


Gravitational fragmentation of discs Gravitational fragmentation of discs 
can form can form starsstars with masses with masses 

from ~3 Mfrom ~3 MJ  J  to ~200 Mto ~200 MJJ (0.2M(0.2M¤¤))



§ Stars

Objects formed by gravitational instability on a dynamical timescale (a 
few thousand years)

Low-mass H-burning stars : 80 MJ < m < 300 MJ

Brown dwarfs: 13 MJ < m < 80 MJ

Planetary mass objects: m < 13 MJ

Extremely low-mass stars (ELMS)

§ Planets

Objects formed by core accretion on a timescale of a few million years

Defining stars, brown dwarfs 
and planets

Defining stars, brown dwarfs 
and planets



5000 AU

600 AU

The formation of brown dwarfs
(and low-mass stars)

The formation of brown dwarfs
(and low-mass stars)

§ turbulent fragmentation of molecular clouds 

Padoan & Nordland 2002;
Bate et al. 2003; Goodwin et al. 2004

§ premature ejection of protostellar embryos 

Clarke & Reipurth, Bate et al. 2003;
Goodwin et al. 2004 

§ disc fragmentationdisc fragmentation

Whitworth & Stamatellos 2006, A&A
Stamatellos, Hubber & Whitworth 2007, MNRAS
Stamatellos & Whitworth 2009, MNRAS



Discs, the birthplace of stars, 
brown dwarfs and planets

Discs, the birthplace of stars, 
brown dwarfs and planets
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brown dwarfs and planets



Discs, the birthplace of stars, 
brown dwarfs and planets

Discs, the birthplace of stars, 
brown dwarfs and planets



Criteria for disc fragmentationCriteria for disc fragmentation

(i) Toomre criterion (Toomre 1964)

Disc must be massive enough

(ii) Gammie criterion (Gammie 2001; Rice et al. 2003)

Disc must cool on a dynamical timescale



Computational method: Smoothed Particle 
Hydrodynamics with radiative transfer

Computational method: Smoothed Particle 
Hydrodynamics with radiative transfer

§ Realistic cooling + heating

§ Capture thermal inertia effects

§Modest computational cost (+3%)

§ Dust & gas opacities

• Ice mantle melting
• Dust sublimation
• Molecular opacity
• H- absorption
• B-F/F-F transitions

§ Equation of state

• Vibrational & rotational

degrees of freedom of H2

• H2 dissociation

• H ionisation
• Helium first and second ionisation



Can hot Jupiters form 
by disc fragmentation ?
Can hot Jupiters form 

by disc fragmentation ?

The disc does not fragment 
because it   it is too hot (Q>1)

§Most of the exoplanets observed are “hot Jupiters”, i.e. 
relative   massive planets orbiting very close to the parent star.

Ambient heating: Text=10K Stellar heating: Text~R-1

The disc does not fragment because 
it cannot cool fast enough (tcool>3? -1)

ü Hot Jupiters cannot form in-situ by disc fragmentation

50 AU



Stamatellos & Whitworth 2009, MNRAS

Fragmentation in the outer disc regionsFragmentation in the outer disc regions

üMassive, extended discs are 
rare, but they do exist (e.g. 
Eisner et al. 2005; Eisner & 
Carpenter 2006; Rodriguez et 
al. 2005).

üWe argue that they could be 
more common but they quickly 
fragment (within a few 
thousand years).

Movie available at
http://www.astro.cf.ac.uk/pub/Dimitrios.Stamatellos



100 AU100 AU

300 AU

Simulations of disc evolution
with stellar irradiation

Simulations of disc evolution
with stellar irradiation



Disc fragmentation: The typical outcome 
of an ensemble of 12 simulations

Disc fragmentation: The typical outcome 
of an ensemble of 12 simulations

200-2000AU

1-20 AU

20-1000 AU



Stamatellos & Whitworth 2009, MNRAS

an ensemble of 12 
simulations producing 

96 stars in total

Properties of ELM stars formed by disc 
fragmentation: Formation radius

Properties of ELM stars formed by disc 
fragmentation: Formation radius

ü Fragments form outside 70 AU from the central star



Brown
dwarfs

Low-mass stars

Planemos

an ensemble of 12 
simulations producing 

96 stars in total

Properties of ELM stars formed by disc 
fragmentation: Mass distribution

Properties of ELM stars formed by disc 
fragmentation: Mass distribution

Stamatellos & Whitworth 2009, MNRAS

ü Most of ELMS are brown dwarfs (67%). 
ü The rest are H-burnings stars (30%) and planemos (3%).



Properties of ELM stars formed by disc 
fragmentation: Ejection velocities

Properties of ELM stars formed by disc 
fragmentation: Ejection velocities

Stamatellos & Whitworth 2009, MNRAS

üMost of ELMS are ejected in field  (30% of H-burning 
stars, 65% of brown dwarfs and 100% of planemos)



üü Most of the brown dwarfs form with discs. Most of the brown dwarfs form with discs. 

Size distribution of brown dwarf discsSize distribution of brown dwarf discsMass distribution of brown dwarf discsMass distribution of brown dwarf discs

Stamatellos & Whitworth 2009, MNRAS

Properties of ELM stars formed by disc 
fragmentation: Brown dwarf discs

Properties of ELM stars formed by disc 
fragmentation: Brown dwarf discs

§§ We predict that brown dwarfs that are companions to SunWe predict that brown dwarfs that are companions to Sun--like stars like stars 
are more likely to have discs than brown dwarfs in the field.are more likely to have discs than brown dwarfs in the field.



1. The formation of 
“free-floating planets”
1. The formation of 
“free-floating planets”

ü Planetary-mass objects (e.g. Lucas & 
Roche 2000; Zapatero Osorio et al. 2000) 
are formed with this mechanism and 
subsequently liberated in the field to 
become “free-floating planets”.

üWe predict that brown dwarfs 
outnumber planemos by a factor of ~10



time ~   5000 yr 
(formation radius)

§ There are many planets and low-mass stars close (<5 AU) companions to Sun-like stars, but 

almost no brown dwarfs (Marcy & Butler, 2000) .

§ The brown dwarf desert may extend out to ~1000 AU (Gizis et al. 2001)  but is less “dry” of 

brown dwarfs  outside ~50 AU (Neuhauser et al. 2003).

§ There are many planets and low-mass stars close (<5 AU) companions to Sun-like stars, but 

almost no brown dwarfs (Marcy & Butler, 2000) .

§ The brown dwarf desert may extend out to ~1000 AU (Gizis et al. 2001)  but is less “dry” of 

brown dwarfs  outside ~50 AU (Neuhauser et al. 2003).

an ensemble of 12 
simulations 

producing 96 stars in 
total

2. The brown dwarf desert: 
where did the brown dwarfs go?

2. The brown dwarf desert: 
where did the brown dwarfs go?



§ There are many planets and low-mass stars close (<5 AU) companions to Sun-like stars, but 

almost no brown dwarfs (Marcy & Butler, 2000) .

§ The brown dwarf desert may extend out to ~1000 AU (Gizis et al. 2001)  but is less “dry” of 

brown dwarfs  outside ~50 AU (Neuhauser et al. 2003).

§ There are many planets and low-mass stars close (<5 AU) companions to Sun-like stars, but 

almost no brown dwarfs (Marcy & Butler, 2000) .

§ The brown dwarf desert may extend out to ~1000 AU (Gizis et al. 2001)  but is less “dry” of 

brown dwarfs  outside ~50 AU (Neuhauser et al. 2003).

2. The brown dwarf desert: 
where did the brown dwarfs go?

2. The brown dwarf desert: 
where did the brown dwarfs go?

time ~   20000 yr



time ~ 200000 yr

§ There are many planets and low-mass stars close (<5 AU) companions to Sun-like stars, but 

almost no brown dwarfs (Marcy & Butler, 2000) .

§ The brown dwarf desert may extend out to ~1000 AU (Gizis et al. 2001)  but is less “dry” of 

brown dwarfs  outside ~50 AU (Neuhauser et al. 2003).

§ There are many planets and low-mass stars close (<5 AU) companions to Sun-like stars, but 

almost no brown dwarfs (Marcy & Butler, 2000) .

§ The brown dwarf desert may extend out to ~1000 AU (Gizis et al. 2001)  but is less “dry” of 

brown dwarfs  outside ~50 AU (Neuhauser et al. 2003).

2. The brown dwarf desert: 
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2. The brown dwarf desert: 
where did the brown dwarfs go?



3. The binary properties 
of low-mass objects

3. The binary properties 
of low-mass objects

§ 13 binaries form and 4 of these binaries are ejected in the field, including 
both close and wide binaries.

§Low-mass binary fraction of 16%. 

§Most of the binaries (55%) have components with similar masses (q>0.7).

§ BDs companions to Sun-like stars are more likely to be in binaries (binary 
frequency 25%) than BDs in the field (binary frequency 8%).

§We predict that of the binaries remaining bound to the central star, the total 
mass of the binary tends to decrease with distance from the central star.

ü Close and wide brown dwarf - brown dwarf and brown 
dwarf -“planet” binaries are  quite common outcome of disc 
fragmentation, and they may also liberated in the field.

Taurus- Auriga <20% (Kraus et al. 2006)
Chamaeleon I 5-20% (Ahmic et al. 2007)
Field 10-20% (Gizis et al. 2003)

(Burgasser et al. 2007)

(Burgasser et al. 2005)



Chauvin et al. 2005

25 MJ

5-8MJ

Core accretion model Mp<5Mearth
(Payne & Lodato 2007)

3. The binary properties 
of low-mass objects

3. The binary properties 
of low-mass objects



Observing the early stage 
of fragmenting discs

Observing the early stage 
of fragmenting discs

Maury et al., in prep

Maury et al., in prep



ConclusionsConclusions

§ Discs can fragment at R>50-70 AU to form extremely 
low-mass stars (planetary-mass objects, brown dwarfs 
and low-mass hydrogen burning stars).

§ This model reproduces the brown dwarf desert and the 
binary properties of low-mass objects.

§ As one disc can produce ~ 4-7 low-mass objects, it may 
only be necessary for less than ~ 20% of discs around 
Sun-like stars to undergo fragmentation (Walch et al. 
2009 find that 10% of discs fragment) in order to supply 
most the observed brown dwarfs and a significant 
fraction of low-mass H-burning stars.


