orion
clouds. The dashed lines show the number of protostars for the
regions of the clouds with Ay > 4. Bottom Right: the proto-
star/disk ratio vs. the number of members for the L1641 region.

To address the issue of incompleteness, we adopt the ap-
proach of Sec. 3.3 and perform the analysis for the entire
Orion sample and again for the L1641/« Ori region alone.

Of particular interest is the ratio of protostars to disk
sources. Since the ratio of protostars to disks decreases
monotonically with time for a steady star formation rate,
this ratio is a proxy for the the age of a star forming
region. For the entire Orion sample, Figure 16 shows
the protostars/disks ratio decreasing as we ascend in
the number of members and go from groups, to clus-
ters and then to large clusters. In contrast, the fraction
is relatively constant between groups and clusters in the
L1641/k Ori sample. This suggests that the decrease ob-
served in the entire Orion sample may be the result of
incompleteness, with the protostars affected more by in-
completeness than disk sources. Protostars may be more
incomplete since their identification depends on having
either 24 pm data (which is strongly affected by nebu-
losity and is saturated toward the ONC and NGC 2024
clusters), a 5.8 um detection (which is also strongly af-
fected by nebulosity), or a H and K detection (which are
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strongly affected by extinction for protostars). We con-
clude that the fraction appears to be constant and that
groups and clusters have similar ages for the L1641/« Ori
sample, and potentially for the entire cloud sample.

In contrast, we see a significant drop in the proto-
stars/disks fraction in the distributed population rela-
tive to groups and clusters in both the full cloud and
L1641/x Ori samples. The protostar/disk ratio of the
distributed population increases if we limit the analysis
of L1641 /k Ori to regions where Ay > 4 using the ex-
tinction map of Gutermuth et al. (2011, also see Figure
1 in Paper I), and thereby concentrate on regions with
high gas column densities, but it remains lower than the
protostar/disk ratio for clusters and groups. The low
protostar/disk ratio for the more isolated stars is con-
sistent with the results of Sec. 3.3, where we found that
protostars tend be found in denser regions than pre-main
sequence stars with disks.

If we adopt 0.5 Myr as the typical duration of the pro-
tostellar phase (Dunham et al. 2014), then the variation
in the protostar/disk ratios can result from systemati-
cally different ages between the stars in groups and clus-
ters and the stars found in the distributed population.
Assuming a constant star formation rate for ¢ < age,
the clusters and groups have an age of ~ 2 Myr, while
the distributed population has an age of ~ 3 Myr for an
Ay > 4. (The age is given by (1 + ng/n,) x 0.5 Myr
where n,/ng is the protostar/disk fraction.) This sug-
gests that either the distributed population started to
form before the formation of groups or clusters, or that
distributed population contains stars that formed in clus-
ters and groups which have since dispersed.

The broad range of ages of the distributed population
may also result from a mixture of reasons, as this popu-
lations appears to have multiple origin environments. A
total of 26 protostars, 14 of which are toward regions of
the molecular cloud where Ay > 3, are found in the dis-
tributed population. This shows that some of distributed
population formed in isolation and this process may con-
tribute many of the youngest stars. In addition, the halo
of distributed YSOs surrounding the ONC appears to
have resulted from the migration of pre-main sequence
stars from the filaments in which they formed (see Fig-
ure 16 in Paper I Pillitteri et al. 2013). Thus, stars that
have migrated from existing clusters and groups may pro-
vide some of the intermediate age stars. Finally, groups
and clusters that have already dispersed may provide
some of the older stars.

5. THE STRUCTURE OF THE ORION EMBEDDED
CLUSTERS AND GROUPS

We now turn to the structural properties of the clus-
ters and groups found in the Orion molecular clouds. For
simplicity, we define the clusters and groups by adopting
the methodology described in Sec. 4 with the 10 pc—?
surface density threshold. As discussed in that section,
this threshold density distinguishes between the crowded
clusters of the Orion clouds from the more dispersed pop-
ulation of YSOs found in nearby dark clouds such as Tau-
rus. By adopting this single threshold, we can compare
the properties of the clusters and groups in a uniform
manner.
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F1a. 17.— The properties of the identified groups and clusters as
a function of the number of members. For each cluster, we show
the uncorrected properties in blue and the completeness corrected
properties in red; the values are linked together by a black line.
For the ONC and NGC 2024, the uncorrected properties includes
the X-ray sources identified by Chandra. For these clusters, we
show their properties before its membership was augmented by
the Chandra sources in green.
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Fic. 18.— Histograms of the cluster and group properties as
defined in the text. The black shaded histograms show the values
for the four largest clusters, the combined shaded and unshaded
histogram shows distribution from all clusters and groups.

5.1. The Global Properties of the Orion Embedded
Clusters and Groups

To compare the global structural properties of the
Orion groups and clusters, we use the properties estab-
lished in Gutermuth et al. (2009). The global properties
of the extracted groups and clusters are given in Table 2.
They are plotted as a function of the number of cluster
members in Figure 17, where we show the properties de-
rived from both the corrected and uncorrected samples
to illustrate their sensitivity to the corrections for incom-
pleteness. For the cases of the ONC and NGC 2024, we
also show the cluster statistics corrected by the Chandra
data, but without the weighting correction. Finally, Fig-
ure 18 displays histograms for the fully corrected cluster
properties.

The radii, Rpq, are given by /A/m, where A is the
area of the convex hull surrounding a group or cluster.
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The values of Rpy; are < 1 pc for the groups and between
1 and 4 pc for the clusters (Figure 18). This range of val-
ues is similar to the Ry values found in the embedded
cluster survey of (Gutermuth et al. 2009), although the
ONC has the largest Rp,; of the combined sample of
clusters from that paper and Orion.

To quantify the deviations from circular symmetry,
Gutermuth et al. (2005) defined the Azimuthal Asymme-
try Parameter, or AAP. This parameter uses the number
of members in 16 equal-area, Nyquist-sampled wedges
filling a circle centered on the cluster. The parameter
measures the deviations in the number of members rel-
ative to the deviations expected for Poisson statistics in
a uniform population. A value of AAP > 1.5 implies an
asymmetry at the 3o level. In addition, we measure the
aspect ratio of the convex hull surrounding each clusters,
as defined by the ratio of the circular area over the con-
vex hull area. (The circular area is that of the smallest
circle that can encompass the group or cluster, Guter-
muth et al. 2005). Since this parameter depends on the
boundaries of the clusters and not the total number of
stars, it is not strongly dependent on the completeness
correction.

The clusters and groups show significant departures
from azimuthal symmetry. The AAP for all the groups
and clusters over 70 members exceeds 1.5, except for one
cluster in L1641 (number 12 in Table 2) where the AAP
is reduced from 1.66 to 1.37 by the weighting correc-
tion. The plot shows a clear correlation of the AAP with
the number of cluster members; however, this trend may
result from dependence of the AAP on the numbers of
members. Specifically, higher values of the AAP result
from the greater numbers of sources in the wedges divid-
ing up larger clusters since the uncertainty in the number
of stars in each wedge is determined by Poisson statistics.
Further evidence for asymmetry is found in the aspect
ratios, which exceed 1.25 for all the clusters and groups
larger than 70 members. In summary, we find that all
the clusters and large groups with 70 or more members
show clear evidence for azimuthal asymmetry. For the
smaller groups, low number statistics make it impossible
to draw a conclusion.

The average YSO density is the number of members
divided by the area of the convex hull surrounding the
members. The values are between 10-60 pc™2; this value
is relatively independent of the number of members al-
though the lowest densities are found primarily in small
groups. This implies that most of the clusters and groups
have average densities that are not much higher than the
threshold density used to identify clusters. This is not
surprising. Since the clusters are density peaks in an ex-
tended distribution of young stars, the average density
is determined in part by the choice of threshold den-
sity. NGC 2024 has the highest average density in a
cluster: 49 pc=2 for the uncorrected, Spitzer only, sam-
ple and 62 pc~2 when augmented by the Chandra X-ray
observations and corrected by the weighting. The high
average density and the steep surface density gradient
surrounding this cluster are the reasons why the number
of stars in the NGC 2024 does not depend strongly on the
density threshold used to isolate the cluster (Figure 14).
The ONC also has a comparatively high density, ranging
from 29 pc~2 in the Spitzer only sample to 50 pc—2 in the
fully corrected sample. In this case, the average density
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F1G. 19.— Maps of the ONC cluster. Left: the N1 surface den-
sity map of the ONC. The red star and dot indicate the position
of 1 C and BN, respectively. The green countours are for surface
densities of 100, 250, 500, 1000, 3000 pc~2. The circles are at radii
of 0.1 and 1 pc from the central position of the cluster. Right:
distribution of YSOs overplotted on the Ay map of the Orion A
cloud. The red dots are Spitzer identified IR-excess sources while
the blue dots are the X-ray identified YSOs from the COUP survey
which were not identified by Spitzer. The green lines give the con-
vex hulls for threshold densities of 250, 500, 1000 and 2000 pc—2.
The dot—dash trapezoid gives the position of the COUP field.
is being raised by the high density in the center of the
cluster. The outer boundary of the ONC cluster is less
distinct than those of NGC 2024; hence, changing the
threshold density of the ONC can make large changes in
the number of members (Figure 14).

We define the peak YSO density as the maximum Nyg
value found in a cluster (in comparison, Gutermuth et al.
2009, uses N5 for their peak densities); unlike the aver-
age YSO density, the peak density is not affected by the
chosen threshold. We find a strong correlation between
the peak density and the number of members. The peak
densities and number of members both increase by two
orders of magnitude between the smallest groups and the
largest clusters. There is an approximately linear depen-
dence of the peak density on the number of members
which is well fit by Nyp(peak) o n%;zsjéo'l, where ny so is
the number of members.

We include in our number vs. peak density plot the
spectral types of the most massive known stars in the
four clusters (these are taken from Racine 1968, Brown
et al. 1994, Bik et al. 2003, Allen & Davis 2008). This
illustrates that the mass of these stars increase with both
the size and peak density of the clusters. Although this
trend by itself does not demonstrate a shift in the IMF;
Hsu et al. (2012) found evidence that the L1641 cloud,
in which the largest cluster has ~ 100 members (L1641
contains the group and clusters numbers 9-20 in Table 2),
is deficient in O and early B stars relative to the ONC.
Consequently, it is unlikely that the mass functions of the
ONC and L1641 are drawn from the same parent IMF
(Hsu et al. 2013). This hints at a possible connection
between peak stellar densities and the masses of the most
massive stars in clusters (also see Kryukova et al. 2012,
Weidner et al. 2013).

5.2. The Internal Structure of the Three Largest
Clusters

The three largest clusters in the Orion clouds are the
ONC (number 7 in Table 2), the NGC 2024 cluster (num-
ber 4), and the cluster that encompasses the NGC 2068
and NGC 2071 nebulae (number 3). In this section, we
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Fic. 20.— The properties of the ONC cluster as a function Ry;-
In the upper panels we show the results for the combined IR and
COUP X-ray sample, in the bottom panels we show the same anal-
ysis for the COUP X-ray sample alone. The values of Ry, were
calculated for a series of threshold densities as described in the
text; the properties are calculated for the YSOs that fall within
the corresponding convex hull. The number of members, surface
density and asymmetry of sources within the region defined by
that threshold are plotted as a function of Rp,;. The left panels
show the cumulative number of dusty YSOs within a given con-
vex hull; the green line gives the uncorrected number and the red
lines gives the weighting corrected number. Note that no correc-
tions is applied to the X-ray data in the bottom row of panels.
The middle panels show the mean stellar density within the con-
vex hulls for the corrected data on the top and the X-ray data on
the bottom. For comparison, the red lines show YSO surface den-
sity o R,;?J for Ry < 0.3 pc and R;&l‘f for Ry > 0.3 pc.
The right panels give the AAP for each of the convex hulls. Again,
the data in the top panel are corrected for incompleteness. This
show that the ONC cluster has significant azimuthal asymmetries
for Ry > 0.1 pe.
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Fic. 21.— Maps of the NGC2024 cluster. Left panel: the Nig
surface density plot for the clusters. The red dot marks the position
of IRS 2. IRS 2b, the likely exciting star of the NGC 2024 HII
region, is located 5” to the north-west of IRS 2 (Bik et al. 2003).
The circles give radii of 0.1 and 1 pc centered on IRS 2. The green
contours trace the 100, 250, 500,1000 pc—2 levels. Right panel:
the extinction map of the region with the positions of the dusty
YSO overlaid in red and the newly added Chandra X-ray sources
in blue. The white dot/dashed line gives the approximate outline
of the Chandra field. The green lines show the convex hulls for
threshold densities of 100, 250, 500 and 1000 pc2.

examine the internal structure of these three clusters.
We perform this analysis in two ways. First, we gener-
ate N1g maps of the clusters. Second, we select all the
YSOs that have nearest neighbor densities above a vary-
ing threshold density and construct the convex hulls for
those YSOs. We thereby create a nested series of con-
vex hulls that encompass the YSOs found at increasing
levels of surface density. We then determine the num-
ber of members, Ry, the average density and the AAP
from the YSOs above a given density threshold. Using
this analysis, we can examine how the properties of a

cluster vary with Rpy;. In comparison to analyses of
cluster properties along azimuthally or elliptically aver-
aged radial bins (e.g. DeRose et al. 2009), this approach
is better adapted to irregularly shaped clusters because
it does not rely on choosing a cluster center nor does it
impose an azimuthal symmetry upon a cluster.

We examine the ONC for both the weighting corrected,
Chandra augmented Spitzer sample and for the X-ray
sample from the COUP survey alone. The ONC is dis-
tinguished by its highly elongated morphology and the
high stellar densities toward its center. In Figures 19 and
20, we display the internal structure using a variety of di-
agnostics. The cluster elongation is clearly evident in the
surface density map and in the nested convex hulls in Fig-
ure 19. This elongation was also found by Hillenbrand &
Hartmann (1998). Furthermore, the peak density is off-
set from the center of the outer convex hull, indicating
that there is also a north-south asymmetry in the clus-
ter. Fig 20 shows that the cluster is strongly centrally
condensed, with the density increasing from 70 pc~2 to
10,000 pc~2, more than two order of magnitude, from the
outermost to innermost Rp.;. This figure also shows the
AAP increases rapidly with cluster size. We find that the
AAP > 2 for all Ry, greater than 0.1 pc. The asymme-
try only disappears in the very inner region of the cluster;
at Rpun < 0.1 pc the AAP decreases to 1.5 for both the
combined and COUP survey samples.

The NGC 2024 cluster is also shown for the weighting
corrected, Chandra augmented Spitzer sample and for the
Chandra X-ray sample alone (Figures 21 and 22). The
cluster shows a strongly peaked surface density profile,
with the mean density within the convex hulls growing
from 78 to 2664 pc~2. Similar to the ONC, the surface
density map and convex hulls show a significant elon-
gation, with one end of the cluster narrower than the
other. The AAP values exceed 1.5 for Ry, > 0.3 pc
for the combined Spitzer and X-ray sample, but do not
exceed 1.5 for the X-ray sample alone. This may be due
to the lower number of sources and weaker statistics in
the X-ray sample.

The cluster associated with the NGC 2068 and 2071
nebulae exhibits a double density peak and would be
classified as a hierarchical cluster by Lada & Lada (2003).
This cluster was also studied with deeper near-IR data
by Spezzi et al. (2015); we identify more members since
they require detections in all IRAC bands and the MIPS
24 pm bands to identify dusty YSOs. In Figure 23, we
display Nig maps and convex hulls for the two density
peaks separately, and in Figure 24, we give the properties
for each density peak. For this cluster, there is no X-ray
data. Again, significant density peaks are found, but the
range in average density goes only from 33 to 236 pc—2
for the NGC 2068 sub-cluster and 51 to 232 pc~2 for
the NGC 2071 sub-cluster. The two cluster peaks are
asymmetric: they are elongated and are not centered on
the massive B members that heat the NGC 2068 and
NGC 2071 nebula. The AAP values typically exceed 1.5
for Rp.; > 0.25 pc in both sub-clusters.

5.3. Constraints on the Ages of the Clusters from their
Structure

The lack of azimuthal symmetry suggests that the clus-
ters in Orion have not undergone relaxation, except po-
tentially in their inner regions. We can therefore put a
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Fic. 22.— The properties of the NGC 2024 cluster as a function
of Ry In the upper panels we show the results for the combined
IR and Chandra X-ray sample, in the bottom panels we show the
same analysis for the Chandra X-ray sample alone. The axes of
the panels and the values plotted are the same as for Fig 20 with

one difference: the red lines in the middle panel shows the profile

for YSO surface density o R,;?l'ls for Rpy < 0.3 pc and R;ilf

for Rpyy > 0.3 pc. Like the ONC, the AAP plots show that the
NGC 2024 cluster has significant azimuthal asymmetries over much
of the range of Rp4;, particularly for the corrected IR and X-ray
sample.
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F1G. 23.— Maps of the NGC2068/2071 cluster. Left panel:
the Nig surface density plot for the clusters. The lower red dots
mark the B1.5V star BD 400 1177B in the NGC 2068 nebula while
the upper red dot marks the B5 star V1380 Ori in the NGC 2071
Nebula. The circles give radii of 0.1 and 1 pc centered on those
stars. The green contours trace the 10, 20, 50, 100, 150 pc—2 levels.
Right panel: the extinction map of the region with the positions
of the dusty YSO overlaid. The green lines show the convex hulls
for threshold densities of 10, 20, 50, 100, 150 YSOs pc—2.

limit on the age of a cluster by using the radius at which
the cluster is no longer azimuthally symmetric. In the
ONC, that radius is 0.2 pc. To calculate the relaxation
time, we use the standard equation (?)

N
tC'I"OSS?
6log(N/2) ®)

where N is the number of stars and t.,,ss is the crossing
time. To determine the crossing time, we assume that the
cluster within Ry, is virialized. We derive the potential
using a constant density sphere with radius Rp,; and
total mass M (r < Rpuu):

trelax =

10Rpwu
3GM(T < Rhull) '

(9)

teross = 2}%hull

Initially, we set the mass within Rp,; to N x 0.5 Mg.

1001

Cumulative Number
Mean Stellar Density (pc?)
.

5
8

1.0
Rius (PC) Rour (PC) Ry (PE)

1001

Cumulative Number
Mean Stellar Density (pc?)
.

5
8

10 . . 0
01 10 0.1 10 01
R (PC) Rou (P€) R (pC)

F1G. 24.— The properties of the NGC 2068/2071s sub-clusters as
a function of Rp,;;. The upper panels show the properties of the
sub-cluster centered on NGC 2071 and the lower panels give the
properties of the sub-cluster centered on NGC 2068. The axes of
the panels and the values plotted are the same as for Fig 20 with

one difference: the red lines in the middle panels show YSO surface
density o R];jl'll. Like the ONC and NGC 2024, both sub-clusters
show significant azimuthal asymmetries over most of the range of
Rhull with AAP 2 1.5.

We note that we are assuming most of the mass is in the
stars. This is a reasonable assumption since most of the
Orion stars in the center of the cluster are optically visi-
ble and have a low extinction (Hillenbrand & Carpenter
2000). In this case, the relaxation time within 0.2 pc is
1 Myr; and the resulting maximum age for the ONC is
1 Myr. We note that if we assume instead that the stars
are only 20% of the mass, then the relaxation time and
maximum age increase to to 2.2 Myr. Thus, the asymme-
try of the interior cluster indicates an age of the cluster
of < 2.2 Myr. This is somewhat shorter than the mean
isochronal age for the ONC of 2.5 Myr (Da Rio et al.
2010, Jeffries et al. 2011). It is not clear whether these
can be reconciled. The uncertainties in the pre-main se-
quence tracks and in the stellar birth line make isochronal
ages uncertain (e.g. Hartmann et al. 1997, Baraffe et al.
2012). On the other hand, the assumption of a virialized
cluster may underestimate the velocities after gas dis-
persal and thereby underestimate the relaxation time.
Finally, this analysis assumes that the cluster is coeval;
however, the stars in the inner core of the ONC may be
systematically younger (Getman et al. 2014a) or older
(Parmentier & Pfalzner 2013) than the outer region of
this cluster.

We can also perform a similar analysis for the other
three clusters. For NGC 2024, we find a maximum age
of 3.7 Myr, for NGC 2068, a maximumage of 2.3 Myr and
NGC 2071, a maximum age of 2.1 Myr. These are con-
sistent with the isochronal ages found for these regions
(Levine et al. 2006, Flaherty & Muzerolle 2008).

5.4. The Structure and Dynamical State of the ONC

The ONC is one the three largest young (< 5 Myr)
clusters within 1 kpc of the Sun (the others being the
Cep OB3b cluster and the NGC 2264 cluster, see Lada
& Lada 2003, Porras et al. 2003, Allen et al. 2012) and
thus of particular interest in understanding the evolution
of embedded clusters and their potential to form bound
clusters (Kroupa et al. 2001). Prior to this paper, previ-
ous authors have demonstrated the elongated nature of
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this cluster. Hillenbrand & Hartmann (1998) used data
from a combination of visible light and near-IR imaging
to show that the ONC cluster has an elongated struc-
ture aligned with the molecular filament from which it
is forming. By fitting ellipses to isodensity contours of
the surface density of stars, they found that ellipses were
centered near the ' Ori C and aligned with the cloud.
The eccentricities of the ellipses ranged from 0.29 for
the innermost ellipse to 0.54 for the outermost ellipse.
(The aspect ratio we find for the cluster corresponds to
a eccentricity of 0.8, but our value is determined over a
much larger region than that considered by Hillenbrand
& Hartmann (1998)). Furthermore, they found the out-
ermost contour shows the highest eccentricity, in agree-
ment with our analysis of the AAP. They also find a
peak surface density similar to ours of ~ 10,000 stars
pc=2. Recently, Kuhn et al. (2014) fit isothermal ellip-
soids to the distribution of stars in the ONC. They also
found that that the structure is fit by elongated ellipsoids
aligned with the molecular filament. Three separate el-
lipsoids had to be fit to the central cluster to reproduce
a core-halo morphology. The ellipsoid representing the
inner core has a smaller ellipticity than the ellipsoid rep-
resenting the outer halo, in agreement with our results
and those of Hillenbrand & Hartmann (1998).

Fiirész et al. (2008) and Tobin et al. (2009) measured
the radial velocities of 1613 young stars toward the ONC.
The most prominent dynamical feature is a gradient in
velocity with declination observed in the OMC 2/3 re-
gion north of the Orion nebula. This gradient is also
apparent in the gas and can be seen in the CS (2 — 1)
map shown in Peterson & Megeath (2008). Tobin et al.
(2009) interpreted the gradient as infall onto the massive
cores in the Orion Nebula region. The interpretation of
the gradient as infall is not unique; the velocity gradi-
ent can be explained as either expansion, contraction,
or rotation. However, the magnitude of the gradient is
consistent with infall. N-body simulations by Proszkow
et al. (2009) showed that the gradient can be explained
by the initial collapse of a sub-virial and elongated cluster
embedded in a molecular clump. The magnitude of the
velocity shift in Peterson & Megeath (2008) is 1.5 km s~*
over a region extending from 0.36 pc to 1.44 pc from the
central, massive clump. Adopting a mass for the central
clump of 627 My, (Sadavoy et al. 2010), gravitational ac-
celeration would result in a velocity shift of 3.4 km s~!.
Considering the unknown inclination of the filament, the
magnitude of the observed velocity gradient is consistent
with gravitational infall.

Another conspicuous feature in the gas velocity struc-
ture of the ONC are the multiple velocity components
apparent toward the southern half the cluster (Bally
et al. 1987). At the same location, the Spitzer image of
the Orion Nebula shows a large bubble extending to the
southwest of the nebula (Figure 14 in Paper I); this re-
gion, known as the Extended Orion Nebula, is filled with
hot X-ray emitting gas (Giidel et al. 2008). The multiple
velocity components appear to be due to the interaction
of the molecular gas with the OB stars in the Orion Neb-
ula. Figure 14 in Paper I also shows that the bubble is
filled with YSOs which appear to trace the inner region
of the bubble. An interpretation of this morphology is
that the stars formed in the walls of the bubble as it

was blown out by the winds and UV radiation of the
OB stars. Since the gas is continually accelerated by the
massive star winds and by the photoevaporation of gas
from the surfaces of the bubble exposed to the UV radia-
tion, the bubble walls will eventually expand faster than
the stars that formed within them. In this manner, the
dusty YSOs will be left behind to fill the interior of the
bubble as it expands. Fiirész et al. (2008) found evidence
that the stars toward the bubble are slightly blue shifted
relative to the main molecular cloud filament, consistent
with this interpretation (see their Figure 9).

There is also evidence for non-coevality in the ONC
and its surroundings. North of the ONC is a small clus-
ter of pre-main sequence stars toward NGC 1981; this
cluster shows a much higher ratio of Class III to Class
IT objects than the ONC, suggesting that the first star
formation in the vicinity of the ONC was at the northern
tip of the cluster (Pillitteri et al. 2013). There is also a
halo of stars that extends laterally beyond the filament
(Fig 19, Fig 9 in Paper I). An older age for this halo
is suggested by XMM and Chandra observations that
show a lower disk fraction and a systematically lower
J-band luminosity for their X-ray luminosity (Pillitteri
et al. 2013, Getman et al. 2014a). These may be stars
that have either migrated from the embedded cores of the
cluster or stars that formed in the outer regions of the
filament as it contracted (Pillitteri et al. 2013, Getman
et al. 2014a).

The highly elongated and irregular structure of the
ONC and its parental molecular cloud indicate a dy-
namic, evolving, non-relaxed structure (Figures 9, 19
and Figure 14 in Paper I). Although the center of the
ONC shows evidence of dynamical relaxation (Sec. 5.2,
Figure 20), this only occurs in the inner 0.1 pc of the
cluster. On larger radii, the cluster shows evidence of
the infall of an actively star forming filament onto the
massive center of the cluster and a star-forming bubble
driven outward by the OB stars. It also shows a bubble
on the northernmost tip of the cluster driven by a B1V
star (the NGC 1977 nebula, Peterson & Megeath 2008).

The non-equilibrium and evolving nature of the ONC
is also suggested through the comparison of the various
timescales of the cluster. The relaxation time for the in-
ner, circularly symmetric region is about 1 Myr, which we
suggest might be the typical age of the cluster (Sec. 5.2).
This relaxation time increases with increasing radius,
and can be tens of millions of years for the outer region of
the cluster. In comparison, if we calculate a crossing time
of the longest dimension of the cluster using the velocity
dispersion of the gas, teross = 2Rhuu/\/§a where o is the
1-D average velocity dispersion in the '*CO emission, the
value of the crossing time is t;ross = 1.8 Myr. We can
also estimate a free fall time for the cluster by computing
the average density in a sphere of radius Rpq,

_ (05MoNutar /0.75+5000Mo) [ 3w
a TrR; T\ 326)
3T 0 P

(10)
where 5000 Mg is the mass of the integral shaped fila-
ment in which the ONC is embedded (Bally et al. 1987),
0.5 Mg is the mean stellar mass of the YSOs, 0.75 is
the fraction of young stars with IR-excesses (see Sec. 8),
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Fic. 25.— The star formation efficiency of the groups, clusters
and clouds in the Orion complex with the blue symbols denoting re-
gions within Orion A and the red symbols denoting regions within
Orion B. The circles show the values determined for clusters and
groups with the extinction map of Gutermuth et al. (2011) while

the squares give the values determined from the 13CO maps from
Ripple et al. (2013). The dashed lines give the SFE for the en-
tire Orion A and B clouds using total cloud masses from Wilson
et al. (2005) and Lombardi et al. (2011). The upper panel uses
the number dusty YSO corrected for incompleteness by both the
application of the weighting correction and the inclusion of X-ray
sources in the ONC and NGC 2024 clusters. The lower panel uses
the number of detected dusty YSO augmented by the inclusion of
X-ray sources and therefore gives systematically lower values.

and Ngq, is the number of dusty YSOs. Adopting
N, = 5000, the resulting free fall time is 7y = 2.2 Myr.
The gas dispersal timescale is difficult to ascertain, but
is expected to be on the order of a few Myr (Allen et al.
2007).

Thus, we find that the crossing time, free fall time,
and gas dispersal time are comparable, and they are sim-
ilar to the time needed for the observed circularization
of the inner cluster. In total, this suggests that star
formation in the ONC is not occurring within virialized
molecular clumps and equilibrium structures, but within
rapidly evolving gas structures where the timescales for
star formation, cloud destruction through feedback, col-
lapse, and crossing are comparable yet are long enough
to allow for the relaxation of the dense central core of the
cluster. Because of this likely non-equilibrium nature, it
is difficult to predict whether the ONC will produce a
bound cluster.

6. THE SFE OF THE ORION CLOUDS AND CLUSTERS

The star formation efficiency, SFFE, is defined as
M., /(M, + M,) where M, is the mass in stars that have
formed from the gas and Mg, is the mass of the remain-
ing gas. In the standard picture that has emerged from
surveys of molecular clouds, the SFE of entire molecular
cloud complexes is low while the SFE in clusters is com-
paratively high (e.g. Lada 1992). To test this picture,
we perform a simple analysis of the SFE of the entire

clouds and the clusters. Masses of the Orion A and B
clouds have been determined from the CO survey of Wil-
son et al. (2005) and the wide field NIR extinction map
of Lombardi et al. (2011). These maps are sensitive to
the low density molecular gas that comprises a significant
fraction of the total mass of the cloud. Scaling the masses
to a common distance of 414 pc for comparison, we find
that the Orion A mass is 86000 and 83000 Mg, from the
CO and extinction maps, respectively. For the Orion B
cloud, we find masses 67000 and 74000 My from the CO
and extinction data, respectively. Given the similarity of
these values, we use the average of the two. To calculate
the mass of young stars, we adopt an average mass of
0.5 Mg and an IR-excess fraction of 0.75. We use both
the number of detected dusty YSOs augmented by the
X-ray surveys in NGC 2024 and ONC and the number
of dusty YSO estimated using the weighting correction
plus Chandra augmentation.

The resulting SFEs are 2 to 3% and 0.6-0.8% for the
Orion A and B clouds, respectively. The higher numbers
are those that include the weighting correction. Evans
et al. (2009) uses the extinction at Ax > 0.2 to determine
the SFEs of clouds in the c2d survey. To compare the
SFEs of the Orion clouds with those of the c2d clouds, we
use the masses for Ax > 0.2 from Lombardi et al. (2011);
after correcting to a distance of 414 pc these are 56000
and 39000 Mg for Orion A and Orion B, respectively.
The resulting SFEs are 3-5% for Orion A and 1.1-1.5%
for Orion B. In comparison, Evans et al. (2009) find SFEs
in the c2d clouds of 3-6%. These numbers show that
the Orion A cloud has a similar SFE to that of the c¢2d
molecular clouds while the SFE for the Orion B cloud is
unusually low.

To measure the SFE toward individual groups and
clusters, we used the Ay map of Gutermuth et al. (2011)
and the 3CO (1 — 0) maps from Ripple et al. (2013).
For each cluster, we identify all the pixels of those maps
within 100" of one of the cluster members. We then
add up the column densities in those pixels and derive
a My,s for an adopted distance of 414 pc. Once again,
we calculate the efficiencies using both the X-ray aug-
mented sample and the weighting corrected sample of
YSOs. Although there is a significant amount of scat-
ter in the resulting SFEs, as shown in Figure 25, the
groups and clusters have SFEs that are approximately
3-30 times higher than the cloud efficiencies, consistent
with the standard picture. There is a weak trend of the
SFE increasing with the number of cluster members, par-
ticularly for those with more than 100 members. This
trend may result from the approximately linear increase
in the SFE with gas column density observed in molec-
ular clouds (Gutermuth et al. 2011, Lada et al. 2013,
Louvet et al. 2014). This trend must be confirmed with
future maps of the column density of the Orion clouds
that more accurately determine the densities in regions of
high gas column density and high stellar surface density
(e.g. Lombardi et al. 2014).

7. THE RELATIONSHIP BETWEEN THE ORION
EMBEDDED CLUSTERS AND THE ORION OB1
ASSOCIATION
The Orion molecular clouds are located in the Orion
OB1 association, which contains nine O stars, five B0
stars, and 67 B1-B3 stars (Brown et al. 1994). In Fig-



The Distribution of YSOs in the Orion Molecular Clouds 21

ure 26, we show the spatial relationship of the clouds to
the OB association; the positions of the OB stars are
from Brown et al. (1994). We find that the overall spa-
tial extent of the young stars within the molecular clouds
and the OB stars are similar: i.e. both extend ~ 100 pc
along their longest dimension. As was known previously,
most of the OB stars in the association are not coinci-
dent with the molecular clouds and were created in pre-
vious episodes of star formation within the Orion region.
The OB stars in the association have been divided into
four distinct subgroups (Blaauw 1964, Warren & Hesser
1978). Only the youngest subgroup of the association,
the OB1d subgroup, contains massive stars still associ-
ated with their natal clouds including the massive stars
in the ONC (Warren & Hesser 1978, Peterson & Megeath
2008). Although they are not shown in Fig 26, a large
population of low mass stars coexists with the OB sub-
groups outside the cloud (Briceno 2008). The ages of the
low mass stars found in the subgroups range from 2-3
for the OB1c subgroup, 4-6 Myr for the subgroup OB1b
and 7-10 Myr for the subgroup OB1la (Bricefio et al. 2005,
Sherry et al. 2008).

There are multiple lines of evidence that the OB as-
sociation is interacting with the Orion A and B clouds.
The bright PAH emission observed toward the surface
of the Orion B cloud near NGC2024 and NGC2023 is
clear evidence that the cloud is illuminated by the OB1
association (Figure 13 in Paper I). This surface hosts
the Horsehead nebula, a bright rimmed cloud that is
the most dramatic example of the interaction between
the OB association and the molecular cloud (Pety et al.
2006, Ward-Thompson et al. 2006, Bowler et al. 2009).
The two richest clusters, the ONC and the NGC 2024
Cluster, are in the regions of the molecular clouds clos-
est to this concentration of older OB stars; suggesting
that the star formation in these region may have been
enhanced by the compression of the gas by the OB stars
(e.g. Bally 2008).

The diameter of the association is similar to the length
of the molecular clouds, suggesting that the overall size
of the association is set by the distribution of star for-
mation sites and not the expansion of the association
members. It is not clear whether the Orion cloud com-
plex is bound since the gravitational and kinetic energies
appear comparable to within a factor of a few (Wilson
et al. 2005). An uncertainty in the total mass is the
number of low mass stars in the association. Although
we have a good census of young low mass stars associ-
ated with the Orion A and B clouds, in the Ori OB1
association subgroups outside the molecular clouds, we
only have a complete census of the massive stars. If we
use the total number of intermediate to massive stars in
the OBla, b and c subgroups from Brown et al. (1994)
and scale by the IMF (Kroupa 2001, Chabrier 2003), we
estimate there are 6300 to 9100 stars in these subgroups.
If we add that to the 5000 dusty YSOs and adopt a 75%
disk fraction, then the number of young stars is between
13000 and 16000. With an average stellar mass of around
0.5 Mg, this is far less than the molecular gas mass in the
molecular clouds of ~ 200,000 Mg (Wilson et al. 2005,
Lombardi et al. 2011). Furthermore, if we assume that
most of the association is filled with a low density atomic
or ionized gas with a density of 1 cm™2, that would in-
crease the mass by only 10,000 M. Thus, the molecular
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Fic. 26.— The Orion OB1 Association. The extinction map
of the Orion molecular clouds (Gutermuth et al. 2011) is shown
in grayscale. The green dots are the dusty YSOs identified in
this survey by their IR-excesses. The blue stars are the OB stars
identified by Brown et al. (1994).

clouds dominate the mass of the region.

If we then assume a diameter of 100 pc, and approxi-
mately viral velocities, the crossing time of the associa-
tion is ~ 30 Myr. Since OB associations appear to dis-
perse their molecular gas and cease star formation after
~ 10 Myr, as inferred from the lack of residual gas in the
5-20 Myr associations and clusters (Leisawitz et al. 1989,
Preibisch et al. 2002, Pecaut et al. 2012), the gas disper-
sal time appears to be much less than the crossing time.
Baumgardt & Kroupa (2007) find that regions with low
star formation efficiencies and rapid gas dispersal times
much faster than a crossing time will not form bound
clusters; hence we expect that even if the Orion OB1 as-
sociation is currently gravitationally bound, it will form
an unbound system after gas dispersal.

In contrast, the inner core of the Orion Nebula Cluster
has a star formation efficiency of 30% and crossing times
which are on the scale of 1-2 Myr, comparable to the age
of the ONC and clearly less than the gas dispersal times
of this partially embedded cluster (Jeffries 2007, Jeflries
et al. 2011). Thus, localized regions within the OB asso-
ciation such as the ONC may undergo relaxation and sur-
vive gas dispersal as bound clusters. Clark et al. (2005)
simulated star formation in a turbulent, gravitationally
unbound molecular cloud where the total kinetic energy
exceeded the gravitational potential energy. The simu-
lations show the formation of embedded clusters within
the unbound cloud which may remain bound after the
molecular gas is dispersed. The clusters are not bound
to each other and expand away from one another with
time. These simulations provide an attractive frame-
work for understanding the Orion star forming complex,
with its unbound association and bound embedded clus-
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FiG. 27.— The fraction of variables with IR-excesses as a function
of right ascension (top) and declination (bottom). The center of
the ONC is between 5.25° and 5.5°; no decline in the fraction of
disks is apparent at this location. The decline at decl. > —4.5°
occurs at the edge of the Orion A molecular cloud; the region with
the low IR-excess fraction outside of the cloud is the more evolved
NGC 1981 cluster (Pillitteri et al. 2013).

ters. It should be noted it is unclear whether any of the
Orion clusters will survive gas dispersal. Although the
OB stars currently found outside of the molecular clouds
must have formed in embedded clusters, none of these are
known to be surrounded by bound clusters which have
survived gas dispersal in the OB association.

Observations of Orion and other associations paint a
picture where stars in the molecular clouds have ages
< 2 Myr (Jeffries 2007, Flaherty & Muzerolle 2008),
while stars in the association have ages ranging up to
10 Myr (Briceno 2008). This requires some method for
creating and destroying clouds on ~ 2 Myr timescales,
while sustaining star formation within the OB associa-
tion for a 10 Myr period. We note that this 10 Myr
period is similar to the timescale needed to create molec-
ular clouds by colliding flows of atomic gas (Heitsch &
Hartmann 2008); thus the 10 Myr period may reflect this
timescale if cloud formation is not synchronized across
a 100 pc region in a colliding flow. Alternatively, the
long timescale may result from compression and shuffling
of molecular gas through feedback from massive stars
(Elmegreen & Lada 1977). Understanding the processes
that sustain star formation in OB associations over these
long timescales is a key step towards understanding star
formation on galactic scales.

8. THE FRACTION OF STARS WITH IR-EXCESSES

The Spitzer Orion survey identifies only young stars
and protostars with IR-excesses from dust grains in disks
and infalling envelopes. The IR-excesses from these disks
and envelopes evolve and disappear rapidly: protostellar
envelopes persist for ~ 0.5 Myr (Hatchell et al. 2007,
Evans et al. 2009), while optically thick disks around
low mass stars typically persist for a few million years
(Herndndez et al. 2008). It is thus of great interest to
assess the fraction of young stars which can be identi-
fied by their IR-excesses. In the Orion molecular clouds,
the fraction of IR-excesses has been previously measured

in the ONC and NGC 2024 clusters. Hillenbrand et al.
(1998) used the dereddened I-K color and found the frac-
tion of pre-main sequence stars with disks in the ONC
is between 61% and 88%. Muench et al. (2001) used
a combination of JH K L-band photometry toward the
central 7/ x 7’ of the ONC and found an IR-excess frac-
tion of 80% 4 7%. In NGC 2024, a IR-excess fraction of
> 86% £ 8% was determined from JH K L-band observa-
tions (Haisch et al. 2001).

To reassess this value in the Orion A region with
the Spitzer data, we require a means to determine the
number of young, pre-main sequence stars without IR-
excesses. We do this using three independent methods.

First, we use the near-IR variability to identify young
stars; diskless pre-main sequence stars may be distin-
guished by variability due to rotating star spots. This
methods assumes that the same fraction of young stars
with and without IR-excesses are variable. We use the
near-IR variability survey of Carpenter et al. (2001),
which repeatedly observed a 0.°84 x 6° strip centered
on the Orion Nebula with the 2MASS telescope at Cerro
Tololo, Chile over a 2 year period. We apply the criteria
adopted by Carpenter (2000) and take all sources with
near-IR Stetson indexes > 0.55 as variables and YSOs.
In total, 284 of the variables can be placed on the IRAC
4-band, JH[4.5] or HK[4.5] diagrams needed to identify
IR-excesses. A total of 222 variables,79% of the sample,
show infrared excesses in these diagrams. To search for
a dependence of the fraction of sources with IR-excesses
with position, we plot the dependence of the disk frac-
tion on right ascension and declination (Figure 27). For
decl.< —4.75°, we find IR-excesses toward 82% =+ 0.03
of the variables with sufficient photometry to identify an
IR~excess. For decl.> —4.75°, there is a sharp drop off in
the IR-excess fraction; this region is the NGC 1981 clus-
ter located north of the Orion A cloud and the NGC 1977
nebula (see Figure 14 in Paper I, Pillitteri et al. 2013).
There is no drop in the fraction of all variables with IR-
excesses toward the Orion Nebula and the central O7
star §' C, which is at a coordinate of R.A. = 83.8186°,
decl. = —5.38968°. This suggests that photoevaporation
by the O-star has not had a significant impact on the
frequency of hot inner disks traced by the IRAC-bands.

Second, we use the X-ray data from the COUP and
NGC 2024 fields to establish the fraction of X-ray de-
tected YSOs with IR-excesses. Using the COUP data
for the Orion Nebula region displayed in Figure 4, we
compare the ratio of the X-ray detected sources with
IR-excesses to the X-ray sources with sufficient IR pho-
tometry to detect IR-excesses. We avoid the inner re-
gions of the the clusters due to the incompleteness of
the Spitzer data. Between 0.0675° and 0.1275° from the
cluster center, we find a IR-excess fraction of 0.54 +0.02.
We repeat the same analysis using the NGC 2024 data
(Figure 6). In this case, between 0.0675° and 0.1275°
of NGC 2024 IRS 2, we find a IR-excess fraction of
0.58 £ 0.10; this is consistent with the value derived for
the Orion Nebula.

Finally, we measure the disk fraction in the combined
groups and clusters in the L1641 region using number
counts to estimate the total number of young stars. The
L1641 region was chosen as it does not contain bright
nebulosity which creates spatially varying completeness
and since it has not been measured in previous stud-
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F1G. 28.— Top panel: the histogram of Ks-band magnitudes
for the IR-excess sources (i.e. dusty YSOs) for the groups and clus-
ters of L1641. Middle panel: the histogram of Ks-band mag-
nitudes for the estimated sky contamination toward the L1641
groups and clusters. The blue histogram uses the Spitzer refer-
ences fields near Orion A to measure the background contamina-
tion. The red histogram uses two 1 sq. deg. reference fields, one at
1 =206°, b = —19.3° and the other at | = 216°, b = —19.3°, which
were observed by 2MASS but not Spitzer. Bottom panel: the
background subtracted histogram for all sources toward the 11641
groups and clusters which have sufficient photometry to search for
IR-excesses. The blue and red histograms in the bottom panel are
those created with the blue and red histograms in the middle panel,
respectively. The vertical dashed line is the 13 mag cutoff used in
the disk fraction analysis.

ies. The contamination from background stars is min-
imized by considering only regions with YSO densities
> 10 pc~2 (Figure 8). These regions typically show high
extinction which further reduces the number of back-
ground stars. The total area subtended by these regions
is 0.46°. Toward these regions we find 380 IR-excess
sources and 1229 sources which have detections in suffi-
cient infrared bands to determine if they have an excess,
but appear to be pure photospheres without excess emis-
sion from disks or envelopes.

To subtract out the background contamination from
the pure photospheres, the density of background stars
is estimated using the Ay map of the clouds and num-
ber counts vs. K¢ magnitude take from nearby reference
fields. We chose two different methods to estimate the
number of background stars. In the first method, we
use the observed reference fields near the Orion A cloud,
these are the ones within 2° of the ONC (Figs 1 and 9 in
Paper I). In these fields, we have IRAC data and we only
consider sources with sufficient photometry to identify
IR-excesses that are not likely extragalactic contamina-
tion. The second method uses two circular 1 sq. deg.
reference fields centered at [ = 216° and | = 209° both
with a galactic latitude of b = —19.3°. For these fields,
the source counts were extracted from the 2MASS point
source catalog; these two fields have the same galactic
latitude as the Orion A cloud and straddle it in galac-
tic longitude. In these two fields, we consider all sources
detected by 2MASS.

In Figure 28, we show the K-band magnitude his-
tograms for the IR-excess sources, for the estimated

background contamination, and for all sources with suf-
ficient photometry subtracted by the expected back-
ground contamination. We consider the disk fraction for
mig < 13 mag.; at fainter magnitudes the number of
background stars exceeds the number of members. We
find that the disk fraction for the first and second meth-
ods are 0.72+0.07 and 0.81 +0.08. These are consistent
within the uncertainties.

We note that there may be biases in the methods which
identify members on the basis of variability or X-ray
emission. At the mid-IR wavelengths, pre-main sequence
stars with disks and protostars show much higher inci-
dence of variability than pre-main sequence stars without
disks (Paper I, Sung et al. 2009, Muzerolle et al. 2009,
Morales-Calderén et al. 2011). This variability appears
to arise in passively heated inner disks, and may result
from fluctuations in the luminosity generated by the ac-
cretion of gas from the disks onto the stars and from
structures orbiting in the disks (Morales-Calderén et al.
2011, Flaherty et al. 2011). This variable disk emission
may also be apparent in the near-IR and thus could in-
crease the incidence of variability toward stars with IR-
excesses (Carpenter 2000).

In contrast, the detection of X-ray emission toward pre-
main sequence stars may be biased against stars with
disks and protostars. This can result in a IR-excess frac-
tion for the X-ray sample that is systematically lower
than those found by other methods. Winston et al.
(2010) found the disk fraction of X-ray detected sources
in the young NGC 1333 cluster is significantly lower than
that found by Gutermuth et al. (2008) from number
counts. This bias against detecting pre-main sequence
accreting stars with disks and protostars may be due
to lower X-ray luminosities and shorter flare durations
(Telleschi et al. 2007, Getman et al. 2008, Winston et al.
2010). Furthermore, they found that none of the Class
0 protostars and only 23% of the Class I protostars were
detected, compared to 52% for the Class IT objects. The
bias against detecting protostars could further lower the
fraction of X-ray sources with IR-excesses.

A more detailed analysis of the disk fraction is deferred
to future studies of the Orion clouds which focus on ob-
taining unbiased samples of young stars with and with-
out disks. Instead, we focus on how these results may
impact our analysis of the distributions of young stars as
traced by the dusty YSOs. First, we note that the frac-
tion of IR-excess sources is approximately ~ 75%; we are
tracing 3/4 of the young stars. Second, we find that to-
ward the cloud, the disk fraction appear to be remarkably
invariant; this is evident from the lack of spatial varia-
tions in the disk fraction of the variables, the similarity
of the L1641 disk fraction with disk fractions in other
regions in the clouds, and the consistency of the fraction
of X-ray selected sources with IR-excesses in the Orion
nebula and NGC 2024 clusters. This lack of apparent
variations in the IR-excess fractions supports our oper-
ating assumption that the dusty YSOs are tracing the
spatial distribution of all young stars within the cloud.

9. THE ENVIRONMENT OF PLANET FORMATION IN THE
ORION MOLECULAR CLOUDS

The intense UV radiation and high densities of young
stars found in rich young clusters can alter disks around
low mass stars, potentially influencing the process of
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F1G. 29.— The cumulative distribution of projected distances to
the nearest OB stars for the YSOs identified in this paper. Top:
distribution of projected distances to the nearest O-BO0 star. Bot-
tom: distribution of projected distances to the nearest B0.5-B3
stars.

planet formation. The clearest evidence for the alter-
ation of disks is found in center of the ONC, where there
is clear evidence for the UV photo-ablation of disks by
the O-stars 8! C and 2 A (Churchwell et al. 1987, O’dell
& Wen 1994, Bally et al. 1998). Alternatively, close en-
counters of disks may also truncate disks, although such
tidal interactions may not be common even in dense clus-
ters (Gutermuth et al. 2005, Adams et al. 2006). Both
the photo-ablation of disks by UV radiation and the tidal
interaction of disks will affect primarily the outer regions
of disks (Johnstone et al. 1998, Adams et al. 2004; 2006);
these outer regions are not traced by the infrared excess
detected in the Spitzer 3.6-24 um bands. Since our data
do not trace the outer regions of disks which are directly
affected by interactions and UV radiation, we forgo an
examination for direct evidence for the impact of environ-
ment. Instead, we address the following question: what
fraction of disks around low-mass stars may plausibly be
affected by their environment? We use the Orion Spitzer
survey to determine the fraction of YSOs found in the
extreme environments that can alter disks.

The determination of the UV radiation at the surface
of the disks requires a knowledge of the distance between
the disk and hot OB stars and the attenuation of the
UV radiation by the intervening gas. Both the distance
and attenuation cannot be directly measured by the cur-
rent data. However, we can assess whether the stars are
close enough to be affected by UV radiation by using
the projected distances between the identified YSOs and
known OB stars. The projected distance provides a lower
limit to the actual distance and can be used to determine
which YSOs are too distant to be affected. We ignore the
attenuation for two reasons. First, we can only measure
the extinction along the line of sight to the YSO; the at-
tenuation along the sightline between the YSO and OB
star could be different. More importantly, the amount of
extinction may drop as the OB stars clear the surround-
ing gas or as the low mass stars orbit in a cluster.

We use the catalog of Brown et al. (1994) (Figure 26).

As discussed before, the low mass stars are found dis-
tributed throughout the regions showing molecular gas.
In comparison,the OB stars are much rarer, and many
are found in the neighboring association. We group the
O stars and B0 stars together since stars with these spec-
tral types produce intense extreme UV radiation fields
(Panagia 1973, EUV, hv > 13.6 €V). Although the stars
with strong EUV fields are the most destructive to disks,
intense far UV radiation fields produced by the more
numerous B0.5-B3 stars (FUV, 6 eV < hv < 13.6 €V)
may also photo-ablate disks (Adams et al. 2004). We
find that the OB stars are spread widely throughout the
Orion constellation, with many near to or coincident with
the clouds. For each YSO in our sample, we have found
the nearest O-BO0 or B0.5-B3 star (as seen in projection),
and determined the projected distance from the YSO to
that star. The cumulative distributions of the number
of YSOs vs. projected distance to the nearest O or B
star are displayed in Figure 29. In this analysis, we have
included the COUP stars and have applied the complete-
ness correction to the exhibited distributions; the correc-
tion for incompleteness is particularly important for this
analysis since the regions near OB stars typically exhibit
bright nebulosity. We have not included the O9 star
¢ Ori, the brightest star in the sword (Figure 26), as it
appears to be part of a foreground cluster (Alves & Bouy
2012, Pillitteri et al. 2013).

From the distributions in Figure 29, we find the me-
dian distance of a YSO to an O or B star is 2.6 pc and
1.6 pc, respectively. In the Orion Nebula, only the stars
within 0.5 pc of #' C show evidence for photo-ablation
(Vicente & Alves 2005); the others are too distant for
the FUV radiation to warm the disk enough to generate
a flow of material off the disk (Johnstone et al. 1998).
For OB stars with later spectral types than ' C, the
distances may be even smaller; thus 0.5 pc may be con-
sidered an upper limit. On the other hand, the orbits
of the observed YSOs may carry them closer to the O
stars during part of their lifetime. With this in mind, we
find the percentage of stars that are within 0.5 pc and
1 pc of massive stars. The former distance represents the
upper limit for current photo-ablation, the later distance
includes sources that may have passed near the massive
stars. For the sample of O-B0 stars, we find that 24%
and 16% of the YSOs are within projected distances of 1
and 0.5 pc, respectively. For the B0.5-B3 stars, the corre-
sponding percentages are 39% and 20% of YSOs that are
within projected distances of 1 and 0.5 pc, respectively.
These are projected distances, hence the actual distances
are larger and the percentage are accordingly upper lim-
its. In conclusion, less than 24% of YSO disks are plau-
sibly exposed to intense EUV fields, and less than 39%
are exposed to intense FUV fields. Even in molecular
clouds associated with young massive stars, the majority
of low mass stars are too distant from the OB stars to
be affected by their UV radiation fields.

Tidal interactions may also affect the outer regions of
disks during a close encounter between two YSOs. The
probability of a close approach depends on the velocity
dispersion, the spacing between stars, and the radius of
interaction. Gutermuth et al. (2005) show that for a
1 km s~ velocity dispersion (consistent with the C**0

line widths toward clusters), a stellar density of 10 pc=3,
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an interaction radius of 100 AU (which may affect a disk
with a 50 AU radius disk), and a duration of 1 Myr (af-
ter which the cluster will expand due to gas disruption),
only 10% of the disks may be affected. However, there is
a distribution of disk sizes, and the duration of the high
density phase of the cluster is uncertain. Thus, with an
interaction radius of 200 AU (corresponding to a 100 AU
disk) and a duration of 2.5 Myr, 100% of the disks at that
density may be affected. The actual number probably
lies between these two numbers; a more rigorous analy-
sis demands the adoption of a distribution of disk sizes,
stellar masses, and a treatment of the cluster orbits dur-
ing gas dispersion and is beyond the scope of this paper.
Nevertheless, regions with stellar densities > 103~% pc—3
are likely required for more than > 10% of the disks to be
affected. Assuming a depth of 0.1 pc, this corresponds to
a regions with stellar densities in excess of 10273 pc2.
Using the fully corrected distribution in Fig 7, we find
that 15% of YSOs are found at these column densities.
We conclude that approximately < 13% of the YSOs are
found in regions where tidal interactions frequently af-
fect disks. If the initial radii of disks are much larger,
the fraction of disks that undergo tidal interactions may
be higher (Vincke et al. 2015).

10. SUMMARY

We have performed a detailed analysis on the distribu-
tion of dusty YSOs identified in the Spitzer Orion survey
(Paper I). The goal of this study is to examine the spa-
tial distribution of YSOs in the Orion A and B cloud,
determine the demographics of the clustering in these
clouds, study the detailed structure of the clusters, and
assess the potential affect of environment on circumstel-
lar disks. The results of the study are as follows:

1. The catalog of dusty YSOs extracted from the
Spitzer Orion Survey has a spatially varying com-
pleteness. By adding artificial YSOs to the IRAC
data, we quantified the level of completeness as a
function of the fluctuations in the signal surround-
ing the YSO at 8 pm; the level of the fluctuations
is largely determined by the level of spatially struc-
tured nebulosity. This analysis shows a steep drop
in the completeness in nebulous regions. Since clus-
ters show the brightest nebulosity, primarily due to
the UV heating of PAHs by OB stars, this results
in a systematic decrease in the completeness to-
ward clustered regions. To apply a correction we
take a two step approach. First, we use Chandra
X-ray observation of the ONC (the COUP survey)
and the NGC 2024 region to identify YSOs which
are not detected in a sufficient number of IR bands
to be identified by their TR-excesses. Second, in
regions without X-ray surveys, we use the level of
fluctuations in the vicinity of each source to assign
a weighting to each dusty YSO. This weighting cor-
rects for the number of sources not detected due
to confusion with the surrounding nebulosity and
nearby point sources (Sec. 2).

2. A total of 3481 dusty YSOs are identified in the
data. This number rises to 3889 by using data
from the Chandra X-ray observatory to augment
the number of YSOs in the Orion Nebula and

NGC 2024 region. If these numbers are further
corrected for the spatially varying nebulosity using
the assigned weights, there are 5104 YSOs in the
Orion clouds (Sec. 2).

. The nearest neighbor surface densities of dusty

YSOs range from 1 pc=2 to 10* pc=2. The distri-
bution of densities is not lognormal. We compare
the distribution of protostars and non-protostars.
In the L1641 region, where incompleteness has the
smallest effect on the detection of protostars, we
find that the density distribution of protostars is
biased significantly to higher densities relative to
more evolved pre-main sequence stars with disks.
The median spacing of the protostars is 0.17 pc.
This is similar to the thermal jeans length, but
there is a broad distribution of spacings. We find
that less than 7% of the L1641 protostars, and less
than 11% for the entire Orion protostar sample, are
close enough to likely interact (Sec. 3).

. The distributions of nearest neighbor surface den-

sities differ between clouds with clusters - i.e.
Perseus, Serpens, Ophiuchus and the Orion Clouds
- and the nearby dark clouds without clusters -
Taurus, Lupus, Chameleon. The clouds with clus-
ters show broad density distributions that peak
above 10 pc~2 and exhibit median surface densities
of YSOs above 10 pc—2, while dark clouds with-
out clusters have peak and median densities below
10 pc—2. We adopt 10 pc~2 as a threshold for iden-
tifying clustered stars (Secs. 4.1 and 4.2).

. We find 47-59% of the stars are in the one cluster

with more than 1000 members, the ONC, 14-16%
are found in clusters with 100-1000 members, 18-
12% are found in groups of 10-100 members, and
21-13% are found in groups of less than 10 YSOs
or in relatively isolation. This later category we
refer to as the distributed population. The ranges
in these percentages are due to the inclusion of
completeness corrections which increase the per-
centages in clusters and decrease the percentages
found in groups or relative isolation. In this anal-
ysis, we define clusters as contiguous regions with
nearest neighbor densities over an adopted thresh-
old of 10 pc—2, and the fraction of stars in clusters,
groups and isolation varies with the chosen thresh-
old value (Sec. 4.1).

. In the L1641 region, where we are more complete

to protostars due to the lack of bright nebulos-
ity, the protostellar/pre-main sequence star ratio is
~ 30% for clusters and groups, but drops to ~ 19%
for the distributed population. This indicates that
the stars in the distributed population are older
(~ 3 Myr) than the stars in groups and clusters
(~ 2 Myr). The implication is that either the
distributed population is older or that it contains
stars from groups and clusters that have already
dispersed. We suggest that the distributed popu-
lation comes from a combination of stars formed
in relative isolation, stars that have migrated from
existing groups and clusters, and stars that formed
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in groups and clusters which have since dispersed
(Sec. 4.3).

. The radii of the groups and clusters range from

0.34 pc to 4.3 pc, with all the clusters having radii
over 1 pc. The peak YSO surface densities of the
groups and clusters range over two orders of magni-
tude and increase approximately linearly with the
number of member YSOs. In contrast, the YSO
surface density averaged over a group or cluster
does not exhibit a clear trend. For the four clus-
ters, the mass of the most massive star increases
with the peak density, hinting at a possible con-
nection between the peak density and the mass of
the most massive stars. (Sec. 5.1)

. The clusters show statistically significant devia-

tions from circular symmetry and are typically
elongated. The highly elongated ONC does not
appear to be dynamically relaxed, with the cross-
ing time, duration of star formation in the cluster,
and the dispersal times of the parent cloud being
comparable. The ONC becomes increasingly circu-
larly symmetric in the inner regions of the cluster,
as has been reported by previous authors. If this is
due to relaxation, then this would suggest an age
of < 2.2 Myr for the ONC (Secs. 5.2 - 5.4).

. The star formation efficiency (SFE) is 2 — 3% for

the Orion A cloud and 0.6 — 0.8% for the Orion B
cloud; the low value for the Orion B cloud is un-
usual compared to other molecular clouds within
500 pc of the Sun surveyed by Spitzer. The SFEs of
the individual clusters and groups within the clouds
are approximately an order of magnitude higher.
The small SFEs, large sizes, long crossing times,
and rapid rate of gas dispersal of the clouds are
consistent with the the formation of an association
and not a bound cluster of stars; however, dense
clusters within the clouds may potentially survive
gas dispersal to form bound clusters within a larger
association (Sec. 6).

The Orion molecular clouds and the population
of dusty YSOs associated with the clouds extends
over the same linear length as the Orion OB1 as-
sociation; hence, the size of the OB association is
determined in part by the original star formation
configuration and does not simply result from the
expansion of the stars from a more compact con-
figuration (Sec. 7).

The fraction of sources with IR-excesses indicative
of disks and envelopes is estimated in three ways:
the IR-excess fraction of near-IR variables in the
ONC cluster (79%), the IR-excess fraction of X-
ray detected sources in the ONC and NGC 2024
clusters (54% and 58%, respectively), and the IR-
excess fraction of young stars in dense groups in
L1641 (72-81%). Although there are variations in
the fractions given by the different methods, we
find the typical IR-excess fraction to be ~ 75% im-
plying that the dusty YSOs are 3/4 of all the young
stars and protostars in the Orion clouds (Sec. 8).

12. We assess the potential impact of the environments
found in the Orion clouds on disks around pre-main
sequence stars. Less than 24% of the dusty YSOs
are within 1 pc from an O-BO star and less than
39% are within a projected distance of 1 pc from
a B0.5-B3 star. A majority of disk are more than
1 pc from a massive star and are unlikely to be
affected by photoevaporation by the intense UV
fields produced by the OB stars. We also exam-
ine the potential for tidal interactions with nearby
young stars and find that < 13% of young stars are
found in environments where tidal interactions are

likely to affect disks (Sec. 9).

11. APPENDIX A: THE IDENTIFICATION OF DUSTY YSOS
IN THE SPITZER ORION SURVEY: MODIFICATIONS
FROM PAPER I

In Paper I, we presented a catalog of dusty YSOs based
on a suite of color and magnitude criteria adapted pri-
marily from the work of Gutermuth et al. (2009) and
Kryukova et al. (2012). In this paper, we have used that
catalog with three very minor modifications. In Paper I,
the criteria described in Eqn. 3,

[3.6]—[4.5] > 0'5+0[3.6]7[4.5]7 [4.5]—[5.8] > 0'25""0[4.5%7[5).8]7
11

are only applied to sources without 24 pm detections.
This is appropriate in the case of protostars, where we
only consider sources identified by their 3.6, 4.5 and
5.8 pm magnitudes if they are not detected at 24 pm.
However, requiring a 24 pm non-detection can also re-
ject bonafide disk sources and faint protostar candidates
which otherwise would been identified. Thus, in this pa-
per, we apply the above criteria to all sources where the
3.6, 4.5 and 5.8 pum data satisfy our uncertainty limits.
However, we only identify such sources as protostars if
they do not have 24 ym detection and they have colors
satisfying Eqn. 8 in Paper I. This leads to the detection
of five additional sources, four pre-main sequence stars
with disks and one faint candidate protostar, and the
total number of dusty YSOs increases to 3474.

Furthermore, we discovered a group of sources that
were being rejected as potential outflow shocks, even
though they had an IR-excess at 24 um. Outflow knots
are not expected to show strong emission in the 24 ym
band. In our modifieid criteria, all sources identified as
YSOs on the basis of a 24 um excess will no longer be
rejected if they have IRAC colors similar to those of out-
flow shocks. This results in the identification of seven
additional dusty YSOs, bringing up the total number to
3481. The seven additional sources are all pre-main se-
quence stars with disks. All twelve new identified YSOs
are found in Table 3.

We also reclassified sources due to minor changes in
our source classification criteria. In Paper I, we required
sources classified as protostars to be located within the
4.5 pum mosaic. However, due to the spatial offset be-
tween the 3.6/5.8 um FOV and the 4.5/8 ym FOV, there
are regions with 3.6, 5.8 and 24 pm detections without
4.5 pm data. This meant that IR-excess sources with
3.6 and 5.8 um detections that fell off the 4.5 um mo-
saic would be classified as disk sources even though they
showed a rising SED between 5.8 and 24 ym. We there-
fore have removed the requirement that the sources be
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Fic. 30.— Top panels and bottom left panel: histograms of
my. 5 for sources with RMEDSQ deviations less than 30 DN. These
are the samples of YSOs identified in regions with low nebulosity
and point source confusion. The histograms are shown for three
different fields: the field containing the ONC and its surroundings,
the field containing L1641, and the three fields covering the Orion B
cloud. bottom right panel: a comparison of the cumulative
fraction of sources with magnitudes brighter than my 5 for the three
different fields. Note that the L1641 and Orion B sample are very
similar, while the ONC is distinctly different with an excess of faint
stars.

within the 4.5 pm mosaic.

In addition, we had required that protostars detected
at 4.5 and 24 pm be within the 3.6 ym mosaic. We now
have removed that requirement and use the 2MASS H
and Ks-band detections to establish an upper limit at
3.6 ym. The upper limit is extrapolated from the H and
K-band magnitudes using the equation

_( 1og(3.6) —log(2.15)
[3-6ltimat = (log(2.15) - log(1.64)) (ms, —ma) (12)

if there are H and K-band detections, and is equated to
the K-band magnitude if there is no H-band detection.
In all cases, the 3.6 pym upper limit is required to be
< 15.5 mag, and if there is no H or K-band detection,
then [3.6];imit = 15.5 mag.

Faint protostar candidates are sources which exhibit
the colors of protostars, that are not found to be ex-
tragalactic contamination by the criteria of Gutermuth
et al. (2009), yet do not satisfy the criteria mos < 7 mag
required for high reliability protostar candidates. In Pa-
per I, only sources with 24 pm detections were allowed
to have the faint protostar classification. In this paper,
we also classify faint candidate protostars that do not
have 24 pm detections, yet [4.5] — [24]jimst > 4.76 mag
where [24]1;mi: is the lower limit to the 24 pm magnitude
described in Paper 1.

Due to these changes, seventeen disks sources are re-
classified: three disk sources are now protostars and four-
teen disk sources are considered faint prototstar candi-
dates. In addition, two protostar are now classified as a
disk source. The reclassified sources are found in Table 4.

12. APPENDIX B: MEASURING THE COMPLETENESS TO
YSOS

The completeness of YSOs as a function of the nebular
background and sources confusion is difficult to assess

from the single band completeness functions described
in Paper 1. The identification of a source as a YSO
depends on the completeness in at least three of the
eight 2MASS and Spitzer wavelength bands (Paper I)
and is a much more difficult problem than determining
the completeness in an individual band. Utilizing the
single-band completeness functions would require us to
devise a methodology that takes into account the com-
pleteness limits in the eight available wavelength bands,
the multiple color and flux criteria used to identify YSOs
combinations of those bands, and the magnitudes of the
YSOs in those bands.

A simpler approach is to add a representative sample
of YSOs directly to the IRAC images and then deter-
mine the fraction of YSOs recovered as a function of the
RMEDSQ. This value, which is introduced in Paper 1, is
given by:

RMEDSQ(io, jo) = \/median[(Sij — median[S;;])?]

(13)
where ig and jy are the pixel coordinates of the source,
and ¢, j are the pixels which are found in an annulus
centered on the source. For the IRAC photometry, the
annulus typically extends from 6 to 11 pixels (72 to
13”2). For bright stars, fluctuations in the point source
response function, or PRF, may dominate the RMEDSQ
in this annulus. To ensure that the PRF itself does not
contribute to the RMEDSQ), the radius of the annulus is
extended to larger radii until variations in the PRF make
a negligible contribution to the RMEDSQ. The maxi-
mum allowed size of an annulus is from 45 to 50 pixels
(54to 60”). Since the units of our mosaics are DN, the
resulting RMEDSQ are in units of DN. As in Paper 1,
we use the RMEDSQ measured in the 8 um band; this
band shows the strongest nebular emission from the Hy-
drocarbon bands and provides the best measure of the
nebular emission that dominates source confusion in the
the IRAC data.

Figure 3 shows the fraction of YSOs for a given value
of RMEDSQ. These data were created with the follow-
ing analysis. The first step was to adopt a representative
sample of YSOs from a region with minimal confusion
from nebulosity and point sources. We did this by se-
lecting the YSOs below a limiting RMEDSQ value. To
assess the potential biases induced by the adopted value
of the limiting RMEDSQ value, we chose three values for
the RMEDSQ in the 8 pm band: < 30, 20 and 10. Fur-
thermore, to examine the possible bias incurred by the
intrinsic properties of the YSO populations, we extracted
YSOs in three distinct regions: the ONC field, the L1641
field, and three fields covering Orion B. The Orion B
fields include the L1622 field, NGC2023/2024 field and
the NGC2068/2071 field (see Figure 1 in Paper I). This
resulted nine different baseline samples. In Figure 30 we
show the 4.5 pym distribution for the three different re-
gions. Note that there are visible differences between the
distributions; in particular, the ONC shows a broader
distribution than L1641 or Orion B. The distributions
extracted from Orion B and L1641 using the three differ-
ent RMEDSQ limits are virtually indistinguishable. KS
tests were performed to compare all possible pairs of the
4.5 pm distributions from those two samples; the lowest
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probability that these two distributions were drawn from
a common parent distribution was 0.32. In comparison,
the ONC sample showed a very low probability of being
drawn from the same parent distributions as those from
the Orion B and L1641 clouds, the probability being less
than 0.01.

We then randomly selected sources from each of the
baseline YSO samples and added artificial YSOs to the
IRAC images drawn from the low RMEDSQ sample. The
artificial stars were placed to the north, east, south and
west of known YSOs in all four IRAC bands; this formed
a cross of artificial YSOs centered on each known YSO.
This procedure was repeated three times with offsets of
10”, 20” and 30” from the bonafide YSO. The stars were
then recovered and their magnitudes were extracted with
the IDL routine PhotVis (77?). Finally, the stars were
then run through the YSO identification scheme to de-
termine which of the stars would still be identified as
YSOs. For example, sources may no longer be consid-
ered YSOs if their uncertainties or colors no longer sat-
isfied the limits and criteria in Paper I. Since the 24 pm
data contain large saturated regions, the detection limits
at 24 pm cannot be simply parameterized by RMEDSQ.
For this reason, we did not include the 24 pm data in
this analysis. This will only have a small effect on the
results as only 5% of the IR-excess sources require detec-
tion at 24 um. We also did not perform the analysis for
the 2MASS data; hence, for each of the baseline sources
added to an image we adopted the 2MASS PSC magni-
tudes for that source. We note that 2MASS uncertainties
did not show the same dependence on RMEDSQ as the
IRAC data. This is due to the much lower level of neb-
ulosity in the near-IR data where the primary source of
confusion is source confusion.

To calculate the completeness we then followed the pro-
cedure outlined for the point source detection in Paper 1.
The number of sources added and recovered were binned
by their 8 pum log(RM EDSQ) values and the fraction
of sources recovered was calculated for each bin. This
procedure was repeated using each of the nine different
baseline samples. We also repeated this procedure us-
ing the NGC 2024/2023 field to test whether the result
was repeatable in different parts of Orion. This field
was chosen since it showed the next highest variations
in RMEDSQ after the ONC field. The results are sum-
marized in Figure 3. The same overall trend is apparent

for each of the baseline populations and the ONC and
NGC 2024/2023 fields, but there is a dependence on the
level of completeness depending on which population is
used for our fiducial YSO sample in the artificial star test.
In particular, the curves using the ONC baseline popula-
tion are systematically lower. Given the good agreement
between the points using the Orion B and L1641 curves,
we averaged the fractions from all RMEDSQ values in
those two baseline populations (leading to six iterations
in total). Finally, we calculated the uncertainties using
the same approach as Paper I and fit the equation

Tr—a

x =1log(RMEDSQ), f= T3

(1 —erf( ) (14)

1
2

to the averaged fractions. The fit is shown in Figure 3,
the resulting coefficients are a = 3.22 + 0.04 and b =
1.05 £ 0.05.
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TABLE 1
DEMOGRAPHICS OF DUSTY YSOS IN SpitzerH ORION SURVEY

<10 YSOs 10-100 YSOs 100-1000 YSOs > 1000 YSOs Total

Orion A and B

No X-ray® 722 638 475 1646 3481

No weightP 722 638 514 2015 3889

Corr.® 670 606 826 3002 5104
Orion A

No X-ray® 581 594 0 1646 2821

No weight? 583 593 0 2015 3191

Corr.® 540 539 118 3002 4199
Orion B

No X-ray® 135 50 475 0 660

No weightP 134 50 514 0 698

Corr.° 130 67 708 0 905

#Numbers from Spitzer IR sample without augmentation and corrections
bPNumbers augmented with X-ray data from Chandra data in the ONC and NGC 2024.
“Numbers with augmentation from Chandra and with weighting corrections.
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Table 2. Cluster/Group Properties based on the Spitzer Orion Survey for Dusty YSOs
R.A2 Decl.® Number® Corr.© Radius Corr.© Aspect Corr.© AAP Corr. Density?  Corr.9 Peakd Corr.d

(J2000) (J2000) Number Radius Ratio Asp. AAP Density Density Peak
1 88.53603 1.70295 12 12.5 0.34 0.34 1.17 1.17 1.26 1.26 32. 34. 22. 23.
2 86.90053 0.66387 15 15.2 0.40 0.40 1.62 1.62 0.70 0.70 29. 30. 37. 38.
3 86.68453  0.18124 237 304.3 1.86 1.94 1.62 1.53 4.81 5.45 22. 26. 200. 309.
4 85.42284  -1.88580 238/277°¢ 403.9 1.29/1.30° 1.46 1.25/1.24° 1.37 2.03/2.02° 2.46 46./52.¢ 60. 985./1462.¢  2206.
5 85.39439  -2.29026 23 39.6 0.36 0.46 1.45 1.15 1.88 2.13 57. 61. 88. 191.
6 83.89195  -4.33418 16 16.2 0.68 0.68 0.90 0.90 1.00 1.00 11. 11. 12. 12.
7 83.82001  -5.40476  1646/2014°  3001.7 4.27/4.27° 4.38 1.81/1.81° 1.79 11.21/10.93° 12.44  29./35.¢ 50. 994./5859.¢ 10829
8 83.19901  -5.59159 14 15.9 0.33 0.33 1.72 1.72 0.89 0.89 40. 46. 35. 41.
9 84.10095  -6.71522 32 37.1 0.70 0.76 1.21 1.16 1.03 1.05 21. 20. 52. 55.
10f  84.47537  -6.78353 . 11.3 0.61 0.86 0.69 10. 10.
118 84.46848" -6.96626" 15 0.62 1.24 0.84 13. 15.
12 84.65514  -7.04306 88 118.2 1.05 1.37 1.31 1.46 1.66 1.37 25. 20. 389. 423. z
13 84.95063  -7.42660 71 73.9 0.94 0.94 1.30 1.30 1.78 1.80 26. 27. 137. 141. o
14 85.32526  -7.90318 75 77.0 1.23 1.29 1.39 1.44 2.30 2.32 16. 15. 109. 110. 0(%
15f  85.09917  -7.92598 11.5 0.45 1.03 1.16 18. 10. [
16 85.19236  -8.10884 25 30.5 0.49 0.66 1.46 1.19 1.27 1.27 33. 22. 137. 141. g
17 85.67537  -8.19462 71 74.9 1.12 1.12 1.26 1.26 1.70 1.86 18. 19. 62. 71. o
18 85.37566  -8.65004 22 22.4 0.58 0.58 1.16 1.16 1.20 1.20 21. 21. 32. 33. <+
19 85.72134  -8.65514 38 38.5 0.77 0.77 1.30 1.30 1.00 1.00 21. 21. 140. 144. QL
20  85.32589 -8.97613 12 12.1 0.45 0.45 1.62 1.62 1.19 1.19 19. 19. 13. 13. :
21 85.22854  -9.34652 19 22.3 0.77 0.75 0.91 1.22 0.88 0.90 10. 13. 17. 18.
22 85.65906 -9.93045 90 95.0 1.18 1.18 1.19 2.11 2.31 21. 22. 187. 196.

1.19

2Centroid of the dusty YSOs found in the clusters as defined by the weighting corrected data.

PNumber of dusty YSOs.
“Corrected for missing YSOs using the weighting corrected data.

dDensity in YSOs per pc~2.

®Values for Spitzer only/Spitzer augmented by Chandra X-ray data.

fThis group only appears using the weighting corrected data.

&This group only appears using the uncorrected data and is not identified as a distinct group in the weighting corrected data.

B Centroid of the dusty YSOs found in the cluster as defined by the uncorrected data.



Table 3. New Spitzer-identified YSOs: IRAC, MIPS, and 2MASS Magnitudes

Index?® R.AP Decl.P J H Kg [3.6] [4.5] [5.8] [8.0] [24] Ag®  arpac?  Class
3480  05:41:26.68 -08:42:24.5 14.65+0.03 12114002 1050£0.02 9.384£0.01  804+001 7.72+£001 6.71+£001 3.90+001 139  0.02 D
3481 05:43:09.90 -08:13:23.5 ok - L. 14344001 13574002 13.20+0.05 Lt T07T+0.03 FP
3482 05:42:20.90 -08:07:2L7 .. 4 ... T wo e 13784002 13154001 12744009 ... 7444004 D
3483 05:38:35.00 -07:09:13.0 .. & .. CE Cd .. 15014002 13574001 12.82+0.03 .k Sk D
3484 05:37:AT.74  -07:05:32.9 St e wod o 14604002  13.2940.02  12.49 +0.04 R e D
3485 05:34:47.67 -05:37:25.2 .. 4. 15624013 14664010 13444001 12814001 12274005 .. +..  7.07£005 0.00 D
3486 05:35:20.67 -05:30:24.8 14.81+0.03 13.46+0.03 12454002 11.08+0.01 9.93+0.01 9744001 884+002 5234004 030 -0.45 D
3487 -05:01:15.9  16.45+0.12 15.80+0.18 13.28+0.08 1246+0.01 10.06+0.01 10.59+0.02 1045+0.09 627+0.04 0.00  -1.06 D
3488 05:35:24.59  -05:00:2L7 .. 4 ... wE . 14764010 13194001 11194001 11144003 .. +.. 6744004 D
3489 05:41:09.16 -01:45:40.2 ..+ ... wd .. 12834003 10104001 8704001  817+£001 7114001  4.57+0.01 0.43 D
3490 05:46:08.07 -00:14:05.0 .. * ... W 1436+0.12 12814001 10.00+0.01 10.39+0.01 10.50+0.03  6.09 % 0.02 -0.74 D
3491 05:46:30.68  -00:02:35.3 BT S4 .. 15224016 13934001 10874001 10.85+0.01 10.59+0.02 6.77 + 0.02 0.47 D

2Index relative to that in the YSO catalog of Megeath et al. (2012)

b J2000 coordinates

¢Only provided for sources with valid JHKg or HK|[3.6][4.5] photometry. Method for determining A discussed in Paper 1.

dExtinction is not accounted for in these values. High extinction can bias aygrac to higher values.
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Table 4. Changed Spitzer-identified YSOs:

IRAC, MIPS, and 2MASS Magnitudes

Index® R.AP Decl.” J H Ks 3.6] [4.5] [5.8] [8.0] [24] Ag® arrac?  Class
515  05:39:53.55  -07:30:57.0 o e e 15.77+0.04  14.40+0.03 13.23 +0.06 o £ S FP
632 05:40:09.80  -07:09:53.9  12.76 £0.03 12.05+0.03 11.81+0.03 ke 11.52 £ 0.01 o ke 11.274£0.03  6.45+0.02 0.06 D
703 05:38:45.63  -07:00:19.9 = e e o 15.624+0.06  14.31 £0.03 13.37£0.09  12.80 £ 0.09 e e 0.37 FP
716 05:38:42.08  -06:58:42.9 = e et 14414001  13.33£0.01 12.37+0.03 11.21+0.03 S 0.81 FP
763 05:38:46.30  -06:48:27.4 ot et ot 16.43+0.05 15.03+£0.05 13.57+0.06 12.03 +0.05 S 2.24 FP
795 05:36:11.59  -06:43:04.3 ot I et 14.85+0.02  13.81 £0.02 12.82+0.04 .k oot FP
1295  05:34:51.91  -05:41:33.5 ot et Lt 15.50 £0.05 14.12+0.02  13.13 +0.09 R U FP
1321 05:34:54.30  -05:40:08.4 ot et ot 15.4140.04  14.26 +0.03  13.33 4 0.08 .t e FP
1509  05:35:08.69  -05:31:27.7 ot S 15.34 £0.13  13.0240.01 11.87+£0.01  10.95+0.01  9.96 + 0.01 LE 0.64 FP
1669  05:34:48.03  -05:26:42.0 ot et 15.64+0.20 14.1940.03 13.4040.01 12.49+0.05 11.11£0.05 I 0.70 FP
1921 05:33:54.09  -05:21:49.5 ot O ot e 14.00 + 0.08 e 8.95+0.07  5.54+0.03 P
2347 05:35:27.70  -05:07:03.5 o ke e e o ke 12.61 £ 0.06 e e LE 4.06 + 0.01 P
2402 -05:04:11.2 Lt LE S 13.64+0.03 12.67£0.01 11.76 +0.05 ot Lt FP
2613 -04:48:45.5 ek e e 14.57+£0.02  13.63+£0.01 12.72+0.08 11.70 £ 0.09 S 0.46 FP
2859 -02:15:39.7  12.37£0.03 11.4240.02 10.82+0.03 o ke 9.94 +0.01 e e 8.41+0.01 4.68+0.02 0.10 D
3118 -01:38:16.6  15.52+0.09 14.334£0.08 13.62+0.07 12.79£0.01 et 10.84 +0.01 =2 4.68+0.01 0.33 P
3384 05:47:09.81  +00:23:02.2 et e ot 14.93£0.03  13.58 £0.02  12.67 £0.07 Lt S FP
3302 05:47:10.95  +00:23:35.4 S P ke 16.03 £0.06  14.65+0.06  13.75+0.10 k. .t FP
3395  05:46:26.87  +00:23:43.8 LE = LE 16.22 £0.07  14.46 £0.03  13.55 £0.07 LE LE FP

2Index is that in the YSO catalog of Megeath et al. (2012)

©J2000 coordinates

©Only provided for sources with valid JHKg or HK|[3.6][4.5] photometry. Method for determining A discussed in Paper 1.

dExtinction is not accounted for in these values. High extinction can bias aygac to higher values.
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