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BD formation: gravitational collapse versus disk fragmentation

BDs form as stars via the scaled-down version of low-
mass star formation with shock-compression or photo-
erosion of starless cores needed to attain desired 
densities (Padoan & Nordlung 2004; Hennebelle & 
Chabrier 2008, 2009; Whitworth Zinnecker 2004; Bate 
2009, 2012)

BDs form as giant planets via disk gravitational 
fragmentation (Stamatellos & Whitworth 2009; 
Thies et al. 2010; Bate 2009, 2012; Basu & 
Vorobyov 2012; Vorobyov 2013)
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Typical densities:

• Giant molecular clouds ~ 102 - 103 cm-3

• Pre-stellar cores           ~ 104 - 106 cm-3

• Protostellar disks ~ 109 - 1011 cm-3



Large-scale simulations of collapsing turbulent clouds

• Salpeter-type slope at high mass

• Low-mass turnover

• Fewer BDs than stars (BDs : Stars = 1 : 3.8)

• 1/5 of BDs are formed via disk fragmentation; the rest 

4/5 via fragmentation of cores and filaments.

Similar results found by Offner et al (2009)



Two major caveats of large-scale simulations:
1. Resolution is low, may not be sufficient to correctly simulate disk fragmentation. Bate (2012) 

simulations employ 35 M particles. For ~ 200 resolved objects, the effective number of particles 

per object+disk is = 175 000. Taking into account the intracluster medium, this number is 

probably much smaller. The simulations of individual protostellar disks by Stamatellos et al 

(2011) employ 1.0 M particles. The same with grid-based codes: global simulations of Offner et 

al (2009) have effective resolution of 4 AU, while simulations of individual cores by Basu & 

Vorobyov (2010) have resolution of < 1.0 AU at r < 100 AU. 

2. Accretion rates onto the protostars are smooth and continuous.  There is growing evidence that 

protostellar accretion may be episodic (Kenyon et ql. 1990; Vorobyov & Basu 2005,2006, 2010; 

Zhu et al. 2009, 2010; Machida et al. 2011).

The main conclusion from Bate (2012) and Offner et al. (2009) simulations –

– radiative feedback from protostars largely suppresses disk fragmentation

Vorobyov & Basu (2010)Offner et al. (2009)



Models with episodic bursts spend most time 

in the low-luminosity mode



Gravitational instability  and fragmentation 

of protostellar disks



Prerequisites for disk fragmentation

Two main conditions:

1. Toomre parameter Q ≤ 1.0 , Q = Ω cs / (πGΣ)

2. Sufficiently fast cooling  (Ω * tc < 3 - 5)

Consequences:
• sufficiently massive disks (> 0.07 Солнечных масс) 

• sufficiently large disks, fragmentation is suppressed at r < 50 AЕ

• sufficiently massive parental cores (> 0.5 - 0.7 Msun)

• ratio of rotational to gravitational energy in cores >  0.25-0.5%
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Vorobyov (2013)

Stamatellos & Whitworth (2009)

Caveats of previous disk fragmentation models:
1. Premature substitution of sink particles (ρ=10-10-10-9 g cm-3).
2. Short integration times (a few x104 yr).

3. No disk infall from the collapsing core (T Tauri stage).



Model of an accreting protostar and protostellar disk

Central star

Inner inflow boundary

(sink cell ~ 5 AU)

Jets
(~10% of accreted mass)

Magnetic fields

stellar evolution code of 

Baraffe & Chabrier. 
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The fate of the fragments. 

I. Fast inward migration

(Vorobyov & Basu 2005, ApJL; Vorobyov & Basu 2006, 2010, ApJ)



Migration of fragments onto the protostar and the mass accretion bursts

Face-on view of the disk

Black regions – infalling envelope 

(off scale)

Mass accretion rate at 5 AU

10-5 М
�

/ year

Vorobyov & Basu (2006, 2010)

Initial core mass = 1.0 Msun



Migrating fragments in other models

Full 3D numerical hydrodynamics simulations starting

from pre-stellar cores but limited in time scope (≤ 105 yr)

Machida, Inutsuka, Matsumoto 2011, ApJ, 729, 42

See also Cha & Nayakshin (2011, MNRAS, 415, 3319) and Zhu et al. (2012, ApJ, 746, 111)



Γin = r × Fin > 0

Γout = r × Fout < 0

r
F in

Fout

Gravitational torques from 

spiral arms drive fragments 

onto the protostar

if  Γin+ Γout < 0

or 

if  ΓΓΓΓin < abs(ΓΓΓΓout)

Loss of angular momentum and inward migration of fragments
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Fragments may stay in the disk for as long as ΓΓΓΓin > abs(ΓΓΓΓout). Accretion from the envelope   
onto the disk outer region triggers inward migration of the fragment when the torque from  

the outer spiral starts to exceeds that of the inner spiral. 



Γin = r × Fin > 0

Γout = r × Fout < 0
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Fragments may stay at quasi-

stable orbits for as long as      

ΓΓΓΓin > abs(ΓΓΓΓout)

Survival of fragments
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Fragments that form in (or survive to) the phase when the infall onto  the disk diminishes 

may open a gap in the disk and settle on a stable orbit (Vorobyov & Basu 2010; Kratter et al. 2010)



II. Formation of massive giant planet and 
brown dwarfs on wide orbits

(Vorobyov & Basu 2010, ApJ; Vorobyov 2013, A&A)



Mcore = 1.2 M�
; β = 0.88%

end of the main 
accretion phase 

Many fragments formed, 

only one survived …

Mfr ≈ 43 MJup; rfr ≈ 180 AU; ε = 0.04
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Migration timescale is comparable to 
or longer than the disk lifetime



Six models (out of >60) showing the formation of brown dwarfs and giant planets

Maximum eccentricity of the orbits is 0.07



modeling preliminary conclusions

Object mass 3.5 – 43 MJup
• More massive BDs are likely to form via 
core/filament fragmentation or core 
compression/photo-erosion??? 
• Disks do not grow massive enough to form 
upper mass BDs and VLM stars?

Orbital distance 178 – 415 AU • The lack of BDs at small r – in agreement 
with the BD desert
• very wide separation BDs (>500 AU) are 
likely to form via core/filament fragmentation 
(Offner et al. 2009; Bate 2012) because disks 
do not grow to radii > 500 AU.

Mass 
of the host star

0.75 – 1.2 M
�

• Formation of LMS-BD pairs via disk 
fragmentation is unlikely because disks around 
LM stars have insufficient mass to fragment …
• LMS-BD pairs are likely to form via 
core/filament fragmentation (Bate 2012).

Comparison of models and observations

Disk fragmentation predicts very low frequency of BD companions to stars ≈ 3% (2 models 

out of more than 60). In agreement with McCarthy & Zuckerman (2004), who found that the 

frequency of wide brown dwarfs to G, K, and M stars between 75-300 AU is 1% ±1%.



Formation of freely-floating brown dwarfs
(Basu & Vorobyov 2012)



Three-body gravitational interaction in the disk

If fragments come sufficiently close to each other while orbiting the central 

protostar, the lest massive companion may get ejected from the disk via 

three-body gravitational interaction

fr1

fr2

fr2

fr1



(Mcore = 0.9 M
����

and ββββ = 0.013)

-500

0

500

R
a
d
ia

l 
d
is

ta
n
c
e
 (

A
U

)
0.12 Myr 0.20 Myr

0.25 Myr 0.26 Myr 0.27 Myr

-500 0 500

-500

0

500

0.37 Myr

-500

0

500

0.05 Myr

-500 0 500

Radial distance (kpc)

0.5 Myr

-1.5-1-0.500.511.522.53

-500 0 500

1.0 Myr

Time evolution of a fragmenting disk

No fragmentation is seen

after t=0.26 Myr.

Each panel has size of
2400 x 2400 AU. The whole 
computational domain is 10 times 
larger.
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The ejected fragment is surrounded by an envelope or mini-disk, the mass of which 

amounts to half of the total mass of the ejecta (0.15 M�). The ejected velocity is 

three times greater  than the escape speed.
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Ejection of a fragment from the protostellar disk



Attempted ejection of a wide BD-BD pair

The first fragment dispersed; 
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Fragmentation in the disk around a massive ejected fragment produces 

a wide (~500 AU) BD-BD pair, but one of the companions disperses to form 

an extended disk around the survived fragment (total ejected mass – 0.08 M
�

)



A hybrid scenario for brown dwarf/very-low-mass star formation: ejection of 
fragments from protostellar disks followed by cooling and contraction to stellar
densities, i.e. ejection of proto-BD embryos rather than finished BDs

• Predicts the existence of freely floating proto-BD cores (Luhman et al. 2007; Andre et al 

2012). 

• No high-velocity ejections (v>>1.0 km/s) due to large sizes (~ AU) of the fragments, 

in agreement with observations.

• Number of ejections is roughly 1 for every 10 stars (for Kroupa IMF). Somewhat 

underestimates the ratio BDs to stars, 1 : 5 (Luhman et al. 2007).

• Decreased efficiency of ejection for low-mass fragments (>40 MJup) due to their tidal 

dispersal. In agreement with the IMF turnover in the BD mass regime.

• BDs formed via the ejection of fragments are likely to harbour disks.

• Attempted ejection of a wide BD pair (~500) AU separation, but fragments dispersed. 

• Difficult to produce close BD-BD (or VLMS-BD) pairs due to the large size of the 

fragments (~10-40 AU).

0.025 – 0.17 M
�

Estimated mass of 
ejected object 

Star mass Total ejected mass ejection velocity

0.31 – 1.05 M
�

0.05 – 0.34 M
�

0.44 – 1.2 km s-1



The fragmentation/ejection/companion formation diagram

values in parentheses -> (disk radius [AU], disk mass (Msun))



Key results for disk fragmentation models

• INFALL OF FRAGMENTS onto the protostar can account for FU Ori outbursts. 

• EJECTION OF FRAGMENTS can account for freely floating brown dwarfs and very 

low-mass stars. 

1. Can explain the existence of  proto-BD cores, no high-velocity ejections, 

2. Somewhat underestimates the number of BDs to stars and has difficulty with  

explaining compact (and perhaps wide) BD-BD pairs. 

3. Defining characteristics – likely presence of circum-BD disks and envelopes

• SURVIVAL OF FRAGMENTS can account for massive giant planets and brown 

dwarfs on wide orbits.

1. The lack of BDs at small r – in agreement with the BD desert

2. Cannot produce very wide separation BDs (>500 AU) due to limited radius of  

protostellar disks

3. Cannot produce BDs around low mass stars (<0.7 M
�

) due to insufficient disk   

mass for fragmentation.

• ALMA can detect fragments with mass as low as 2 MJup at orbital distances 

50 AU in star-forming regions at a distance of 250 pc (Olga Zakhozhay talk)!

Numerical simulations have been performed on the SHARCNET, ACEnet, VSC-2, 
and the Institute of Astronomy clusters


