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Teorías de Formación Planetaria
“Top down” collapse“Bottom up” growth

Can planets form fast enough?

Planets can’t form very far out.

Are disks cold and massive enough?

Planets can’t form very far in.

Most disks don’t appear to be massive enough.
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Imaging the water snow-line during a protostellar 
outburst
Lucas A. Cieza1,2, Simon Casassus2,3, John Tobin4, Steven P. Bos4, Jonathan P. Williams5, Sebastian Perez2,3, Zhaohuan Zhu6, 
Claudio Caceres2,7, Hector Canovas2,7, Michael M. Dunham8, Antonio Hales9, Jose L. Prieto1,10, David A. Principe1,2, 
Matthias R. Schreiber2,7, Dary Ruiz-Rodriguez11 & Alice Zurlo1,2,3

A snow-line is the region of a protoplanetary disk at which a major 
volatile, such as water or carbon monoxide, reaches its condensation 
temperature. Snow-lines play a crucial role in disk evolution by 
promoting the rapid growth of ice-covered grains1–6. Signatures 
of the carbon monoxide snow-line (at temperatures of around 
20 kelvin) have recently been imaged in the disks surrounding the 
pre-main-sequence stars TW Hydra7–9 and HD163296 (refs 3, 10),  
at distances of about 30 astronomical units (au) from the star. But 
the water snow-line of a protoplanetary disk (at temperatures of 
more than 100 kelvin) has not hitherto been seen, as it generally 
lies very close to the star (less than 5 au away for solar-type stars11). 
Water-ice is important because it regulates the efficiency of dust and 
planetesimal coagulation5, and the formation of comets, ice giants 
and the cores of gas giants12. Here we report images at 0.03-arcsec 
resolution (12 au) of the protoplanetary disk around V883 Ori, 
a protostar of 1.3 solar masses that is undergoing an outburst in 
luminosity arising from a temporary increase in the accretion 
rate13. We find an intensity break corresponding to an abrupt 
change in the optical depth at about 42 au, where the elevated disk 
temperature approaches the condensation point of water, from 
which we conclude that the outburst has moved the water snow-line. 
The spectral behaviour across the snow-line confirms recent model 
predictions14: dust fragmentation and the inhibition of grain growth 
at higher temperatures results in soaring grain number densities and 
optical depths. As most planetary systems are expected to experience 
outbursts caused by accretion during their formation15,16, our results 
imply that highly dynamical water snow-lines must be considered 
when developing models of disk evolution and planet formation.

V883 Ori is an FU Orionis (FU Ori) type star that was identified as 
such17 via follow-up spectroscopy of deeply embedded sources from 
the Infrared Astronomical Satellite. It is located in the Orion Nebula 
Cluster, which is at a distance of 414 ± 7 parsecs from Earth18. The mass 
of V883 Ori’s protoplanetary disk is greater than about 0.3M⊙ (where 
M⊙ is the mass of the Sun), and its bolometric luminosity is 400L⊙ 
(ref. 19). We have obtained 230 GHz/1.3 mm (band-6) observations of 
V883 Ori using the Atacama Large Millimeter/Submillimeter Array 
(ALMA), in four different array configurations with baselines ranging 
from 14 metres to 12.6 kilometres, taken in ALMA cycles 2 and 3. These 
new ALMA observations include continuum and the 12CO, 13CO, and 
C18O J = 2 − 1 spectral lines. We use the C18O gas line to investigate the 
dynamics of the system at 0.2″ (90 au) resolution, and the continuum 
data to constrain the physical properties of the dust in the V883 Ori 
disk at 0.03″ (12 au) resolution. In Fig. 1a we show our cycle-3 contin-
uum image at 0.03″ resolution—the highest resolution ever obtained 

for a FU Ori object at millimetre wavelengths. We find that the V883 
Ori disk has a two-region morphology, with a very bright inner disk 
(radius ∼0.1″, 42 au) and a much more tenuous outer disk extending 
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Figure 1 | ALMA observations of V883 Ori. a, The band-6 image at 
0.03″ (12 au) resolution obtained on 27 October 2015. b, The intensity 
profile along the major axis. There is a very bright inner disk with radius 
∼0.1″ (42 au), surrounded by a much more tenuous outer disk extending 
out to radius ∼0.3″ (125 au). The boundary between these two regions is 
sharp and probably unresolved. X and Y are the right ascension and the 
declination, respectively.

Línea de nieve 
V883 Ori 
Cieza et al. 2016

El agua se congela a 273 K (0°C) a la 
presión atmosférica de la Tierra, pero en 
los discos protoplanetarios, las presiones 
son mucho más bajas. A estas presiones, 
el punto de congelación del agua 
disminuye. Alrededor de 150 K es la 
temperatura en la que el agua en estos 
discos puede pasar del estado gaseoso al 
sólido.
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Número de 
Safronov
Nos dice qué tan efectivo es 
un objeto para capturar 
otros objetos y crecer en 
tamaño.

Planetesimales tienen gravedad no despreciable. Para 
calcular el “gravitational focusing” considerado dos 
cuerpos de radio  y masa acercándose a velocidad 
relativa  y un parámetro de impacto . Al acercarse, se 
deflectan hacia cada uno por su gravedad mutua. Por 
conservación de energía: 


.


Luego, conservación de momentum angular:


, lo que implica: .


Si , los cuerpos colisionan. Entonces, el máximo 
parámetro de impacto que genera colisiones es: 
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boundary, which depends on the planet’s total mass. The overall
evolutionary time scale is generally determined by the lengthNew numerical simulations of the formation of the giant
of the second phase.planets are presented, in which for the first time both the gas and

The actual rates at which the giant planets accreted smallplanetesimal accretion rates are calculated in a self-consistent,
planetesimals is probably intermediate between the constantinteractive fashion. The simulations combine three elements:
rates assumed in most previous studies and the highly variable(1) three-body accretion cross sections of solids onto an isolated
rates used here. Within the context of the adopted model ofplanetary embryo, (2) a stellar evolution code for the planet’s
planetesimal accretion, the joint constraints of the time scalegaseous envelope, and (3) a planetesimal dissolution code
for dissipation of the solar nebula and the current high-Z masseswithin the envelope, used to evaluate the planet’s effective
of the giant planets lead to estimates of the initial surfacecapture radius and the energy deposition profile of accreted
density (sinit) of planetesimals in the outer region of the solarmaterial. Major assumptions include: The planet is embedded
nebula. The results show that sinit P 10 g cm22 near Jupiter’sin a disk of gas and small planetesimals with locally uniform
orbit and that sinit ~ a22, where a is the distance from the Sun.initial surface mass density, and planetesimals are not allowed
These values are a factor of 3 to 4 times as high as that ofto migrate into or out of the planet’s feeding zone.
the ‘‘minimum-mass’’ solar nebula at Jupiter’s distance and aAll simulations are characterized by three major phases. Dur-
factor of 2 to 3 times as high at Saturn’s distance. The estimatesing the first phase, the planet’s mass consists primarily of solid
for the formation time of Jupiter and Saturn are 1 to 10 millionmaterial. The planetesimal accretion rate, which dominates
years, whereas those for Uranus fall in the range 2 to 16 millionthat of gas, rapidly increases owing to runaway accretion, then
years. These estimates follow from the properties of our Solardecreases as the planet’s feeding zone is depleted. During the
System and do not necessarily apply to giant planets in othersecond phase, both solid and gas accretion rates are small
planetary systems. © 1996 Academic Press, Inc.and nearly independent of time. The third phase, marked by

runaway gas accretion, starts when the solid and gas masses
are about equal. It is engendered by a strong positive feedback

1. INTRODUCTIONon the gas accretion rates, driven by the rapid contraction of
the gaseous envelope and the rapid expansion of the outer

Unlike the terrestrial planets, the giant planets formed
from significant quantities of both the gas and the solid1 UCO/Lick Observatory Bulletin No. 1341.
material of the solar nebula. However, the giant planets2 Deceased.
are not made of solar proportions of the elements. Rather,3 Present address: SETI Institute, 2035 Landings Dr., Mountain View,

CA 94043. all four giant planets preferentially accreted refractory ma-
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Core accretion 
(acreción de núcleo) 
Etapa 1: formación 
del núcleo.  
Experimenta un crecimiento 
descontrolado, y la masa del planeta está 
dominada por el núcleo hasta que se 
acerca a su masa de aislamiento. Esta fase 
es relativamente corta (10^5 años), y la 
formación del núcleo ocurre, por lo tanto, 
en un período de tiempo mucho más corto 
que la vida del disco de gas, que es de 
aproximadamente 1 a 10 millones de años.
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FIG. 29 Illustration of the main stages of the core accretion
model for giant planet formation.

formation is understood, it is clear that current models
do not include all of the ingredients needed to accurately
match Solar System constraints (Raymond et al., 2009).

C. Gas giant formation

The formation of at least the vast majority of known
gas giant planets is thought to occur as a consequence
of core accretion (Bodenheimer & Pollack, 1986; Mizuno,
1980). The core accretion model, which had a lengthy
gestation period leading up to the landmark paper of
Pollack et al. (1996), postulates that the envelopes of gas
giants are accreted subsequent to the formation of a large
core, which is itself assembled in a manner analogous to
terrestrial planet formation.

Core accretion is the most widely accepted theory for
massive planet formation. There is, however, an alterna-
tive model, based on the idea that a massive protoplane-
tary disk might collapse directly to form massive planets
(Boss, 1997; Cameron, 1978; Kuiper, 1951). In this Sec-
tion, we review the physics of these theories in turn. We
also discuss the observational constraints on the di↵erent
theories, which include inferences as to the core masses
of the gas giants in the Solar System and the properties
of extrasolar planetary systems.

1. Core accretion model

The main stages in the formation of a gas giant via core
accretion are illustrated in Figure 29. A core of rock and

/ or ice forms via the same mechanisms that we have pre-
viously outlined for terrestrial planet formation. Initially,
there is either no atmosphere at all (because the poten-
tial is too shallow to hold on to a bound atmosphere),
or any gas is dynamically insignificant. However, as the
core grows, eventually it becomes massive enough to hold
on to a significant envelope. At first, the envelope is able
to maintain hydrostatic equilibrium. The core contin-
ues to grow via accretion of planetesimals (or pebbles),
and the gravitational potential energy liberated as these
solids rain down on the core provides the main source of
luminosity. (In the limiting case where there is no plan-
etesimal luminosity, analyzed in detail by Piso & Youdin
(2014), energy comes instead from Kelvin-Helmholtz con-
traction of the envelope.) This growth continues until
the core reaches a critical mass. Once the critical mass
is reached the envelope can no longer be maintained in
hydrostatic equilibrium. The envelope contracts on its
own Kelvin-Helmholtz time scale, and a phase of rapid
gas accretion occurs. This process continues until (a) the
planet becomes massive enough to open up a gap in the
protoplanetary disk, thereby slowing down the rate of gas
supply, or (b) the gas disk itself is dispersed.
The novel aspect of the core accretion model is the

existence of a critical core mass. Mizuno (1980) used nu-
merical models to demonstrate the existence of a maxi-
mum core mass, and showed that it depends only weakly
on the local properties of the gas within the protoplane-
tary disk. A clear exposition of this type of calculation
is given in, for example, Papaloizou & Terquem (1999).
The simplest toy model that exhibits the key property of
a critical core mass is that due to Stevenson (1982), who
considered the (unrealistic) case where energy transport
is due solely to radiative di↵usion. We reproduce his ar-
gument here. Rafikov (2006) is a good place to start for
understanding more realistic models in which convection
also plays a role.
Consider a core of mass Mcore and radius Rcore, sur-

rounded by a gaseous envelope of mass Menv. The total
mass of the planet,

Mt = Mcore +Menv. (222)

The envelope extends from Rcore to some outer radius
Rout, which marks the boundary between the gas bound
to the planet and the gas in the protoplanetary disk.
Rout may be determined by thermal e↵ects (in which
case Rout ⇠ GMt/c2s, with cs the disk sound speed) or
by tidal considerations (giving an outer radius of rH),
whichever is the smaller. If the envelope is of low mass,
then the largest contribution to the luminosity is from
accretion of planetesimals onto the core. This yields a
luminosity,

L =
GMcoreṀcore

Rcore

(223)

which is constant through the envelope.
If we assume that radiative di↵usion dominates the

energy transport, then the structure of the envelope is
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FIG. 29 Illustration of the main stages of the core accretion
model for giant planet formation.
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tion, we review the physics of these theories in turn. We
also discuss the observational constraints on the di↵erent
theories, which include inferences as to the core masses
of the gas giants in the Solar System and the properties
of extrasolar planetary systems.

1. Core accretion model

The main stages in the formation of a gas giant via core
accretion are illustrated in Figure 29. A core of rock and

/ or ice forms via the same mechanisms that we have pre-
viously outlined for terrestrial planet formation. Initially,
there is either no atmosphere at all (because the poten-
tial is too shallow to hold on to a bound atmosphere),
or any gas is dynamically insignificant. However, as the
core grows, eventually it becomes massive enough to hold
on to a significant envelope. At first, the envelope is able
to maintain hydrostatic equilibrium. The core contin-
ues to grow via accretion of planetesimals (or pebbles),
and the gravitational potential energy liberated as these
solids rain down on the core provides the main source of
luminosity. (In the limiting case where there is no plan-
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planet becomes massive enough to open up a gap in the
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understanding more realistic models in which convection
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Consider a core of mass Mcore and radius Rcore, sur-

rounded by a gaseous envelope of mass Menv. The total
mass of the planet,

Mt = Mcore +Menv. (222)

The envelope extends from Rcore to some outer radius
Rout, which marks the boundary between the gas bound
to the planet and the gas in the protoplanetary disk.
Rout may be determined by thermal e↵ects (in which
case Rout ⇠ GMt/c2s, with cs the disk sound speed) or
by tidal considerations (giving an outer radius of rH),
whichever is the smaller. If the envelope is of low mass,
then the largest contribution to the luminosity is from
accretion of planetesimals onto the core. This yields a
luminosity,

L =
GMcoreṀcore
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which is constant through the envelope.
If we assume that radiative di↵usion dominates the

energy transport, then the structure of the envelope is



Core accretion 
(acreción de núcleo) 
Etapa 2. 
Crecimiento 
hidrostático
El planeta acumula gas del disco, y la envoltura crece en 
equilibrio hidrostático. Sin embargo, la acumulación continua 
de gas requiere que el planeta se contraiga, principalmente 
como resultado del enfriamiento radiativo. Mientras el núcleo 
sólido domina la masa, el planeta solo puede contraerse 
gradualmente (ya que solo la envoltura es compresible), y, en 
consecuencia, la acumulación durante esta fase es lenta. 
Este aumento gradual en la masa del planeta incrementa el 
tamaño de la zona de alimentación, permitiendo la 
acumulación continua de planetesimales (y por lo tanto, la 
masa del núcleo también crece). Esta fase típicamente dura 
alrededor de un millón de años, y termina cuando la masa de 
la envoltura se aproxima a la masa del núcleo.
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formation is understood, it is clear that current models
do not include all of the ingredients needed to accurately
match Solar System constraints (Raymond et al., 2009).

C. Gas giant formation

The formation of at least the vast majority of known
gas giant planets is thought to occur as a consequence
of core accretion (Bodenheimer & Pollack, 1986; Mizuno,
1980). The core accretion model, which had a lengthy
gestation period leading up to the landmark paper of
Pollack et al. (1996), postulates that the envelopes of gas
giants are accreted subsequent to the formation of a large
core, which is itself assembled in a manner analogous to
terrestrial planet formation.

Core accretion is the most widely accepted theory for
massive planet formation. There is, however, an alterna-
tive model, based on the idea that a massive protoplane-
tary disk might collapse directly to form massive planets
(Boss, 1997; Cameron, 1978; Kuiper, 1951). In this Sec-
tion, we review the physics of these theories in turn. We
also discuss the observational constraints on the di↵erent
theories, which include inferences as to the core masses
of the gas giants in the Solar System and the properties
of extrasolar planetary systems.

1. Core accretion model

The main stages in the formation of a gas giant via core
accretion are illustrated in Figure 29. A core of rock and

/ or ice forms via the same mechanisms that we have pre-
viously outlined for terrestrial planet formation. Initially,
there is either no atmosphere at all (because the poten-
tial is too shallow to hold on to a bound atmosphere),
or any gas is dynamically insignificant. However, as the
core grows, eventually it becomes massive enough to hold
on to a significant envelope. At first, the envelope is able
to maintain hydrostatic equilibrium. The core contin-
ues to grow via accretion of planetesimals (or pebbles),
and the gravitational potential energy liberated as these
solids rain down on the core provides the main source of
luminosity. (In the limiting case where there is no plan-
etesimal luminosity, analyzed in detail by Piso & Youdin
(2014), energy comes instead from Kelvin-Helmholtz con-
traction of the envelope.) This growth continues until
the core reaches a critical mass. Once the critical mass
is reached the envelope can no longer be maintained in
hydrostatic equilibrium. The envelope contracts on its
own Kelvin-Helmholtz time scale, and a phase of rapid
gas accretion occurs. This process continues until (a) the
planet becomes massive enough to open up a gap in the
protoplanetary disk, thereby slowing down the rate of gas
supply, or (b) the gas disk itself is dispersed.
The novel aspect of the core accretion model is the

existence of a critical core mass. Mizuno (1980) used nu-
merical models to demonstrate the existence of a maxi-
mum core mass, and showed that it depends only weakly
on the local properties of the gas within the protoplane-
tary disk. A clear exposition of this type of calculation
is given in, for example, Papaloizou & Terquem (1999).
The simplest toy model that exhibits the key property of
a critical core mass is that due to Stevenson (1982), who
considered the (unrealistic) case where energy transport
is due solely to radiative di↵usion. We reproduce his ar-
gument here. Rafikov (2006) is a good place to start for
understanding more realistic models in which convection
also plays a role.
Consider a core of mass Mcore and radius Rcore, sur-

rounded by a gaseous envelope of mass Menv. The total
mass of the planet,

Mt = Mcore +Menv. (222)

The envelope extends from Rcore to some outer radius
Rout, which marks the boundary between the gas bound
to the planet and the gas in the protoplanetary disk.
Rout may be determined by thermal e↵ects (in which
case Rout ⇠ GMt/c2s, with cs the disk sound speed) or
by tidal considerations (giving an outer radius of rH),
whichever is the smaller. If the envelope is of low mass,
then the largest contribution to the luminosity is from
accretion of planetesimals onto the core. This yields a
luminosity,

L =
GMcoreṀcore

Rcore

(223)

which is constant through the envelope.
If we assume that radiative di↵usion dominates the

energy transport, then the structure of the envelope is
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FIG. 29 Illustration of the main stages of the core accretion
model for giant planet formation.
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gument here. Rafikov (2006) is a good place to start for
understanding more realistic models in which convection
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Consider a core of mass Mcore and radius Rcore, sur-

rounded by a gaseous envelope of mass Menv. The total
mass of the planet,
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The envelope extends from Rcore to some outer radius
Rout, which marks the boundary between the gas bound
to the planet and the gas in the protoplanetary disk.
Rout may be determined by thermal e↵ects (in which
case Rout ⇠ GMt/c2s, with cs the disk sound speed) or
by tidal considerations (giving an outer radius of rH),
whichever is the smaller. If the envelope is of low mass,
then the largest contribution to the luminosity is from
accretion of planetesimals onto the core. This yields a
luminosity,
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which is constant through the envelope.
If we assume that radiative di↵usion dominates the

energy transport, then the structure of the envelope is



Core accretion 
(acreción de núcleo) 
Etapa 3. 
Crecimiento 
“runaway”
La envoltura gaseosa domina la masa del planeta, la tasa de 
acreción aumenta drásticamente, y observamos un 
crecimiento descontrolado de la envoltura. Inicialmente, la 
acreción está limitada solo por la velocidad a la que el disco 
puede suministrar gas al planeta, y el crecimiento es muy 
rápido. Esta fase es corta, pero incrementa la masa del 
planeta en un orden de magnitud o más. La acreción runaway 
se detiene por la dispersión del disco de gas, o para planetas 
masivos, la acreción puede ser interrumpida por efectos de 
marea locales (torques del planeta sobre el disco). Una vez 
que la acreción cesa, el "proto-planeta" experimenta una 
contracción gradual de Kelvin-Helmholtz para alcanzar su 
estructura final de equilibrio.
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FIG. 29 Illustration of the main stages of the core accretion
model for giant planet formation.
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do not include all of the ingredients needed to accurately
match Solar System constraints (Raymond et al., 2009).
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or any gas is dynamically insignificant. However, as the
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mum core mass, and showed that it depends only weakly
on the local properties of the gas within the protoplane-
tary disk. A clear exposition of this type of calculation
is given in, for example, Papaloizou & Terquem (1999).
The simplest toy model that exhibits the key property of
a critical core mass is that due to Stevenson (1982), who
considered the (unrealistic) case where energy transport
is due solely to radiative di↵usion. We reproduce his ar-
gument here. Rafikov (2006) is a good place to start for
understanding more realistic models in which convection
also plays a role.
Consider a core of mass Mcore and radius Rcore, sur-

rounded by a gaseous envelope of mass Menv. The total
mass of the planet,
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The envelope extends from Rcore to some outer radius
Rout, which marks the boundary between the gas bound
to the planet and the gas in the protoplanetary disk.
Rout may be determined by thermal e↵ects (in which
case Rout ⇠ GMt/c2s, with cs the disk sound speed) or
by tidal considerations (giving an outer radius of rH),
whichever is the smaller. If the envelope is of low mass,
then the largest contribution to the luminosity is from
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luminosity,
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which is constant through the envelope.
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model for giant planet formation.
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Pollack et al. (1996), postulates that the envelopes of gas
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massive planet formation. There is, however, an alterna-
tive model, based on the idea that a massive protoplane-
tary disk might collapse directly to form massive planets
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viously outlined for terrestrial planet formation. Initially,
there is either no atmosphere at all (because the poten-
tial is too shallow to hold on to a bound atmosphere),
or any gas is dynamically insignificant. However, as the
core grows, eventually it becomes massive enough to hold
on to a significant envelope. At first, the envelope is able
to maintain hydrostatic equilibrium. The core contin-
ues to grow via accretion of planetesimals (or pebbles),
and the gravitational potential energy liberated as these
solids rain down on the core provides the main source of
luminosity. (In the limiting case where there is no plan-
etesimal luminosity, analyzed in detail by Piso & Youdin
(2014), energy comes instead from Kelvin-Helmholtz con-
traction of the envelope.) This growth continues until
the core reaches a critical mass. Once the critical mass
is reached the envelope can no longer be maintained in
hydrostatic equilibrium. The envelope contracts on its
own Kelvin-Helmholtz time scale, and a phase of rapid
gas accretion occurs. This process continues until (a) the
planet becomes massive enough to open up a gap in the
protoplanetary disk, thereby slowing down the rate of gas
supply, or (b) the gas disk itself is dispersed.
The novel aspect of the core accretion model is the

existence of a critical core mass. Mizuno (1980) used nu-
merical models to demonstrate the existence of a maxi-
mum core mass, and showed that it depends only weakly
on the local properties of the gas within the protoplane-
tary disk. A clear exposition of this type of calculation
is given in, for example, Papaloizou & Terquem (1999).
The simplest toy model that exhibits the key property of
a critical core mass is that due to Stevenson (1982), who
considered the (unrealistic) case where energy transport
is due solely to radiative di↵usion. We reproduce his ar-
gument here. Rafikov (2006) is a good place to start for
understanding more realistic models in which convection
also plays a role.
Consider a core of mass Mcore and radius Rcore, sur-

rounded by a gaseous envelope of mass Menv. The total
mass of the planet,

Mt = Mcore +Menv. (222)

The envelope extends from Rcore to some outer radius
Rout, which marks the boundary between the gas bound
to the planet and the gas in the protoplanetary disk.
Rout may be determined by thermal e↵ects (in which
case Rout ⇠ GMt/c2s, with cs the disk sound speed) or
by tidal considerations (giving an outer radius of rH),
whichever is the smaller. If the envelope is of low mass,
then the largest contribution to the luminosity is from
accretion of planetesimals onto the core. This yields a
luminosity,
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which is constant through the envelope.
If we assume that radiative di↵usion dominates the
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Las fases de formación planetaria deben suceder temprano
Resumen de Core Accretion

• Existen varias versiones de la 
teoría, con distintos supuestos, 
pero todas siguen la misma 
historia cualitativa. 


• Unas de las mayores incógnitas 
en estos modelos es la falta de 
conocimiento sobre la opacidad 
del gas, y por ende, se sabe 
poco sobre la estructura termal 
de la envoltura.
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Episodic accretion

Un elemento clave: estrellas eruptivas TTauri
356 Fischer, Hillenbrand, Herczeg, Johnstone, Kóspál, and Dunham

Fig. 1.— Artistic demonstration of how an accreting disk transitions from routine magnetospheric accretion to outburst accretion,
accompanied by a rise in luminosity. Credit: T. Pyle (Caltech/IPAC).

ence large-amplitude accretion outbursts as they form, or
do these require special circumstances? What triggers large
accretion events? What switches them off or temporarily
stops them? How can variability be used to evaluate the in-
stabilities that lead to bursts? How well are we measuring
“accretion luminosity” from monochromatic observations?
How does variability influence chemical or mineralogical
processes that affect the formation of planets?

A wide range of variably accreting sources with diverse
and sometimes unique properties has been discovered, par-
ticularly in the years since Protostars and Planets VI. At
that time (Audard et al. 2014), there was emphasis on two
major classes: The FU Ori stars as major outbursts that last
for decades to centuries and may or may not recur, and the
EX Lup stars as less energetic outbursts that last for months
to about a year and are observed to recur. Ongoing research
shows that the peak luminosity and subsequent evolution of
the lightcurve vary significantly among members of each
class. Additionally, many outbursting YSOs have peculiar
properties and do not fit into these two classical categories,
in terms of their lightcurves or spectroscopic properties.

Outburst types are classified from lightcurves and/or
spectra, but not always consistently. Even stars that are
broadly accepted to be FU Ori outbursts cover a wide range
of luminosities, spanning two or more orders of magnitude.
We discuss and evaluate the (f)utility of the widespread
practice of assigning accretion bursts into a small number
of seemingly non-distinct categories. This is a particularly
important and timely exercise as the parameter space over
which outbursts are detected is expanding, e.g., in time, in
survey volume, and in wavelength.

We begin in §2 by introducing the parameters we wish to
constrain and what is learned from various diagnostics. In
§3, we discuss the ability to understand stellar mass assem-
bly from analysis of protostar luminosities, concluding that
we must look beyond them to distinguish among accretion
models.

In §4, we review what is known about photometric and
spectroscopic variability and its impact on mass accretion.

We discuss typical low-state accretion and stochastic events
in pre-main sequence stars and protostars and review the
literature for large outbursts. We close the section with a
discussion of indirect signatures of outbursts.

In §5, we focus on unresolved issues. We discuss the-
oretical notions as to what causes accretion variability and
what ends outbursts, consider evidence for distinct charac-
teristics of FU Ori type disks, and note that accurate out-
burst rate determination is challenging. We close the section
with a discussion of best practices for follow-up classifica-
tion. We summarize the review in §6.

2. SETTING THE SCENE FOR STUDIES OF MASS
ASSEMBLY

Stars acquire mass initially via the roughly spherical col-
lapse of a fragmented molecular cloud core to form a pro-
tostar, and then through accretion via a disk that persists
well into the optically visible pre-main sequence evolution-
ary phases of the central source. The accretion process at all
stages is observed to be variable in time, as traced by time-
series observations, on a wide range of timescales. The rel-
ative importance of these different accretion states in build-
ing up the central stellar mass, however, is currently poorly
understood. To set the scene for this review, Figure 1 illus-
trates how an accreting disk transitions from routine mag-
netospheric accretion to outburst accretion and is accompa-
nied by a rise in luminosity.

We begin with an overview of what we aim to constrain
when observing accreting YSOs. Observational studies use
complex techniques to extract as much information as pos-
sible from limited data sets, so we first establish what pa-
rameters are most important to measure. We then take a
look at what is learned from various diagnostics, beginning
with the stellar magnetosphere and moving outward to the
circumstellar envelope.

2.1. Physical Parameters to Be Constrained
Given the fundamental stellar parameters of mass M⇤

and radius R⇤ and the evolution of the mass in time under
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decline to 10.~5 by  1956, but photoelectric observations in 1961 (kindly made for 
me by I)r. J. Smak) give a mean m~g ~-- 10.3, reduced approximately to Wachmann's  
scale. Therefore, although the star is certainly fainter now than it was in 1937-47, 
it is not obvious that  a progressive decline is under way. 

The discovery announcement of F U  Ori by WACmVIAN~ (1939) mentioned that a 
small fan-shaped patch of bright nebulosity was present about the star (then at 
mpg = 9.7 and about two years past the initial flare-up), and that  this nebulosity 
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F~c. 2. The photographic light curve of FU Ori at the time of the flare-up; the observations are 
almost entirely by Miss I-IoFFLEIT (1939). Ringed points a,v of higher weight; the points with 

vertical lines are of lower weight. 

had not been present at minimum light. The absence of this small reflection nebula 
prior to the outburst has been confirmed by others, but  it is not possible to establish 
from published information how quickly the nebula appeared after the brightening 
of  the star. The nebula (Figs. 3, 4) has the form of a short, bright bar that  extends to 
about  0.'5 southeast of FU Ori, plus fainter wings 3' to northwest and nearly 5' 
southeast. There can be no doubt  that  F U  Ori and B35 are at the distance of the 

Ori association, about 500 pc, so that  the light signal from FU Ori would propagate 
in the plane of the sky at about 2~l/year. The earliest large-scale photograph of 
the nebula that  has been published (DIECKVOSS, 1939), obtained about 2.1 years after 
the initial rise of FU Ori, shows the nebula precisely as it appears on modern photo- 
graphs of the same scale and exposure level. In particular, Dieckvoss's reproduction 
shows that the bright nebulosity at that  time extended to at least 2:5 from the star, 
which is within the expected radius for the elapsed time. I t  would be of interest to 
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~1 year

Herbig (1966)



Qué causa las erupciones?

Gravitational encounters?
(flybys)

Gravitational Instability?
(clump infall)

Cloudlet accretion? 
Rejuvenating infall?

Dullemond et al. 2019 
Kuffmeier et al. 2018

Simulation by Daniel Price

Vorobyov & Basu (2005, 2006, 2008) 
Zhu (2007, 2012)

See Cuello et al. (2023) PPVII review

All these are likely at play during the youth of a star



Does Gravitational Instability actually play a role for planet formation?

Does Gravitational Instability actually play a role for FUor outbursts?

Clump formation and migration (Zhu et al. 2012)

Predicted mm emission



ESO, N. Risinger (skysurvey.org), DSS, ESO/ALMA (ESO/NAOJ/NRAO)/Weber et al. 
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