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This “dark” dust cloud is believed
to be a site of star formation:

15.2 Formation of the Solar System

First stage: the Sun forms from an interstellar cloud of gas and dust

Subregions within a large cloud
collapse under their own gravity,
Forming clusters of stars



Nubes Moleculares Gigantes

(a) Nubes Moleculares Gigantes. 
Aqui ocurren la mayoría de 
los eventos de formación 
estelar de la Galaxia

1.1 Stellar Nurseries: Orion 3

Figure 1.1 A portion of the Northern sky. The Milky Way is depicted as light grey, while the
darker patches indicate giant molecular clouds. Also shown, according to their relative brightness,
are the more prominent stars, along with principle constellations.

order 105 M⊙, these structures are the largest cohesive entities in the Galaxy and are almost all
producing new stars.

The fact that we know of molecular clouds at all is a triumph of radio astronomy. Gas in
these regions is much too cold to radiate at visible wavelengths, but may be detected through its
radio emission in trace molecules such as CO. Here observers most often rely on single dishes
that can map extended areas of the sky. For more detailed studies of individual regions, one may
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4.3 OB Associations 109

Figure 4.14 Galactic distribution of the closest OB associations. The Sun is indicated near the
center of the frame. Sizes of the circles represent the physical dimension of each system and, in
a few cases, the gross morphology. Note the ring of stellar and gaseous emission in Gould’s Belt
(shaded region), surrounding the solar symbol.

Before delving into the morphology of individual associations, let us first consider their
spatial distribution. Figure 4.14 depicts all the systems within 1.5 kpc, as projected onto the
Galactic plane. The reader may profitably compare Figure 3.2 for giant molecular clouds, which
focuses on objects inside the Sun’s galactocentric radius. Note that the nearest segment of the
Perseus spiral arm, containing such associations as Cep OB1 and Per OB1, lies beyond the upper
right border of Figure 4.14, between 2 and 3 kpc away. Note, too, we have already encountered
many of these systems in other contexts. Thus, Mon OB1 is the relatively small association con-
taining the cluster NGC 2264, and Mon OB2 encompasses NGC 2244 in the Rosette molecular
cloud. Ori OB1 is the large association that includes the Trapezium, while Per OB2 surrounds
the embedded cluster IC 348. These examples illustrate how expanding stellar systems may
harbor smaller, interior clusters. They further remind us of the intimate relationship between
OB associations and giant molecular clouds. Indeed, it is the rare association that is not in close
proximity to some cloud complex.

Table 4.2 summarizes essential properties of the associations closer than about 600 pc, as
measured by the Hipparcos satellite. Listed here are both a distance and an estimated physical
diameter. The latter, indicated approximately in Figure 4.14, was obtained using the average
angular extent of each system together with its distance. The table also gives separately the
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Figure 1.2 Map of the Orion Molecular Cloud in the 2.6 mm line of 12C16O. See Appendix A for an explanation of the coordinates used here and
elsewhere in the book. The insert shows a detail of Orion B in the 3.1 mm line of CS. Shading within the insert marks those regions which emit strongly
at 2.2 µm. The (0,0) point coincides with the position of the reflection nebula NGC 2024. This nebula and others are indicated by crosses.

(a) El material más denso 
forma núcleos 
masivos donde ocurre 
el proceso de 
formación
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relativamente complejas: estructura central de densidad, 
transporte de materia, uniformidad de T, dominio sónico o subsónico, campos 
magnéticos, agotamiento molecular....

• Una vez que el núcleo ha formado 
estrella(s), el papel principal lo toma la 
eficiencia de formación. Por eso los datos 
observacionales de las etapas más 
tempranas son cruciales.
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DISCOS EN OBJETOS ESTELARES JOVENES
EN UNA CASCARA DE NUEZ

Estudiamos objetos estelares jóvenes para entender el proceso de 
evolución temprana de las estrellas y también para entender el 
proceso de formación de los sistemas planetarios, en los primeros 
10 millones de años de la evolución. 

Las estrellas se forman de núcleos densos de gas que por 
conservación de momento angular, al colapsarse terminan 
formando una estrella rodeada de un disco. 

Los discos evolucionan conforme se acreta masa hacia la estrella, 
conforme el material del disco se asienta hacia el plano (formando 
granos más gruesos) y conforme el material en el disco es 
irradiado por la fuente y por campos de alta energía formados en 
el choque de acreción en la superficie de la fuente. 

Otras fuentes de irradiación en los discos son el campo de 
radiación de la nube y fotones UV de estrellas masivas cercanas 
(p.ej. en un cúmulo). Eventualmente, el polvo se disipa o se agrega, 
dejando un residuo de partículas que eventualmente forma 
planetesimales y planetas. 

Un 70-80% de las estrellas disiparán sus discos en un periodo de 
menos de 5 millones de años

Review of condensation theory:

• Large interstellar cloud of gas and dust
starts to contract, heating as it does so.

• Sun forms in center; residual material forms
a disk because of the influence of rotation,
may fall into the growing Sun, or condense
into planets.

• The dust in the disk provides condensation
nuclei, around which planets form.

• As planets grow, they sweep up (“accrete”)
smaller debris near them

15.2 Formation of the Solar

System
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DIAGRAMAS COLOR-COLOR

El exceso en el infrarrojo es fácilmente 
detectable a través de diagramas 
fotométricos, que son buenos, bonitos y 
baratos. 

Los diagramas color-color muestran que 
los distintos tipos de YSO ocupan regiones 
bien definidas en este tipo de diagramas.

Tipicamente, podemos colocar un color 
sensible al exceso infrarrojo en el eje X y 
un color sensible a la extinción en el eje Y. 
Las estrellas con exceso infrarrojo caerán 
a la derecha de la banda definida por la 
proyección de las secuencias de las enanas 
y gigantes en dirección del enrojecimiento 
interestelar (banda de enrojecimiento). 
Usualmente, antes de Spitzer se tenía J, H 
y K como opciones, y a veces, L, que puede 
observarse dificultosamente desde tierra.

Lada et al. 2000



DIAGRAMAS COLOR-COLOR
En diagramas color color construidos con 
combinaciones que usan las bandas 1-4 de la 
cámara IRAC del telescopio espacial Spitzer, 
las estrellas con discos prominentes se 
separan de las estrellas con discos poco 
prominentes.

El el diagrama hay tres clases evolutivas que 
llamamos I, II y III. Las I son proto-estrellas , 
que aun están formando un disco. Las II son 
estrellas con discos prominentes tambien 
conocidas como estrellas T-Tauri Clásicas. 
Las III se llaman T-Tauri desnudas y su 
emisión es mayoritariamente fotosférica. Las 
estrellas tipo I y II se ven muy rojas y se 
acomodan a la derecha en estos diagramas. 
Las III se acomodan a la izquierda. Hacia 
arriba, el color indica sobre todo la cantidad 
de material en la nube. Es decir que a la 
derecha y hacia arriba, tenemos estrellas 
muy jóvenes, muy embebidas en la nube 
progenitora. Hacia abajo y la izquierda están 
las estrellas mas evolucionadas y que ya casi 
salen de su nube.

Estos diagramas son como fotogramas fijos 
de la película del nacimiento de las estrellas. 

P. S. Teixeira et al.: Spitzer observations of NGC 2264: the nature of the disk population

Fig. 7. NIR+IRAC colour–colour diagrams of sources in the IRAC sam-
ple. The symbols are as follows: disk-less sources are represented by
grey dots, sources with anaemic disks by black open circles, sources
with thick disks by dark grey crosses, sources with flat spectrum SEDs
by filled black stars, and finally, Class I sources by open circles and a
cross. The main sequence is plotted as a black line. The diagrams show
that sources with circumstellar material can be clearly distinguished
from the main sequence population. Sources with anaemic disks popu-
late the disk loci and are not reddened, generating a reddening gap that
is particularly striking in panel b). Sources with thick disks also popu-
late the disk loci, but some are also reddened and fan out in the diagram
along with flat-spectrum sources and Class I sources.

the disk locus of the (Ks-[8]) vs. (J-H) diagram, we are able to
clearly separate sources with AV greater than 3 mag. We note
that previous optical studies only identified PMS sources in the
cluster for AV < 3 mag (e.g., see Figure 8 of Dahm & Simon
2005), it is necessary to use longer wavelength data such as that
presented in this paper (and also shown in Sung et al. 2009; Sung
& Bessell 2010) to identify the embedded population.

Figure 9 shows the spatial distribution of sources with thick
(a) and anaemic (b) disks relative to the dense material of the
molecular cloud (represented by a AV = 8 mag grey contour).
The thick and anaemic disk populations follow distinct spatial
distributions, and also have distinct reddening distributions; the

Fig. 8. NIR+IRAC colour–colour Nyquist-sampled density diagrams
for sources in the IRAC sample. The beam size is 0.3 × 0.3 mag and
is represented by a pixel in the upper right corner of panel a). The con-
tours are the same for each diagram and correspond to 3, 6.5, 10, 15, 20,
30, 50, 75, 100, 125, 150, 175, 200, 250, 300, and 400 sources mag−2.
The solid black curve corresponds to the main sequence of the Pleiades
(see Lada et al. 2006). The dashed-dotted lines correspond to the loci of
disked sources for each colour–colour space (see Table 3). The dotted
lines correspond to 3-σ (5-σ) error in the disk loci for the upper (lower)
two panels.

distribution of the embedded thick disk population is clearly seg-
regated and confined to the densest regions of the cloud. Sung
et al. (2009)’s analysis of the spatial distribution of sources with
disks in NGC 2264 lead to the identification of three clusterings:
(i) near IRS 2 or the Spokes cluster, (ii) near IRS 1 or Allen’s
source, and (iii) near S Mon. For the sources with thick disks,
groups (i) and (ii) are clearly identified in Fig. 9. We addition-
ally note that there is a loose clustering of embedded sources
with thick disks in the Fox Fur Nebula region. The cluster-
ing is small compared to those of IRS 1 (Allen’s source) and
IRS 2 (Spoke’s cluster) and is likely unbound; it is composed of
19 sources with thick disks, 9 of which are embedded. Ridge
et al. (2003)’s 13CO observations of the molecular cloud show
that the bulk of the cloud has VLSR = 4−6 km s−1 and that there
is a separate component of VLSR = 10−11 km s−1 corresponding
to the Fox Fur Nebula (see Fig. 6). As this component collides
with the bulk of the cloud, it could increase the local densities
and subsequently trigger star formation, which could explain the
clustering of embedded sources with the thick disks we identify
here.

Panel (b) of Fig. 9 shows that most of these sources lie
within the contour of the dense cloud material, AV = 8 mag, but
otherwise there is no spatial segregation between sources with
anaemic disks. Furthermore, sources with anaemic disks are not
embedded, while sources with thick disks that are clustered (i.e.,
in the Spokes cluster, near Allen’s source, and in the vicinity
of the Fox Fur Nebula) are all embedded. Sung et al. (2009)
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efficiency (SFE) of NGC 2264, which is defined as SFE=stellar
mass/(stellar mass + cloud mass). For the cloud mass, we used
the mass measured from regions with extinction greater than the
star formation extinction threshold, i.e., AV ≥ 7 mag (Johnstone
et al. 2004; Lada et al. 2010), (2.1± 0.5)× 103 M⊙. The star for-
mation efficiency of the cloud is calculated to be approximately
25%, similar to the value determined by Lada & Lada (2003)
for nearby star forming clusters. A more accurate estimate of the
total stellar mass can of course be obtained by using an appro-
priate IMF, although that is beyond the scope of this paper. The
reader should also note that the statistically determined members
are all brighter than Ks = 15.5 mag, i.e. the fainter (deeply em-
bedded young protostellar and/or lower mass) members are not
accounted for and so the stellar mass used is an underestimate.

4.2. Disk evolution

A new empirical evolutionary paradigm is emerging for primor-
dial optically thick disks, which consists of two distinct path-
ways (e.g. Lada et al. 2006; Najita et al. 2007; Cieza et al. 2007,
2008; Merín et al. 2008; Currie et al. 2009; Cieza et al. 2010,
and references therein). In one of these evolutionary paths that
a primordial disk can take, it experiences a homologous deple-
tion of dust (via dust settling and grain growth, Wood et al. 2002)
throughout the entire extent of the disk; this path is characterized
observationally by SEDs with slopes that do not vary substan-
tially longwards of 3.6µm. The alternative evolutionary path a
primordial disk can undergo consists of a radial, inside-out clear-
ing of the dust disk. The SEDs of sources that follow this latter
path have different slopes shortwards and longwards of 8 µm.
The results presented in this paper lend further support for this
empirical disk evolution paradigm.

We showed in Sect. 3.3 that the anaemic disk population dif-
fers from that of the thick disks in two main aspects: its spa-
tial distribution displays no segregation, and it is an unembed-
ded population (AV < 3 mag). Both of these facts indicate that
the anaemic disk population is more evolved than the thick disk
population, having had enough time to emerge from the parental
molecular cloud and begin populating the halo of the NGC 2264
cluster.

Figure 12 characterizes the outer disk for the two afore-
mentioned populations, using MIPS 24 µm data. The (Ks-[24])
colour is used as a proxy for estimating the optical thickness
of the outer disk (following Fig. 2 of Cieza et al. 2008). We
did not detect all of the IRAC sources at 24 µm: only 29% of
the anaemic sources have 24 µm counterparts, while 63% of the
thick disk sources were detected at 24 µm. The 24 µm sources
that are most likely detected are those with large excesses due
to the cluster’s distance, and indeed, Figure 12 shows that the
IRAC disk sources detected at 24 µm practically all have opti-
cally thick outer disks. The diagram identifies sources with (i)
optically thick inner and outer disks, (ii) anaemic inner disk and
thick outer disk, (iii) anaemic inner disk and optically thin outer
disk, (iv) sources with no inner disk and optically thick outer
disks, and (v) sources with no inner disk and optically thin
outer disks.

The figure shows the path for a radial or inside-out evolu-
tion of primordial optically thick disk, since we have identified
sources in all the different phases. The younger sources could
evolve from (i) to (ii) and finally to transitional disks (iv). On
the other hand, a homologous disk evolution could be described
by young sources in (i), evolving into (iii). As explained before,
region (iii) of the diagram is not well-populated by sources be-
cause the 24 µm detections are biased towards large excesses.

Fig. 12. (Ks-[24]) vs. αIRAC diagram for sources with no IRAC disk (plus
symbols), sources with IRAC anaemic inner disks (open circles), and
sources with thick inner IRAC disks (filled circles). The plot is divided
into nine sectors by grey dotted horizontal lines and vertical dashed
lines (following Cieza et al. 2008); see the discussion in Sect. 4.2 for a
detailed description of sectors (i) to (v). Sources that were identified as
candidate transition disks from Fig. 10 are additionally marked by open
squares.

Taking into account that 70% of the anaemic inner disks do not
have 24 µm counterparts, we can reasonably assume that their
outer disks are optically thin. These results may therefore indi-
cate that the majority of primordial optically thick disks tend to
follow homologous depletion evolutionary path.

Multiple evolutionary paths have also been observationally
identified in other young star-forming regions, such as IC 348
(Lada et al. 2006), Lupus, Serpens, and Cha II (Merín et al.
2008). These regions are all much closer than NGC 2264, thus
do not suffer from the detection bias at 24µm. (Lada et al.
2006) compiled an extensive atlas of SEDs for disk sources and
found that the most numerous type of disk was one that can
be described by homologous depletion. Furthermore, studies of
NGC 2362 (Currie et al. 2009) and the Coronet cluster (Currie
& Sicilia-Aguilar 2011) also show that the frequency of homol-
ogously depleted disks is higher than that of disks with inner
holes. On the other hand, Cieza et al. (2010) carried out a de-
tailed study of evolved disks in the nearby Ophiucus molecular
cloud, and argue that at one point during their evolution all disk
sources pass through a phase where the outer disk remains opti-
cally thicker than the inner disk.

4.2.1. Transition disks

There are currently several possible scenarios that could account
for the formation of holes within protoplanetary disks. The first
of these clearing processes is (a) photoevaporation and viscous
disk evolution processes (e.g. Alexander & Armitage 2007).
Alexander et al. (2006a,b) conducted a theoretical study of disk
evolution, using a model combining both viscous evolution of
the disk and photoevaporation of the disk by stellar radiation,
and suggested that all evolving disks pass through a short inner
hole phase; they furthermore predict that sources with transition
disks should represent approximately 10% of the disk sources.
Another process that can clear an inner dust hole is (b) grain
growth and planet formation (e.g. Tanaka et al. 2005; Flaherty &
Muzerolle 2008). Dullemond & Dominik (2005) predict, using
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EVOLUCIÓN DE DISCOS

Conforme una región de formación 
estelar es más vieja, el número de estrellas 
con discos prominentes en una población 
disminuye sensiblemente. 

El polvo en los discos se asienta hacia el 
plano, y como consecuencia de esto, son 
más difíciles de detectar. Poco a poco, las 
estrellas jóvenes van pasando todas de 
clase I a clase III y luego a sistemas 
planetarios como el nuestro. 

Las estrellas masivas hacen este proceso 
muy rápidamente, y aún no entendemos 
como o qué tipo de planetas forman. Las 
estrellas menos masivas, forman planetas 
de todos tipos y poco a poco vamos 
entendiendo este proceso.

with disks and age of different stellar populations. (Hernández et al. 2007a).
Figure 1.6 shows the disk frequency in late-type stars as a function of age of
the populations, which include clusters and associations. The disk frequency
is measured by the ratio of stars with near-IR excess (either JHK or in
the Spitzer/IRAC bands) to the total number of stars, so it is actually a
measure of the presence of the inner disk of the stars. It seems that by 5 Myr
the ∼80% of the inner disks have dissipated. An important point to kept
in mind is that the disk frequency is also mass dependent. Disks around
intermediate-mass stars evolve faster than for later types (Hernández et al.
2007, 2005).

Figure 1.6: Fraction of stars with near-infrared disk emission as a function
of the age of the stellar group. Open circles represent the disk frequency for
stars in the TTS mass range derived using JHKL observations, while filled
symbols represent the disk frequency calculated for stars in the TTS mass
range using IRAC data. Taken from Hernández et al. (2007a).

Besides the decay of disk frequency, it has also been observed that the
excess emission itself decreases with age (Hernández et al. 2007). The top
panel of Figure 1.7 shows how the median SED slopes of [3.6]-[8.0] IRAC

14
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EVIDENCIA OBSERVACIONAL
fotoevaporación de discos protoplanetarios en el 

cúmulo de la Nebulosa de Orión



EVIDENCIA OBSERVACIONAL

Foto-evaporación: imágenes del telescopio Hubble de un disco protoplanetario  en 
seis distintos filtros fotométricos. Hacia el color rojo, podemos ver a la estrella 

joven brillando en el centro.
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EVIDENCIA OBSERVACIONAL
Direct Infrared Image of the Protoplanetary 

Disk around a Young Star

Mayama+Duong, 12 (Japón, 
Princeton) primeras 
observaciones directas de un 
disco polvoso extendido con 
pausa notoria y transporte de 
material mediante un brazo. 
2MASS J16042165-2130284 (J 
1604) en Upper Scorpius

Estas observaciones 
requirieron de una cámara 
infrarroja de alto contraste en 
el telescopio Subaru de 8.2m, 
con sistema de óptica activa.



EVIDENCIA OBSERVACIONAL
Direct Infrared Image of the Protoplanetary 

Disk around a Young Star

Combinando datos del Subaru, 
pero ahora añadiendo datos de 
radio-continuo de ALMA se ha 
podido observar el disco alrededor 
de la fuente HD 142527, con la 
distribución de polvo (infrarrojo, 
rojo) y una concentración 
posiblemente debida a un 
protoplaneta.

Luego ALMA reveló en el mismo 
sistema, el movimiento de polvo Y 
GAS que posiblemente confirma 
modelos de transferencia de gas 
desde el disco hacia planetas 
gaseosos en formación.



EVIDENCIA OBSERVACIONAL
Direct Infrared Image of the Protoplanetary 

Disk around a Young Star

Disco de HL Tauri, como prueba de nuevo 
arreglo de alta resolución (35 mas, 
baseline=15 km) para ciclo 3.

“These features are almost certainly the 
result of young planet-like bodies that are 
being formed in the disc. This is surprising 
since such young stars are not expected to 
have large planetary bodies capable of 
producing the structures we see in this 
image”.

HL Tauri se encuentra a 450 años luz de 
distancia y tiene menos de 1 millón de años 
de edad.

El primer modelo de emisión radiactiva del 
disco de HL Tau fue realizado en México 
por D´Alessio, Calvet y Hartmann (1997) 
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Teoría de formación de sistemas planetarios.

En el disco pp, el polvo está inicialmente mezclado con 
el gas del disco de modo uniforme. Luego por 
gravedad las partículas pesadas se asientan hacia el 
plano medio del disco - diferenciación.


Tras de la fase de formación y diferenciación, los discos 
protoplanetarios contiene partículas sólidas con 
tamaños del orden de micrómetros. CONDENSACION.


Las colisiones entre las partículas llevan eventualmente 
a la formación de fragmentos más grandes. Al principio 
las partículas tienen colisiones “pegajosas” porque la 
energía disipada es del orden de la velocidad relativa 
del impacto. Posiblemente haya ayuda de cascarones 
pegajosos (hielos) y carga electrostática. ACRECION


Eventualmente, al formarse partículas suficientemente 
grandes (μm->cm->km) actúa la gravedad y puede 
haber atracción de más planetesimales. Los dos 
procesos son distintos, pero actúan hacia un resultado 
común.


En el final del proceso, los planetesimales se hayan en 
un disco que por procesos dinámicos agrupa y 
fragmenta para formar cuerpos de 100 km o más. Esta 
es la fase de protoplaneta.
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Diferenciación de planetas rocosos: 
elementos más pesados como Fe, Ni, se 
hunden hacia los núcleos mientras silicatos 
y compuestos más ligeros se quedan más 
cerca de la superficie.


Planetas jovianos comienzan con núcleos 
diferenciados de roca y hielos hasta masas 
críticas de aproximadamente 15 Me y 
comienzan a capturar grandes cantidades 
de H y He desde disco.


Las atmósferas de los planetas rocosos 
comienzan a formarse pod evaporación de 
esos elementos desde el interior - 
desgasificación (outgassing).


Aun no queda claro cual proceso domina en 
un planeta como la tierra, si captura o 
desgasificación, para formar una atmósfera 
muy densa y retención de océanos de agua 
líquida. 
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La distancia es importante!!. A 
distancias cercanas al Sol (1-10 AU) 
se evaporan casi todos los hielos 
planetesimales (T>100K). De esta 
manera se entiende que los planetas 
jovianos se hayan formado en el 
exterior. Sin embargo, Júpiter 
pareciera estar mucho más cerca de 
lo debido, y entonces se habla de 
procesos de migración planetaria.


Otro problema a resolver: los discos 
se disipan en t<5 Myr debido a los 
vientos de la estrella central, que es 
además MUY activa en la fase T 
Tauri. La captura de atmósferas en 
planetas gigantes debe ser rápida y 
eficiente.

15.2 Formation of the Solar System

The following fact explains
many of the properties of the
planets, especially the
difference between terrestrial
and gas giants:

  The farther away one gets
from the newborn Sun, the
lower the temperature. This
caused different materials to
predominate in different
regions—rocky planets close to
the Sun, then the gas giants
farther away.

Study illustrations to the right.
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Nebula protosolar: el disco pp forma dos reservorios de hielos. Un primer reservorio  (frío) se forma para 
R>30 AU, conformado por hielos amorfos del medio interestelar. El segundo reservorio (caliente) se forma 
de materiales volátiles transportados desde el medio interestelar hacia el interior del disco. Los materiales 
que lleguen a zonas con T>150 K se evaporan, pero luego hay un enfriamiento del disco posterior a la 
formación de planetas y en la parte interior a 30 AU cualquier condensación se da en forma cristalina. 


Remoción de la nebulosa protosolar:


Presión de Radiación, para empujar las partículas fuera de la nube. Viento solar (principalmente H ionizado) 
puede empujar gas y polvo.


Barrido de material de escombro por los planetas - período de bombardeo pesado (hace ~4 Gyr)


Eyecciones de material por encuentros cercanos entre planetas.
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Infalling 
material

30 AU

R

Z

Fig. 7 Two reservoirs of ices in the PSN. A first reservoir (cold zone), located at distances
higher than ⇠30 AU, is constituted from amorphous ices coming from ISM. The second reser-
voir (hot zone), located within the ⇠30 AU, is made from volatiles initially in the form of
amorphous ices that were transported from ISM towards the inner and hot part of the disk.
When reaching regions with temperatures higher than ⇠150 K, these ices vaporized. During
the cooling of the disk, volatiles located in the inner 30 AU condensed again but in crystalline
forms, including both pure crystalline ices and clathrates (see text).

depending where the outer solar system bodies formed, clathrates may have been
agglomerated in comets (Marboeuf et al. 2010, 2011, 2012), and in the building
blocks of the giant planets (Gautier et al. 2001; Alibert et al. 2005a,b; Mousis et
al. 2009b, 2012a) and in their surrounding satellite systems (Lunine and Stevenson
1985; Mousis 2004; Mousis and Gautier 2004; Mousis et al. 2009a). Regardless the
possible presence of clathrates, there is today indirect evidence that comets formed
from crystalline water ice because their deuterium-to-hydrogen ratios measured in
H2O are substantially lower (⇠6–12 times the protosolar value) than the most
deuterium-rich primitive meteorite (⇠35 times the protosolar value), whose level
of deuteration is expected to be close to the one found in the ice infalling from
the presolar cloud (Kavelaars et al. 2011; Hartogh et al. 2011; Ceccarelli et al.
2014). This di↵erence can only been explained by the isotopic exchange between
the deuterium-rich water and molecular hydrogen in the gas phase (Kavelaars
et al. 2011; Hartogh et al. 2011; Ceccarelli et al. 2014). Hence, in order to enable
this reaction, amorphous ice entering the disk from ISM must have been vaporized
prior recondensing again in crystalline form, otherwise the isotopic exchange did
not occur.

3 Fractionation in protostellar disks

3.1 The deuterium fractionation: The link between comets and the earliest
phases of the solar system and interstellar chemistry

The origin of the volatile ices found in comets is a central issue for understanding
the formation and early evolution of the solar system. There are three possibilities.
First, one view is that all the ices are comprised of pristine interstellar molecules
(e.g. Irvine et al. 1996). There is indeed a strong similarity with the many known
interstellar molecules believed to form on interstellar grains, although there are
di↵erences in the relative abundances of the volatile ices (Mumma and Charn-
ley 2011). Until recently this idea was widely considered to be untenable (see
Section 3.1.2 and Cleeves et al. 2014a). Second, at the other extreme, it has been
advocated that any interstellar molecules experienced total obliteration and ‘chem-
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Diferenciación por temperatura: En el modelo 
tradicional la formación de planetas rocosos 
o gaseosos queda determinado por un 
gradiente térmico. La división se llama línea 
de nieve.


La densidad superficial de planetesimales es 
mayor hacia afuera de la línea de nieve, en 
las partes suficientemente frías como para 
conservar hielos.


A mayor densidad superficial, es más rápida 
la formación de planetas.


En la zona exterior del SS, los planetas 
lograron crecer hasta unas 20 Me mientras 
hubo gas para capturar.


En el interior, no hubo captura de gas. 


Importante: las órbitas fueron casi circulares 
y esto requirió de un disco circular. He ahí 
que la diferenciación sea mas o menos clara 
en nuestro sistema.
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Momento angular. Conforme la 
nebulosa que formó al Sol se 
colapsó en la fase de Clase 0, se 
necesitó conservar el momento 
angular del sistema. 


Hoy en día el Sol NO conserva la 
mayoría del momento angular del 
sistema: Júpiter tiene 60% y los 
cuatro planetas jovianos suman casi 
el 99%.


El Sol debió de transferir la mayoría 
de su momento angular a los 
planetas exteriores a través de 
procesos de fricción. Muy 
posiblemente el arrastre de partículas 
se dio a lo largo de líneas de campo 
magnético (efecto de frenado 
magnético)

Theory: The Sun transferred most of its angular

momentum to outer planets through friction.

Discovery 15-1:

The Angular Momentum Problem



migración planetaria

• Dos aspectos de las 
propiedades orbitales de 
numerosos exoplanetas 
descubiertos difieren del 
modelo simple que usamos 
para explicar nuestro SS. 

• 1. Júpiters calientes: se 
esperaría que planetas tipo 
joviano se formaran muy 
preferentemente fuera de la 
línea de nieve para favorecer 
una formación rápida. 

• 2. Muchos planetas parecen 
tener órbitas que difieren 
mucho de la circularidad. Casi 
parecería que no se formaron 
de discos.

No todo es coser y cantar
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El GRAN ARREO (Grand Tack) 
del Sistema Solar.

• Se cree que Júpiter pudo formarse a un radio de 3.5 UA Y 
migrar hasta un radio de 1.5 UA (donde está ahora Marte) 
antes de moverse en reversa hasta su órbita actual 

• Esto puede explicar dos cosas: a) la masa baja de Marte 
y la composición mezclada de asteroides en el cinturón 
entre Marte y Júpiter. 

• Júpiter pudo haberse detenido o frenado en su arrastre 
debido a la formación de Saturno y eventualmente pudo 
migrar de regreso al perder momento angular. 

• Al regresar a su órbita extena, Júpiter y Saturno pudieron 
dejar un sistema solar interno sin materiales volátiles, de 
modo que formaron 4 planetas rocosos. Marte en realidad 
se encuentra a una distancia donde debió de tener mayor 
masa y una atmósfera mucho más densa (como un 
Neptuno) 

• Sin embargo, la pistola humeante podría estar en el 
cinturón de asteroides, donde Júpiter pudo haber traído 
material volátil hacia una región donde dominaban los 
asteroides rocosos. Hoy en día el cinturón tiene una 
fracción de masa en volátiles que no es fácil de explicar 
sin un modelo como el del gran Arreo.
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química pre-biótica en  
nucleos pre-estelares y discos protoplanetarios



química pre-biótica en  
nucleos pre-estelares y discos protoplanetarios

Los núcleos pre-estelares son fuentes intensas de moléculas 
orgánicas complejas. La emisión de estas moléculas traza zonas de 
gas de alta densidad. 

GTM-suficiente para trazar evolución de moléculas prebióticas 
simples. 

Herschel y ALMA: espectroscopía detallada de prebióticos complejos. 


