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Discs or Disks? 
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Circumstellar accretion discs 

UC Riverside – 31 March 2003 

  Formed during the gravitational collapse of a gaseous molecular cloud core (Shu 1977; 
Tereby, Shu & Cassen 1984; Whitworth & Summers 1985; Masunaga & Inutsuka 2000). 

Class 0 

T ~ 104 years 

R ~ 104 AU 

dM/dt ~ 10-5 M �/yr 

Class I 

T ~ 105 years 

R ~ 103 AU 

dM/dt ~ 10-6 M �/yr 

Class II/TTauri 

T ~ 106 years 

R ~ 100 AU 

dM/dt ~ 10-8 M �/yr 
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Protoplanetary accretion discs 

UC Riverside – 31 March 2003 

 Direct observations. 

  Indirect observations 

– infrared excess. 

Spectral energy distribution (SED) 



Disc Lifetimes and  Masses 
 Existence of a disc can be inferred 

from the infrared (IR) excess 

 Observations suggest disc  lifetimes 
of about 5 million years or less. 

 Gas vs dust? (see later talk by 
Christophe Pinte)  

  

Haisch, Lada & Lada 2001 

Greaves & Rice (2011) – Data taken from 
Rodríguez et al. (2005), Enoch et al. 
(2009), Jorgensen & van Dishoek (2010), 
Ward-Thompson et al. (2011)…  
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 Disc mass decreases from Class o 
through to Class II 
 Can be substantial during Class 0 

phase. 
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Accretion discs - general properties 

UC Riverside – 31 March 2003 

  Orbits ~ Keplerian 

  Velocity shear 

  “Viscous” interactions transfer angular momentum outwards and mass 
inwards, allowing matter to accrete onto the central object – accretion disk. 

  Viscosity cannot be molecular.  Instabilities! 

—  Magneto-rotational instability (Balbus & Hawley 1992; Nelson & 
Papaloizou 2003) - differential rotation (warm/hot, ionized) 

—  Gravitational instability (Lin & Pringle 1987; Laughlin & Bodenheimer 
1996; Balbus & Papaloizou 1999; Lodato & Rice 2004) - high mass, 
cold. 



“Classical” α discs 
  Shakura & Sunyaev (1973) suggest disc 

viscosity has the form  

  Accretion disc can be evolved in 1-D using 
(Lynden-Bell & Pringle 1974, Pringle 1981) 

  produces mass accretion at a rate 

  generates dissipation in the disc at a rate per unit 
area per unit time  
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Gravitational Instabilities 
  An accretion disc is gravitationally unstable if (Toomre 1964) 

€ 

Q =
csΩ
πGΣ

≈ 1 Q ~ 1 in young protostellar discs 

Cardiff – 22 November 2006 

  The evolution of a self-gravitating disc is determined by the balance between 
heating and cooling (Gammie 2001; Rice et al. 2003) 

  Given that                 ,  in thermal equilibrium we would then have 
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Self-gravitating discs can behave like a viscous α-discs (Balbus & Papaloizou 
1999; Gammie 2001; Lodato & Rice 2004). 
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Quasi-steady self-gravitating discs (I) 
  In a “realistic” disc, can estimate optical depth using standard opacities (Bell & Lin 

1994)  

 Using Q =csΩ/πGΣ ~ 1, cooling rate can then be estimated (Hubeny 1981) 

 Can then determine the cooling time and hence the effective gravitational viscosity 
(Clarke 2009). 

 Can then evolve in time using 1-D disc equations (Rice & Armitage 2009) or… 

 Use        to determine the quasi-steady nature of these  
 discs (Clarke 2009).    
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Quasi-steady self-gravitating discs (II) 

Steep surface density 
profile with lots of mass in 
the inner disc. 

Q ~ 1 then implies very 
hot inner disc (T > 1000 
K) – ionised? - crystalline 
silicates? 

Optically thick inner disc 
means very inefficient 
cooling and hence very 
small α values. 



FU Orionis Outbursts 
  Rapid (~ 1 year) rise in luminosity 

  Requires that it must originate within a few AU of the 
star 

  Rapid accretion for ~ 100 years 
  Requires ~ 0.01 Solar masses within a few AU of the star 

  Self-gravitating outer disc plus inner MRI disc (when 
hot enough) can reproduce these outbursts (Armitage, 
Livio & Pringle 2001; Zhu, Hartmann & Gammie 
2009) 
  Requires infall (Vorobyov & Basu 2006)  
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Zhu et al. 2009 

ESO/DSS 

Hartmann & Kenyon 1996 



Luminosity problem 

  Accretion at 10-5 Myr-1 onto a 1 M protostar 
with radius ~ 0.02 AU should produce a 
luminosity of ~ 100 L. 

  Typically luminosities observed to be ~ 1 L (Kenyon 
et al. 1990). 

  An outer self-gravitating discs plus inner MRI 
disc producing episodic outbursts could solve 
this problem (Stamatellos, Whitworth & Hubber 
2011; Baraffe, Vorobyov & Chabrier 2012) 
  Quasi-steady self-gravitating accretion into ~ 1 AU 90% 

of the time produces luminosities ~ 1 L. 
  Outbursts that drain the inner disc produce luminosities 

up to ~ 100 L.  
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Dunham & Vorobyov 2012 



Layered accretion 
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Armitage, Livio & Pringle 2001 

 Accretion rate in self-gravitating discs has a 
very strong dependence on disc mass. 
 < 10-7Myr-1 for 100 AU disc with mass      

~ 0.5 M. 

 Suggests alternative transport mechanism 
may start to dominate when disc mass still 
quite high 
 MRI in layers (Gammie 1996; Armitage, 

Livio & Pringle 2001). 
 MRI in the layers dominates as disc mass 

decreases.  

Forgan & Rice (2011) 

See later talk by Subhanjoy Mohanty 



Alexander, Clarke & Pringle 2006 

Disc dispersal 
  A disc evolving only through viscosity will 

have a lifetime much greater than observed. 
  Requires a dispersal mechanism at late times 

  Could be photoevaporation through FUV and EUV 
photons from the central star (Hollenbach et al. 
1994; Alexander, Clarke & Pringle 2006) 
  Dispersal very rapid (Clarke, Gendrin & 

Sotomayer 2001) 

  Recent work (Ercolano, Clarke & Drake 2009; 
Owen, Ercolano & Clarke 2010) suggest that 
x-rays dominate. 

  Produces an inner hole (near-IR deficit). 
  Transition discs! 
  Alternative/additional mechanism - gap 

opening by planets! 
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Armitage 2007 

See later talk by Barbara Ercolano 



Disc fragmentation 
  In regions where cooling is extremely rapid, discs 

may undergo fragmentation into bound objects. 
  Thought to require              (Gammie 2001) 
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€ 

t cool < 3Ω−1

 The relationship between α and cooling time is 

 Varying the equation of state (γ) suggests that 
fragmentation requires α > 0.06 (Rice et al. 2005). 
  Some suggestion that some of these simulations don’t 

converge (Meru & Bate 2011) 
 Convergence issue may be numerical rather than 

physical (Lodato & Clarke 2011; Rice, Forgan & 
Armitage 2012; Scott et al. 2012). 
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Fragmentation 

Quasi-steady state 



Fragmentation region 
  Fragmentation requires α > 0.06 

  Only really satisfied in the outer parts of 
protostellar discs (Matzner & Levin 
2005; Rafikov 2005; Whitworth & 
Stamatellos 2006; Stamatellos & 
Whitworth 2008) 
  Exact radius may be uncertain, but 

fragmentation inside 10 AU would 
require collapse of tiny perturbations 
(Cossins, Lodato & Clarke 2009) 

  Consistent with numerical simulations 
(e.g., Stamatellos & Whitworth 2009) 
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Fragmentation boundary 

Movie courtesy of Dimitris Stamatellos  



Fragment masses 
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  The initial masses of the fragments 
can be estimated using the Jeans mass 
(Nero & Bjorkman 2009; Kratter et 
al. 2010) 

  Typical fragment masses > 1 Mjup 
(Forgan & Rice 2011) 

  This is qualitatively consistent with 
numerical simulations. 
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Evidence for fragmentation 
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Emission consistent with 
20 MJup object at ~ 60 AU 
(not confirmed in the mm 
by Woojin et al 2011)  

HL Tau 

Marios et al. 2008 

HR8799 

 Could be due to fragmentation in 
outer disc (Kratter et al. 2010). 
 Masses a little lower than 

expected. 
 Orbital radii a little smaller 

than expected. 

Greaves et al. 2008 



Low-mass IMF 
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Lodieu, Deacon & Hambly 2012 

 Low-mass IMF in the Pleidaes is 
lognormal between 0.6-0.3 M. 

 Below 0.3 M deviates from log-
normal. 
 Could be systematic errors in the 

evolutionary models at young ages 
(Lodieu, Deacon & Hambly 2012) 

  Intriguing that it does coincide with 
the kinds of masses expected from 
disc fragmentation! 



Tidal downsizing 
  Current understanding of fragmentation in 

discs suggests cannot play a role in planet 
formation! 

  Tidal downsizing (Nayakshin 2010) 
 > Jupiter-mass object forms by 

fragmentation in outer disc 
 Rapidly migrates inwards (Cha & 

Nayakshin 2010;  Barutaeu et al. 2011) 
 Dust settles to core 
 If contraction slower than migration, 

outer layers tidally stripped to form 
lower-mass planets. 
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Nayakshin 2011 



Conclusions 
  Circumstellar discs form through the collapse of molecular cloud cores. 

  During early times may have an outer self-gravitating disc and an inner disc that may undergo 
outbursts driven by MRI 
  FU Oris 
  Luminosity problem 

  Self-gravitating accretion rate has strong mass dependence 
  Layer discs 

  Fragmentation may occur, but only at large radii (r > 50 AU) 
  Massive planets or brown dwarfs 
  Tidal downsizing! 

  Global magnetic fields? 
  May play an important role in angular momentum transport and fragmentation (Hennebelle et al. 2011) 
  See later talks by Marc Joos and Daniel Seifried 

Labyrinth of Star Formation 6/18/12 


