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W3(OH) is a young stellar cluster with massive star formation, possibly the most recent in a 3-
generation event which includes W3-Main and IC 1795. The W3(OH) cluster host an archetypical 
UCHII region and a group of maser sources. Studies have revealed at least one more association 
north of W3(OH), forming a chain of clusters. Deep NIR images also reveal a few more possible 
small embedded groups. 

Calar Alto 3.5m JHK images reveal W3(OH) region in unprecedented detail. We 
selected this field for a study of the distribution of sources in and around W3(OH).  
With aid of mid-IR (Spitzer, WISE)  catalogs we distinguish a number of young 
sources spread SE of the cluster chain. What are these sources? Could we have 
evidence for a distributed (non-cluster) population?
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KLF median age fits. We made models of 
artificial embedded clusters (Muench et al 
2001) over a sequence of ages (0.5 to 12 Myr) 
and compared the K band luminosity 
functions to obtain possible ages for the 
populations in the field. We used extinction 
and IRX fraction distributions according to 
each region, and a Trapezium-like IMF. The 
age of  IC 1795 East fit well with a 5±2 Myr 
cluster (in good agreement with literature), 
the age of the W3(OH) cluster chain fit well 
with a 1.5±0.5 Myr cluster (as expected for a 
recent episode) and the bottom region, to 
the East of W3(OH) resulted into a 
significant population (over background) 
whose KLF can be fit well with a cluster 
model of 8±2 Myr. Could there be a 
population of small, dispersed groups from 
an older episode around W3(OH)? W3 is a complex region, where different episodes of 

formation mix in a rich cluster environment. In addition, 
open clusters like Tombaugh (8 Gyr, 3.95 kpc) lie 
nearby. A full scale study of the region, combining 
information from past and present multiwavelength 
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que llegó incluso a pensarse que era un fenómeno imposible. La mínima o nula 
evidencia observacional envolvían al origen de las estrellas en un oscuro halo de 
misterio. 

Y es que en realidad, el nacimiento de las estrellas, sí ocurre en regiones frías y 
oscuras. Y está (o mejor dicho, estaba) oculto a la vista del hombre.

La formación de las estrellas es todavía uno de los problemas sin resolver en la 
astrofísica moderna. Aunque hoy, gracias al avance de la tecnología, una enorme 
producción de trabajos observacionales, analíticos y numéricos, nos acercan ya 
rápidamente hacia la construcción de una teoría predictiva de la formación estelar.
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El Origen de las Estrellas

La astronomía una de las ciencias 
más “naturales”. Observar el cielo 
es una de nuestras primeras 
actividades intelectuales.

¿Qué son las estrellas y porqué 
están ahí?

Al observar el cielo, todos 
quisieramos una explicación. 
Algunos la buscan desde la niñez, y 
luego durante toda su vida.
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El Origen de las Estrellas

Las estrellas han sido 
esenciales para la humanidad desde 
sus orígenes. Son nuestra primera 
brújula, nuestro primer calendario, 
nuestra primera fuente de mitos. Todas 
las grandes civilizaciones han rendido 
culto a las estrellas.
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¿cómo se dice estrella en...?
Náhuatl citlali
Chino xing

Inglés antiguo sterling
Árabe zeke
Eslavo danica

Tailandés dao
Ruso esfir
Otomí tsö
Vasco izar
Griego astarte
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largo de la historia de la humanidad...
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De acuerdo a los Turco-tártaros, 
el firmamento es una gran manta 
con agujeritos -las estrellas-, y 
esta manta se desliza sobre el 
cielo, durante la noche...

Para los Paliute, las estrellas son 
los hijos del Sol y de la Luna. El 
Sol se come a sus hijos y por 
eso desaparecen durante el día. 
Al llegar la noche, la Luna vuelve 
a danzar con las estrellas por el 
firmamento.



El Origen de las Estrellas

De acuerdo a los Aztecas, la 
Luna y las estrellas son hijas de 
la diosa Coatlicue, la de la falda 
de serpientes. Las hijas deciden 
matar a su madre, pero su 
padre, el dios Huitzilopochtli (El 
Sol), las mata a ellas primero. 
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Los griegos prefieren dar a los 
planetas categoría de dioses y a las 
estrellas la categoría de objetos 
abstractos de absoluta pureza. Se 
dan cuenta que están demasiado 
lejos como para poder entenderlos.

Ptolomeo cataloga las estrellas y 
las ideas sobre el Universo en El 
Almagesto. Tendrán que pasar 
cientos de años antes de la 
siguiente revisión.

Galileo Galilei es el primero en 
hacer público que el número de 
estrellas catalogadas en El 
Almagesto se queda un “poco” 
corto.
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1644. René Descartes: Teoría de 
los Vórtices.

1734. Emanuel Swendeborg: 
primera Hipótesis Nebular. 

1754. Georges Buffon: Teoría del 
Impacto.

1755-1798. Emmanuel Kant y 
Simon de Laplace: Hipótesis 
Nebulares Independientes.

1771. El catálogo de objetos 
nebulosas de Messier

Herschel. Primera cartografía de la 
galaxia. Inaugura la astronomía 
infrarroja,
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El Origen de las Estrellas
Teoría de Jeans. 1929. Masa 
mínima para la contracción de una 
masa de gas por autogravedad. 
¡válida hasta hoy!.

1930s - se entienden las 
reacciones termonucleares H-He

1944. Weizsäcker revive la 
hipótesis de la nebulosa. Añade la 
turbulencia como ingrediente

1951. Weizsäcker elabora la 
Hipótesis del Rejuvenecimiento. 

20 años de debates. 20 de 
desarrollo tecnológico. 20 de 
avances exponenciales.
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¿Qué es una estrella?
“Es una gigantesca bola 
brillante que produce 
enormes cantidades de luz y 
energía” - NASA

Es una masa de gas 
incandescente capaz de 
producir, por sí misma luz y 
energía.

La energía y la luz de las 
estrellas proviene de la 
transformación de elementos 
ligeros en pesados por medio 
de reacciones de fusión 
termonuclear.

Estructura Interna: 
núcleo interno 
zona radiativa 

zona convectiva
flujos sub-superficie

fotosfera

cromosfera



¿Qué es una estrella?

Las estrellas se clasifican de acuerdo a la luz que 
emiten. Esto se llama tipo espectral.  

Existe también la clase de luminosidad, que las 
divide en estrellas supergigantes, gigantes, enanas 
y subenanas



¿Qué es una estrella?
Diagrama Hertzprung-Rusell. Clasificación en dos dimensiones: 

temperatura y luminosidad
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Todas las estrellas se forman
de nubes de gas molecular.
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disponible permita el proceso de nucleosíntesis. 
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¿Qué es una estrella?
Ciclo de Vida de las estrellas

Cuando el hidrógeno se agota, la estrella ya no puede 
sostenerse con el mismo tamaño. Asi que se expande y

se enfría. Si una estrella tiene una masa de al menos 40% la del Sol, acabará
como una gigante roja, perdiendo un 30% de 
su masa y ensanchándose unas 250 veces.



¿Qué es una estrella?
Ciclo de Vida de las estrellas

En estrellas más masivas que el Sol, se sigue
quemando hidrógeno en una capa alrededor del núcleo,

y en él se pueden seguir quemando elementos más pesados,
comenzando con el helio. Al final, se formará una 

gigante roja pero de mucho mayor tamaño.



¿Qué es una estrella?
Ciclo de Vida de las estrellas

Si tras expulsar las capas externas, el nucleo remanente
tiene menos de una masa crítica (1.4 masas solares), 
la estrella terminará formando una nebulosa planetaria

y en el centro una estrella enana blanca, que se enfriará
durante un largo tiempo hasta formar una enana negra.



¿Qué es una estrella?
Ciclo de Vida de las estrellas

Si el núcleo tiene más  de una masa crítica, el núcleo se colapsará 
al punto de fundir protones con electrones y formar neutrones. 

El colapso es demasiado violento y la estrella usualmente 
explota como una supernova. Lo que reste puede mantenerse como 

una estrella de neutrones o bien un agujero negro.



¿Qué es una estrella?
Ciclo de Vida de las estrellas



¿Qué es una estrella?
Ciclo de Vida de las estrellas

Cada una de las etapas de la 
vida de las estrellas es en sí 
un problema estudiado por 

la astrofísica. 
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Gestación e Infancia de las Estrellas

Nubes Moleculares Gigantes

El desarrollo de tecnologías permitió,  
a partir de la segunda mitad del siglo XX,  
ampliar la zona del espectro electromagnético 
disponible para los estudios astronómicos. 
Particularmente útiles para el campo 
de la formación estelar, fueron el desarrollo 
de detectores en radio e infrarrojos.
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Nube Molecular de Tauro
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Shu, Adams y Lizano, 1987. 
Modelo de formación de una 
estrella de baja masa.

Formación de grumos oscuros 
en los filamentos de las nubes 
moleculares. Pilares.

T-Tauri. Protoestrellas.

Eyección de material. Objetos 
Herbig Haro.

Formación de discos 
protoplanetarios

Formación de los planetas

Cada etapa de la formación estelar está siendo observada
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No. 103 – March 2001

Seeing the Light Through the Dark
J. ALVES1, C. LADA2 and E. LADA3

1European Southern Observatory, Garching, Germany 
2Harvard-Smithsonian Center for Astrophysics, Cambridge MA, USA;  3University of Florida, Gainsville FL, USA

Figure 1: Visible and near-infrared images of Barnard 68. The images are a B, V, and I-band composite (left) and a B, I, Ks-band composite
(right). At visual wavelengths the cloud is completely opaque owing to extinction of background starlight caused by small (~ 0.1µm) interstel -
lar dust particles that permeate the cloud. The red stars detected at 2 µm through the visually opaque regions of the cloud (right) are the stars
that will provide direct measurements of dust extinction through the cloud.

1. Introduction: The Search for
the Initial Conditions for Star
Formation

Stars and planets form within dark
molecular clouds. However, despite 30

years of study, little is understood about
the internal structure of these clouds
and consequently the initial conditions
that give rise to star and planet forma-
tion. This is largely due to the fact that
molecular clouds are primarily com-

posed of molecular hydrogen, which is
virtually inaccessible to direct observa-
tion. Because of its symmetric struc-
ture, the hydrogen molecule possesses

(Continued on page 15)
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Figure 1. Optical image of the Pipe Nebula. The white box represents a 6◦ × 8◦

area. The Ophiuchus streamers can be seen immediately to the upper right of this
box. The Pipe molecular complex is one of the closest complexes of this size and
mass, and it is particularly well positioned along a relatively clean line of sight to the
rich star field of the Galactic bulge. Image courtesy of Jerry Lodriguss.

of cloud and situated within a high pressure bubble of hot gas apparently adjacent to
the Pipe complex. B68 is a starless core and perhaps the best example known in Nature
of a pressure truncated, isothermal sphere in hydrostatic equilibrium, otherwise known
as a Bonnor-Ebert sphere (Alves et al. 2001). Its proximity and simple structure have
made this core an excellent target for quantitative measurement of the structural (Alves
et al. 2001), chemical (Hotzel et al. 2002; Bergin et al. 2002, 2006; Lai et al. 2003;
Maret et al. 2006), and dynamical (Lada et al. 2003; Redman et al. 2006) conditions
in a quiescent, starless core. And these conditions may be representative of the initial
conditions for star formation. Other cores of the Pipe complex have also been included
in general surveys of cloud complexes that have been published:

• Dieter (1973) studied formaldehyde (H2CO) in a sample of 381 Lynds objects,
some associated with the Pipe Nebula.

• Feitzinger & Stüwe (1984) optically selected catalog of dark nebulae and glob-
ules includes some regions of the Pipe, including the prominent FeSt 1-457.

• Clemens & Barvainis (1988) optically selected catalog of small dark clouds in-
cludes some of the Pipe cores.
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Extinction map (cores subtracted)

Extinction map (original)

1 pc

Figure 11. Comparison between the original NICER map and the core subtracted
version of the same map. The mass spectrum of the subtracted cores appears in
Figure 12. The cores and the more diffuse, almost structureless, cloud material in
which they seem embedded are two fundamentally different components of molecu-
lar cloud structure (Alves et al. 2007).
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Figure 15. Same as figure 13, for embedded clusters PL07, REFL08, and REFL09
(top, middle and bottom, respectively). Note: IRAC picture for REFL09 was con-
structed with [4.5], [5.0] and [8.0] µm, as it misses coverage in [3.6] µm.
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Figure 15. Same as figure 13, for embedded clusters PL07, REFL08, and REFL09
(top, middle and bottom, respectively). Note: IRAC picture for REFL09 was con-
structed with [4.5], [5.0] and [8.0] µm, as it misses coverage in [3.6] µm.

The Rosette Complex 27

Figure 16. Same as figure 13, for embedded clusters PouC and PouD (top, and
bottom, respectively). Note: The area covered in these images is 3′×3′.

The Sequential Formation Hypothesis In Figure 18 we show the distribution of the
surface density of near-infrared excess sources (young stars) in the Rosette Complex as
a function of the distance from the center of NGC 2244, as calculated by Román-Zúñiga
et al. (2008). Young clusters appear as peaks in this distribution, and it is possible to
distinguish four main groups of clusters. The most prominent group contains NGC
2244, NGC 2237 and REFL10, which are the clusters located in the nebula. The second
group contains clusters PL01 and PL02 and coincides with the cloud ridge (core A1-
2). The third group contains clusters PL04, PL05, REFL08 and PL06, all located at
the RMC central core, and cluster PL03 located in core D. The fourth and last group
contains clusters PL07 and REFL09 which are located at the back core of the cloud.
In the bottom panel of Figure 18 we show the average infrared excess fraction for each
of these cluster groups. The average excess fraction appears to increase as a function
of distance from NGC 2244, suggesting that the embedded clusters are progressively
younger the further they are from the Nebula.

The existence of this apparent age sequence indicates that star formation in the
Rosette did indeed take place sequentially in time, but not in the way proposed by
Elmegreen & Lada (1977), because that model requires one episode of cluster formation
to trigger the next one. The relative age differences of clusters cannot be large enough to
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Fig. 7.— The spatial distribution of X-ray sources that do not have matched IR counterparts
(shown as blue crosses) and sources that have hard median photon energies (MedE > 2.0

keV; shown as red circles). About ten hard X-ray sources without matched NIR counterparts
are located inside the HII region cavity; these are likely AGNs. The rest, located inside the

optical dark pillar region, are probably embedded young stars.
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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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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.

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0
5

10
15

20

Estimated Age (Myr)

A
v

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 
GMCHistoria de Formación Estelar

• Combinando datos 
infrarrojos y de rayos X 
podemos hacer un mapa de 
la distribución de las estrellas 
en la nube por clases 
evolutivas. 

• Los datos en este caso 
muestran un escenario muy 
claro, donde las estrellas mas 
jóvenes están en las zonas 
donde hay mas gas, y van 
eclosionando de la nube 
conforme sus discos se 
hacen mas tenues.
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geometría no nos 
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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.



W3Entendiendo los modos de formación de cúmulos

• La Zona W3 es mas 
complicada. Ahi la 
geometría no nos 
permite desenredar 
fácilmente una madeja de 
formación estelar

• Las estrellas jóvenes 
están por todos lados.

Román-Zúñiga et al 2015

– 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
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• La Zona W3 es mas 
complicada. Ahi la 
geometría no nos 
permite desenredar 
fácilmente una madeja de 
formación estelar

• Las estrellas jóvenes 
están por todos lados.

• Pudimos identificar 5 
cúmulos principales.

Román-Zúñiga et al 2015
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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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INTRO

CYGNUS-X

▸ One of the richest massive star forming 
complexes in the Galaxy. 1.4<d<2.1 kpc.  

▸ Dozens of OB stars (Cygnus OB2), thousands of 
known members, hundreds of compact HII 
regions, 2 SN remnants (G Cygni 
G78.2+2.1;G84.2- 0.8). 

▸ A large family of embedded star clusters 
associated with most strong radio emission 
sources (Downes & Rinehart 1966) 

▸ A globular cluster in the brew? (Knödlseder 
2000) 

▸ One of the best galactic laboratories to study the 
effect of local environment on the formation and 
early evolution of young star clusters.

Cygnus-X Spitzer



INTRO

DR15 COMPLEX
▸ DR15 is located in the Southern ridge of 

the molecular complex at d=1.4 kpc 

▸ The main radio source DR15 is 
associated with a young cluster located 
at the top of a 10 pc long molecular 
pillar.  

▸ NW of DR15 there is an IRDC hosting 
various groups of young stars in 
formation. NW of the IRDC there is an 
LBV, G79.29+0.46, and yes, it is 
interacting (Rizzo+08,14,Palau+14).  

▸ DR15 is kinematically independent from 
the IRDC (Schneider et al 2006) 

▸ In the near to far-IR, the DR15 cluster 
envelope glows snazzy. Prettiness is 
only a plus for a quite interesting region 
where several young star populations at 
different stages of evolution are clearly 
interacting with the harsh environment 
of the giant PDR of CX-OB2 



NEAR-IR STUDY

▸ deep near-IR JHK observations were combined 
with 3.6-24 μm catalogs (Spitzer Cygnus-X Legacy 
Survey) and sources extracted from a Chandra-
ACIS image of the field. 

▸  Resultant catalog (~47K sources) provided 
information to classify 226 YSOs (Class I-III) in the 
region.  

▸ NICEST extinction map resolves features down to 
30” resolution (~0.3 pc) 

▸ Surface density of YSOs allowed to identify several 
clusters and groups.  

▸ SEDs of Class I sources imply intermediate to high 
mass (4-10 M⦿) star formation. Most are large 
accretors. However, so far no O star has been 
identified in DR15. 

▸ Extinction-limited samples provided clean KLFs for 
a 1st order estimation of mean group/cluster ages. 
DR15 central cluster appears to be about 3-4 Myr!!

DR15 COMPLEX
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Fig. 5.— Spatial distribution of the identified YSOs in DR15 plotted on the extinction map.

The grayscale indicate visual extinction, A
V

, in magnitudes, with contours highlighting levels

from 15.0 to 30.0 in s.pdf of 2.5. The red circles indicate the Class I objects, the green circles

the Class II objects and the blue circles the Class III objects.
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Fig. 6.— Left: Distribution of Class 0/I candidate sources mass estimates from SED model

fits. Right: Distribution of Class 0/I candidate sources disk accretion rate estimates from

SED model fits.

Fig. 7.— From left to right : Color scaled surface density maps, in units of sources per

sq. arcmin, for Class I, II and III candidate YSOs in DR15, constructed with the Gather

algorithm. Extinction contours are similar to Figures 3 and 5. Yellow circles indicate the

location and selected sample extension for clusters and groups identified in the Class II map.
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location and selected sample extension for clusters and groups identified in the Class II map.



NEAR-IR STUDY

▸ Extinction-limited samples provided clean 
KLFs for a 1st order estimation of mean 
group/cluster ages. DR15 central cluster 
appears to be about 3-4 Myr!! 

▸ Note: mean ages well constrained but age 
spreads are not easy to constrain using this 
method.

DR15 COMPLEX

Rivera-Galvez et al. 2015, AJ, 150, 191
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Fig. 8.— The panels show contour maps of the normalized �2 values for the age vs. age

spread estimation of clusters DR15-C and DR15-W using pre-main sequence models of the

KLF. The most likely values fall within regions with purple and dark blue colors. The

white contours indicate 68 and 95 percent confidence limits.The limits of the model grid are

indicated by a thin, red line.

Fig. 9.— Same as in Figure 8, but for clusters DR15-SW and DR15-SE
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spread estimation of clusters DR15-C and DR15-W using pre-main sequence models of the

KLF. The most likely values fall within regions with purple and dark blue colors. The

white contours indicate 68 and 95 percent confidence limits.The limits of the model grid are

indicated by a thin, red line.

Fig. 9.— Same as in Figure 8, but for clusters DR15-SW and DR15-SE
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Fig. 10.— Top: Zero moment (integrated intensity) 13CO(1-0) map of the DR15 region,

constructed from the survey of Schneider et al. (2006), the grayscale is indicated in units

of km/s. Contours indicate visual extinction, similar to Figure 5. The two red arrow lines

labeled as L2 and L4 indicate cuts along which position-velocity (P-V) plots were obtained

(see text). Center, Bottom: P-V plots along L2 and L4 cuts, as indicated in top panel;

position along the length of each cut is indicated both in arcseconds and in parsecs, asumming

a distance of 1.4 kpc.

Shell

W(13CO)

▸ FCRAO 13CO(1-0) map of Cygnus-X 
South provides low-resolution spatio-
kinematic info on the gaseous envelope 

▸ Shell and upper end of filament appear 
to be mostly receding along FOV with 
respect to the mean vr , away from the 
IRDC and DR12 base filament. 

▸ PV cuts clearly revealed the expanding 
elliptical shell. 

▸ Mass loss rate estimate: DR15c shell 
mass ~1500 Msun, expanding shell 
mass ~100 Msun.  Ṁout ~ 2.5×10-4 M⦿ /
yr. Should require 3.5-4 Myr to remove 
the shell.

Rivera-Galvez et al. 2016 (in press)
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Gestación e Infancia de las Estrellas

Reflexiones para llevar a casa:

Hoy tenemos una muy buena idea de cómo se 
forman las estrellas.

Aún quedan muchos detalles por afinar antes 
de tener una teoría predictiva de la formación 
estelar

Sin embargo, el avance vertiginoso de la 
astronomía actual, nos acerca rápidamente.

Una teoría completa sobre el nacimiento y la 
infancia estelar tendrá repercusiones en todos 
los campos de la astrofísica.


