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• Schmidt’s Law: a local relation of the form 
Σ∗(AK) = κAβ

K    (protostars pc−2)  exists in (but 
not within) GMCs (L13).  

• SL is not sufficient to describe or to 
predict SF in active GMCs but it shows 
that the structure of the cloud plays a 
crucial role in the level of SF activity it will 
be developed.   

• S (>AK ) declines and truncates effectively 
for most clouds, constraining current 
episodes of formation to the highest 
density regions, with little or no diffusion 
of protostars toward low density regions.  

• However, once protostars evolve and gas 
clears, it is more difficult to reconstruct 
the history of star formation. The picture 
is more complicated.
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Figure 5. Left panel shows the local Schmidt scaling relation in the Orion A molecular cloud. The protostellar surface density, Σ∗(AK), rises steeply with increasing
extinction in this cloud. The solid line is a least-squares fit to the data which yielded a power-law index, β, of 2.0 in agreement with the Bayesian analysis (see the
text). The right panel shows the variation in the cumulative protostellar fraction (CPF) with extinction in Orion A. The function is relatively flat in the lower extinction
regions that make up the bulk of the cloud. However, it drops steeply at extinctions in excess of 1 mag in spite of the apparently unabated, nonlinear rise in Σ∗ with
extinction. This behavior in the CPF is a consequence of the steep fall off of cloud area with extinction seen in Figure 6. Nonetheless, 80% of the protostars in Orion A
are found at extinctions in excess of 0.8 mag.

3. THE TOTAL STAR FORMATION RATE AND THE
CRUCIAL ROLE OF CLOUD STRUCTURE

3.1. The Integrated Star Formation Scaling Relation

By itself, the Schmidt scaling relation does not appear to be
a reliable predictor of star formation activity in local GMCs.
Moreover, observations indicate that clouds of similar size,
mass, and average Σgas can have total or integrated SFRs and
global values of ΣSFR that vary by as much as an order of
magnitude (Lada et al. 2010; see also Figure 8). Given the
generally similar natures of the star formation laws in our cloud
sample, how is it possible to explain this variation? To answer
this question and address the issue of how a steeply rising
star formation law produces a steeply declining population of
protostars and SFR at large column densities, we must explicitly
take into account the relation between cloud column density
and is surface area. The number of protostars at a given level of
extinction, AK, is the product of the area S(AK) encompassing
that extinction and Σ∗(AK). The total number of protostars is
given by the integral of this product over all extinctions in the
cloud.

Suppose we know the integral relation between the projected
surface area of the cloud and the column density, expressed in
terms of the area of the cloud above a given extinction AK . Let us
call this relation the surface area distribution function, S(>AK ).
Then the total number of protostars in the cloud is

N∗ =
∫

Σ∗(AK) dS =
∫

Σ∗(AK)|S ′(>AK )| dAK. (10)

This equation tells us that we can estimate the expected
number of protostars that a cloud will produce from the integral
of the product of the density of protostars as a function of AK
and the differential cloud area. We now propose that variations
in the SFRs between clouds are largely due to variations in the
function S(>AK ) and its derivative.

In Figure 6 we show plots of S(>AK ) versus AK for the four
clouds in this study and the Pipe Molecular Cloud for compari-
son. The figure shows that for all clouds S(>AK ) is a decreasing

Table 2
Predicted and Observed Protostellar Population

Population Orion A California Taurus Orion B

Observed 329 54 51 90
Predicteda 332.7 55.4 52.1 90.5

Note. a N∗ =
∫

Σ∗(AK) dS and Σ∗(AK ) = A0 + κA
β
K .

function of AK and falls steeply at the higher extinctions. Large
differences in amplitudes and shapes are apparent for the five
sources, even on this log–log plot. These differences appear to
be qualitatively correlated with the differing levels of star for-
mation in the clouds, from Orion A, the most active, to the Pipe,
the least active star-forming cloud. This confirms our intuition
regarding the importance of S(>AK ) in determining the level of
star formation, given the similar nature of the local Schmidt law
for these clouds. To further test this idea, we evaluated the inte-
gral Equation (10) for each cloud with Σ∗ given by Equation (7)
and the A

β
Ks calculated from our extinction maps. The results

are shown in Table 2 and the predictions agree very well with
the observations. Our analysis also confirms our earlier suspi-
cions (Lada et al. 2009, 2010) that differences in cloud structure,
particularly at high extinctions, were the primary cause of the
differences in total SFRs between local clouds.

We note that in a recent paper, Burkert & Hartmann (2013)
analyzed data for a sample clouds in the Spitzer C2D survey
reported by Heiderman et al. (2010) and found the surface area
of the clouds to decrease rapidly with mass column density for
the combined cloud sample, similar to what is found here. They
further suggested that this steep decline in cloud surface area
drives the steep rise in ΣSFR in the Schmidt relation and moreover
posited that the variations in S(>AK) between clouds produce
variations in the βs of the corresponding Schmidt relations. We
find no evidence to support this suggestion in the local cloud data
presented here. Instead, as pointed out earlier, we find similar
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Figure 6. Dependence of the area distribution function S(>AK ) on column density, AK , for the four clouds in this study and the Pipe Nebula for comparison. The
functions S(>AK ) all differ in amplitudes and are all decreasing functions of extinction that fall most steeply at the highest extinctions.
(A color version of this figure is available in the online journal.)

Schmidt relations for clouds that display clear differences
in S(>AK).

3.2. The Concept of an Extinction Threshold for Star Formation

We can gain more insight into the key role of S(>AK) by
numerically evaluating the integrand of Equation (10) using a
set of semi-empirical models with different values of β and an
assumed Σ∗(>AK). In Figure 7, we plot a series of model curves
that represent the expected behavior of N∗(>AK) with extinction
for a set of discrete values of β that range from 0 to 10. We have
also assumed the observed S(>AK) for the Orion cloud (see
Figure 6) and normalized the profiles (i.e., N∗(>AK)/N∗(total))
to calculate the cumulative protostellar fraction (hereafter CPF)
and remove any dependence on κ . Finally, for comparison we
have plotted the data for Orion A. The predicted relations show
how the CPF will vary with increasing AK for different Schmidt
laws, given a cloud with structure identical to Orion A. We now
examine more closely some of the more informative aspects of
these models for understanding the basic scaling relations for
star formation in molecular clouds.

At one extreme, consider the case of β = 0, which cor-
responds to a constant protostellar or SFR surface density, in
other words, a cloud with no Schmidt law. In this case, the
shape of the CPF versus AK relation is predicted to be iden-
tical to that of the assumed normalized S(>AK ) profile (see
Figure 6). The relation falls nonlinearly with extinction until it
reaches an extinction (≈5.0 mag), where it appears to be trun-
cated. This truncation is a result of the fact that cloud column
densities above this value are so rare that they are not detectable
in a NICEST, 2MASS map of Orion A. To some extent, this is
a function of the spatial resolution of the observations and we
would expect this steep cliff to move to somewhat higher values
of extinction with observations characterized by better angular

Figure 7. Predicted fractional yield of protostars (or fractional SFR) as a func-
tion of infrared extinction (continuous curves). These cumulative protostellar
fractions were derived from Equation (10) for a set of internal Schmidt laws
with varying spectral indices β (= 0, 1, 2, 4, and 10, respectively) and assuming
the area distribution function, S(>AK), measured for the Orion A molecular
cloud. The bottom curve represents the β = 0.0 case and corresponds to a
cloud with a constant Σ∗. It is identical in shape to the area distribution function
for Orion (e.g., Figure 6). The uppermost curve corresponds to the case of an
extreme Schmidt law with an extremely steep rise to high extinctions that resem-
bles a sharp threshold for the fractional star formation rate. Here the threshold
appears to be just above 4 mag of extinction (see the text). Also plotted for com-
parison are the observations of the Orion A cloud. The Orion A observations
follow the model prediction (β = 2) fairly closely below a dust column density
of AK ≈ 2.0 mag (i.e., Σgas ≈ 393 M⊙ pc−2). At higher extinctions the data fall
below the predicted relation likely due to an observational bias resulting from
the small number statistics that characterize the last three bins and the resulting
correlated nature of the source counts in these bins.
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From the remaining catalog we select Class II sources that have
all of the following criteria:

[4.5] − [8.0] > 0.5,

[3.6] − [5.8] > 0.35,

[3.6] − [5.8] ! 3.5([4.5] − [8.0]) − 1.75.

The Gutermuth [4.5] − [5.8] color cut that distinguishes between
Class I/0 and Class II sources is particularly useful as the
extinction curve is relatively flat in that wavelength range and
thus the color cut is insensitive to extinction. For sources without
an IRAC 4.5 µm detection, we select Class I/0 sources by

[5.8] − [24] > 4.5 and [24] < 6

and for Class II sources

[3.6] − [5.8] < 0.35 and 2.0 < [5.8] − [24] ! 4.5.

For objects that do not have a MIPS 24 µm detection, we use
the previous IRAC color cuts for objects with a [4.5] − [5.8]
color and the additional requirement of

[5.8] − [8.0] < 1

in order to filter out active galactic nucleus and polycyclic
aromatic hydrocarbon galaxies.

Class III sources do not display significant infrared excess
and thus need to be identified another way. Fortunately, YSOs
are known to emit X-rays at levels that can range many orders
of magnitude above main sequence stars (Preibisch et al. 2005;
Feigelson et al. 2007). Thus, X-ray observations can efficiently
identify YSOs in molecular clouds. Class III candidate sources
were selected from our Chandra ACIS observations and the
previously published X-ray catalog of Wang et al. (2009).
Sources with colors of Class I/0 or Class II objects were then
removed to create a catalog of Class III sources. In order to
deal with extragalactic contaminants in our sources list, we also
removed sources that did not have a NIR counterpart in the
FLAMINGOS catalog. In our analysis of the X-ray properties,
we found that the sources without a NIR counterpart had an
average hardness ratio consistent with extragalactic sources
(J. Wang et al. 2013, in preparation).

3.3. Spatial Distribution of the Different YSO Classes

By analyzing the distributions of YSO classes separately one
can probe the evolution of star forming regions. The different
YSO classes represent different evolutionary stages, with Class
0 and I sources representing the youngest sources still embedded
in their envelopes, Class II sources are a later stage of sources
still accreting material from their disks, and Class III sources
are diskless pre-main sequence stars.

We employed the k-nearest neighbor (k-NN) density estima-
tion algorithm, often referred to as the nearest neighbor method
(NNM), to analyze the structures and distributions of the YSO
classes. This method allows us to map the density distributions
and subsequently identify regions of clustering (Casertano &
Hut 1985). The algorithm measures the distance, Dk, between a
source point and its kth nearest neighbor and estimates the local
stellar number density as µk = (k − 1)/πD2

k . For the Class
I/0 objects we used a k = 5, and for the Class II and Class III
sources we used k = 10. Using k values larger than one has
the advantage of lessening the influence possible non-members

Figure 3. Nearest neighbor method (NNM) density maps of the RMC for Class
I/0, Class II, and Class III sources. The density contours are µ = 2.6, 4.6, 7.7,
and 12.8 stars pc−2. The background contours are AV = 8, 10, 12, 14, 16,
and 20. Dotted lines in the first two panels show the coverage of the Spitzer
observations and the dotted lines in the last panel show the coverage of the
Chandra observations.
(A color version of this figure is available in the online journal.)

of the set, e.g., background galaxies, have on the local density
estimate (Ferreira 2010). This is important when using Spitzer
data as many background galaxies have colors that are similar to
those of YSOs in both the near- and mid-infrared (Foster et al.
2008).

Figure 3 presents the NNM density maps of the Class I/0,
Class II, and Class III sources in the RMC. The dashed lines
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Figure 5. Left: Class II to Class III ratio map. The contour levels are RII:III = 0.5, 1.0, 2.0, and 3.0. Right: Class I/0 to Class II ratio map. The contour levels are
RI:II = 0.1, 0.3, 0.4, 0.5, and 0.7. The background contours are AV = 8, 10, 12, 14, and 16. Dotted lines show the coverage of the Spitzer observations and dash dotted
lines show the coverage of the Chandra observations.
(A color version of this figure is available in the online journal.)
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Figure 6. Plot of extinction bin vs. mean Class II to Class III ratio.
(A color version of this figure is available in the online journal.)

To further investigate the correlation between these ratios
and extinction, we also determine the average extinction in each
region. We binned the regions by extinction into 1 mag bins and
calculated the weighted mean ratio in each bin. Figure 6 presents
a plot of extinction bin versus mean ratio of Class II to Class III
sources. The figure shows that the ratio increases monotonically
with extinction. The plot can be fitted with a shallow linear fit for
AV < 13 mag, and a steeper linear fit for AV > 13 mag. Thus,
decreasing age is related to increasing extinction. Figure 7 shows
the extinction bin versus mean Class I/0 to Class II ratio. At high
extinctions, AV > 17 mag, the Class I/0 to Class II ratio also
steeply increases with extinction. However, this ratio appears
flat for the extinction range AV = 8–17 mag. To investigate
this further we look at the contributions to the graph from the
main core and cluster PL07 separately (Figures 7(b) and (c)).
We find that for the main core of the cloud, where most of the
star formation is taking place, the ratio has a positive monotonic
relation with extinction. The cluster PL07 region is different; it
appears to have a relatively flat relationship between ratio and
extinction, with a possible increase at AV = 7–8 mag. There is a

small offset between the extinction peak and Class I/0 density
peak, which suggests a recent expulsion of gas from the center
of PL07. For the cloud as a whole, the mean ratios between the
Class I/0 and Class II sources have a small range (0.20–0.60),
which may correspond to a narrow range of ages or perhaps
evidence for continuous star formation.

The relationships between the two ratios and extinction reveal
a trend of decreasing age with increasing extinction. This implies
that stars may be preferentially forming in the highest extinction
parts of the molecular cloud.

4. DISCUSSION

4.1. Star Formation and Column Density

The Class II to Class III ratio map traces regions with
estimated ages of 0.5–3 Myr, and these regions are spatially
coincident with extinction values of AV = 4–18 mag. Using the
empirical relationship between disk fraction and cluster age, we
can fit a power law relation to the Class II to Class III ratio
and age. Then we can directly study the relation between age
and extinction. Figure 8 shows a plot of estimated age versus
extinction. The plot suggests that the column density of gas
decrease exponentially with time above AV = 5 mag, with a
half-life, t1/2 = 0.4 Myr. We estimate the average rate at which
the column density of gas decreases as

Σ̇ ∼ 10−4 M⊙ yr−1 pc−2,

which is over an order of magnitude larger than the star
formation rate measured in nearby molecular clouds (Lada
& Lada 2003; Evans et al. 2009). Thus most of this gas is
not removed through formation of stars and is possibly being
relocated to other regions of the cloud. This is consistent with
the study of nearby molecular clouds by Lada et al. (2010),
which demonstrated that star formation on the scale of few Myr
has a negligible effect on the total mass of the cloud.

In the RMC main core, we find a similar relationship between
the Class I/0 to Class II ratio and extinction. This suggests that
star formation occurs preferentially in high extinction regions.
Additionally, we find that over half of the clustered (µ !
1.3 stars pc−2) Class I/0 sources are found at AV > 15 mag
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Figure 7. Plot of extinction bin vs. mean Class I/0 to Class II ratio.
(A color version of this figure is available in the online journal.)

and all of them at AV > 7.5 mag. This too is consistent with
the study of nearby molecular clouds by Lada et al. (2010) that
found an extinction threshold of AV ∼ 7 mag, above which the
star formation rate was proportional to the mass of the cloud
measured above that threshold.

4.2. Cluster Properties

The relationship between star formation and column density
may have consequences for the formation and evolution of
clusters. Table 2 shows the properties and YSO content of the
clusters. The stellar content is measured within a 1 parsec (2.′14)
radius of the listed cluster center.

Most of the embedded clusters in the RMC have a Class II to
Class III ratio, RII:III, between 1 and 2. The weighted mean ratio
of all the embedded clusters is RII:III = 1.2 ± 0.2, suggesting
that most of the clusters started forming around the same time.
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Figure 8. Plot of estimated age vs. mean extinction. The age is estimated from
the Class II to Class III ratio. The red dotted line shows the exponential fit with
half-life, t1/2 = 0.4 My, above AV = 5 mag.
(A color version of this figure is available in the online journal.)

There is a group of clusters with ratios suggesting a more
recent episode of star formation, having RII:III > 3.0. This
group includes clusters PL2a, PL02b, PL03b, and REFL09.
These clusters, however, do not appear to have a significant
Class I/0 population. This suggests that the star formation in
these clusters is more coeval.

The cluster REFL08 appears to have the most recent episode
of star formation. This cluster has Class I/0 sources concentrated
in dense filamentary structures seen in extinction. It has the
highest ratio of Class II to Class III sources, which is consistent
with an age less than 1 Myr. Our X-ray observations do not cover
embedded cluster PL07. This cluster has the second highest
concentration of young Class I/0 objects. However, without
knowledge of its Class III content, an age estimate for this
region is not possible.

Although there are some differences between the clusters,
the age spread of these clusters is nonetheless small. The ages
inferred from the YSO ratios for most of the clusters are between
1 and 3 Myr.

4.3. Age Gradients in the RMC Main Core

The RMC main core is composed of clusters PL04 (a and b),
PL05, and REFL08. Each of the clusters is associated with a
CO clump identified in the Williams et al. (1995) CO survey of
the RMC (Table 3). These three clusters are characterized by
having more YSOs than the other clusters in the cloud, which is
consistent with the study by Román-Zúñiga et al. (2008), where
it is estimated that half of the star formation in the whole cloud
happens in this region.

The REFL08 sub-region has the highest density of protostars
and is spatially coincident with the gas surface density peak.
Its ratio of Class I/0 to Class II sources and its dearth of Class
III sources suggest the age of this region to be less than 1 Myr.
Hennemann et al. (2010) using Herschel observations found
27 protostars in this region, 7 of which were classified as very
young Class 0 candidates. This region appears filamentary in
the MIR Spitzer images with the main filament running north to
south. The southern end of the main filament is coincident with
the center of NIR cluster REFL08 and is at the intersection of
two smaller filaments. This region appears to be the youngest
region of the cloud. Cluster PL04 is located north of REFL08,
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Rosette 
GMCcluster forming histories

• Combining near-IR, Spitzer 
and Chandra catalogs, we 
were able to use evolutive 
classes and evolutive class 
number density ratios to 
reconstruct the progression 
of cluster ages as a function 
of extinction

• Rosette layout is favorable: 
minimal overlap of individual 
clusters.

• Rapid gas removal

• Nice correlation between 
age and extinction. 



W3Towards understanding modes of cluster 
formation

• Same idea for W3 region. 
However this one is 
more entangled.

• Separation into evolutive 
classes (0/I.II.III) allows to 
determine the spatial 
distribution of young 
sources and the early 
evolution of the region.

Román-Zúñiga et al 2015
(subm; in revision)

– 13 –

Fig. 5.— The plot shows the positions of infrared young stellar sources in the entire W3

region. Red symbols indicate sources classified as Class I. Green symbols indicate Class II.

Blue symbols indicate Class III sources. The background image and contours correspond

to a visual extinction (AV , in units of magnitudes) map of the region constructed with the

NICEST method. The map is Nyquist sampled over a 18′′ pixel grid, smoothed with a

Gaussian filter with a 36′′ FWHM. The contours indicate extinction at AV =7.0, 10.0, 15.0,

20.0 and 25.0 in units of magnitudes.
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W3Towards understanding modes of cluster 
formation

• Same idea for W3 region. 
However this one is 
more entangled.

• Separation into evolutive 
classes (0/I.II.III) allows to 
determine the spatial 
distribution of young 
sources and the early 
evolution of the region.

• We identify five principal 
clusters.

Román-Zúñiga et al 2015
(subm; in revision)
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W3Towards understanding modes of cluster 
formation

• YSO surface density analysis provides 
evidence of sub-structure. 
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W3Towards understanding modes of cluster 
formation

• YSO surface density analysis provides 
evidence of sub-structure. 

• Many groups associated with Class I 
sources and thus represent some of the 
most recent event of formation.
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W3Towards understanding modes of cluster 
formation

• YSO surface density analysis provides 
evidence of sub-structure. 

• Many groups associated with Class I 
sources and thus represent some of the 
most recent event of formation.

• Class ratio maps allows us to attempt a 
rough reconstruction of the history of star 
formation in W3. 

• Absence of Class 0/I sources and gas in 
IC1795 is indicative of a slightly older 
population. 

– 20 –

Fig. 8.— Top: Class II to Class III ratio map. The black contours indicate RII:III = 1.0,3.0.

Red circles indicate the positions and radii of principal clusters as in Fig. 6. Bottom: Class

I/O to Class II ratio map.
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IC1795 is indicative of a slightly older 
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• Class II are overabundant across the 
complex, and the large number of Class III 
candidates in W3-main may point towards 
rapid dispersion of disks.

• The large number of disk bearing sources 
in IC 1795 could be reinforce scenario 
sub-structured formation. If subgroup 
episodes are not simultaneous, could 
explain large age spread. 
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W3Towards understanding modes of cluster 
formation

• Comparison of KLFs from an Av-limited sample 
with models of young clusters.  Sample is 
complete to about 0.2 Msun 

• Monte Carlo engine (Muench et al 2001) to 
generate an artificial population based on PMS 
evolution models (DM94)  

• Observed KLF for all populations in the W3 
complex compare well with cluster models with 
tf<4.5 Myr. 

• IC 1795 has only recently removed gas and still 
presents a large fraction of young stars.  W3OH 
appears also to have a mixed population in a 
larger spread 

• W3-Main,  has a  much larger gas reservoir, and 
is still forming a cluster about twice as massive.

No. 1, 2000 LUMINOSITY FUNCTIONS OF YOUNG CLUSTERS 365

FIG. 6.ÈModel KLFs varying the cluster mean age and age spread. Each panel displays a di†erent *q/q. Mean ages shown are 1 ] 106, 3 ] 106, and
10 ] 106 yr. Note that from panel to panel, features in the model KLF caused by inÑections in the M-L relation are smoothed by increased age spread. The
apparent break in the model KLFs in the last bin of each KLF is primarily due to incompleteness in that bin as a result of a truncation of the M-L relation at
0.02 Please see ° 3.3 for further explanation. Error bars are the same as those in Fig. 2.M/M

_
.

produce a signiÐcant response in the KLF of a young
cluster. In particular, we Ðnd that the KLF systematically
evolves with time. Both the mean magnitude and the width
of the KLF increase with increasing mean age, conÐrming
the results of earlier modeling (LL95). At the same time,
variations in the cluster age spread are found to have a
small e†ect on the form of the KLF and would likely be
difficult to distinguish observationally.

Except for the youngest and purely coeval clusters, we
Ðnd that the synthetic KLFs appear relatively insensitive to
the adopted PMS evolutionary models (at least for the
range of PMS models considered here). In the youngest
coeval clusters, the location and size of the deuterium-
burning spike in the KLF were found to depend sensitively
on the PMS tracks adopted for the underlying stars.
However, we Ðnd that even a small amount of age spread
broadens the spike and would make it observationally diffi-
cult to detect.

We conclude from these experiments that the KLF of a
young stellar population can be used to place interesting
constraints on the form of the clusterÏs underlying IMF,
provided an independent estimate of the cluster mean age is
available. The most direct method of determining the mean
age of a young cluster is to obtain optical or IR spectra and
place the objects on the H-R diagram. Through comparison

to theoretical PMS tracks, the ages of the stars are deter-
mined and a mean age for the cluster derived.

From spectroscopic observations, one can also simulta-
neously derive the individual masses of the stars and with
complete spectra for all cluster members, an independent
and more direct determination of the IMF results.
However, because of spectroscopic sensitivity limits, the
determination of masses is usually only possible for the
bright stellar population. Since the monochromatic K mag-
nitude of the cluster members can be acquired for stars
much fainter than the limit of spectroscopic methods, the
analysis of the NIR luminosity function is a particularly
powerful tool for investigating the IMF of faint stars in
distant clusters or stars at and below the hydrogen-burning
limit in nearby clusters. Determining the fraction of cluster
members at and below the hydrogen-burning limit is a holy
grail of present stellar research. The application of the lumi-
nosity function method to a nearby populous cluster would
provide a Ðrst glimpse into the brown dwarf population
formed at the time of a typical open clusterÏs birth.

4.2. Comparing Models with Observations :
T he Trapezium Cluster

The Trapezium cluster is a excellent system for evaluating
the KLF modeling techniques developed in this paper. It is
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14 Román-Zúñiga et al.

Fig. 13.— A cartoon illustrating our proposed scheme for the history of star formation in the W3 Complex. Each panel represents a
time step of 1.0 Myr in the recent evolution of the complex The blue regions indicate the extension of the molecular gas cloud. Dotted,
empty regions indicate regions of collapse towards cluster formation. Red shaded areas indicate active cluster formation regions. Green
shaded areas indicate cluster regions where gas dissipation has started and yellow shaded areas indicate slightly older clusters where gas
dispersal has removed a significant amount of the parental gas and the cluster. The rectangular, easternmost area, represents a region of
earlier formation with unknown extension, that might contribute today to a larger age spread observed in the W3(OH) cluster complex.
Black arrows indicate the suggested progression of cluster formation in the complex.

scale is shorter than the Jeans length (2.0 pc) for a mean
density of 102cm3 and TK = 10 K, typical of the dif-
fuse gas traced by 12CO and may be tracing the primor-
dial fragmentation of the cloud. One possibility is that
density peaks in the gather map are sub-clusters that
eventually merge into larger groups, but that will de-
pend on the dynamical stability of the aggregations and
the gravitational potential of the corresponding principal
cluster. Numerical simulations (Bonnell et al. 2011; Alli-
son et al. 2010) suggest, that clusters are initially highly
structured, but rapidly evolve by merging into large en-
tities. On the other hand, small groups of stars may
disperse rapidly or even remain stable depending cru-
cially on the number of members and the star forming

efficiency (Lada & Lada 2003; Adams & Myers 2001). It
is also expected that most small, embedded aggregations
end up being disrupted early, as proposed by the “infant
mortality” and “cruel cradle” models.
The formation of small groups that disperse rapidly

and merge into a larger central structure could provide a
simple explanation for the presence of larger age spreads
in a lower surface density population in regions like IC
1795-N or NGC 896, and would be in agreement with
age spreads and sub-structure in the younger principal
clusters.
The strong outflows in the molecular gas shell at W3-

Main and W3(OH) confirm a very rapid removal of gas
in the complex. This removal may occur in a period com-

A possible scenario for the progression of cluster formation in the W3 Complex
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Fig. 12.— Top: Bolocam 1.1 mm emission map (grayscale, overlaid with same set of contours

as in Fig. 10). Arrows indicate length and direction of two cuts used to create position-

velocity maps. Middle and Bottom: Position-velocity plots, from the CO(3-2) emission maps

of Bieging & Peters (2011). The color table indicates line temperature in K.

• p-v plots in W3(OH) and W3-Main from 
Bieging’s ARO 13CO(3-2) map. 

• Ejection of material from the main 
molecular clumps at the location of the 
clusters. Resolve opening flows

• In W3(OH) we find a peak to peak velocity 
difference of 15-20 km/s within less than 0.5 
pc 

• In W3-Main, we find a peak to peak velocity 
difference of 25-30 km/s within less than 0.7 
pc 

• Mass loss rate at W3-Main,  Ṁout= ~ 
7.2×10−4 M⊙ yr−1 . This is sufficient to 

remove 103 M⊙ of gas in about 1.5 Myr  

• This is consistent with a rapid gas removal 
scenario, which may occur in a period 
comparable to the T Tauri timescale.
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CYG-X  DR15Towards understanding modes of cluster 
formation

• Cygnus-X DR15 was chosen first because 
of its staggering beauty :)

• However, it also has one of the most 
interesting layouts in the complex. 

• The cluster has formed at the tip of a thick 
carved pilar in the southwest area of the 
complex. 

• It lies next to a dark infrared cloud which is 
currently forming two clusters. 

• Not shown here, the other cluster was 
possibly triggered by the expansion of a 
LBV G79.29+0.46 (d=1.4 kpc, see Rizzo et 
al. , Palau et al 2014) 

Roman-Zuniga, Rivera-Gálvez 
et al 2015, in prep
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• Cygnus-X DR15 was chosen first because 
of its staggering beauty :)

• However, it also has one of the most 
interesting layouts in the complex. 
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carved pilar in the southwest area of the 
complex. 
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currently forming two clusters. 
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al. , Palau et al 2014) 
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CYG-X  DR15Towards understanding modes of cluster 
formation

• We modeled Class I SEDs for JHK+IRAC photometric observations using Robitaille et al Fitting Tool. Models provide best fit YSO 
model based on !2 . Not perfect but one can obtain a quick estimate of  YSO properties, like a poor-man’s spectroscopic survey. For a 
good number of cases, models suggest that stars forming in DR15 are moderate to massive, with relatively large circumstellar disks 
accretion rates. Cygnus-X childs are not small, at least compared with clusters like the RMC.



CYG-X  DR15Towards understanding modes of cluster 
formation

• Class II and Class III sources reveal a rapidly dispersed 
population, possibly formed in advance. 

• Class I sources are mostly confined to the IRDC, as 
expected. 

• Reconstruction of SFH using KLF samples show 
that DR15-C may be 3-4 Myr old! 

• The cluster shows a very clear formation history, with 
a population mainly composed of WTTS in the 
hatching central cluster. Expansion of the main cluster 
envelope has proceeded relatively slowly. 

• DR15c shell mass ~1500 Msun, expanding shell mass 
~100 Msun.  Ṁout ~ 2.5×10−4 M⊙ yr−1  . Should require 
3.5-4 Myr to remove the shell.

8.4

12

15

19

22

26

29

33

36

40

43

10.0 20:33:00.0 50.0 40.0 30.0 20.0 10.0 32:00.0

24
:0

0.
0

22
:0

0.
0

40
:2

0:
00

.0
18

:0
0.

0
16

:0
0.

0
14

:0
0.

0
12

:0
0.

0

1.1 pc



CYG-X  DR15Towards understanding modes of cluster 
formation

• Class II and Class III sources reveal a rapidly dispersed 
population, possibly formed in advance. 

• Class I sources are mostly confined to the IRDC, as 
expected. 

• Reconstruction of SFH using KLF samples show 
that DR15-C may be 3-4 Myr old! 

• The cluster shows a very clear formation history, with 
a population mainly composed of WTTS in the 
hatching central cluster. Expansion of the main cluster 
envelope has proceeded relatively slowly. 

• DR15c shell mass ~1500 Msun, expanding shell mass 
~100 Msun.  Ṁout ~ 2.5×10−4 M⊙ yr−1  . Should require 
3.5-4 Myr to remove the shell.

0

75

225

528

1126

2335

4724

9482

19084

38077

75895

20:33:00.0 30.0 32:00.0

24
:0

0.
0

40
:2

0:
00

.0
16

:0
0.

0
12

:0
0.

0
08

:0
0.

0

          L4

L2

recall talk by
Anna McLeod!



thoughts, questions

❖ Cluster formation modes are not independent of the local environment. However, 
effects of triggering and sequential formation may be more important at unity scales 
(clusters) rather than group scales (complexes).

❖ Cluster formation proceeds preferentially following primordial structure of cloud. 
Like in Rosette. Triggering is a large scale process, like in W3

❖ Massive stars are possibly responsible for rapid gas removal in large complexes.

❖ Is substructure (possibly related to potentials) more important than triggering? To 
what point is substructure related -or not- to global collapse processes?

❖ What dominantes in DR15? erosion or feedback? why is the envelope removal slow?


