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Theory: Gammie, 1996; Sano et 
al., 2000; Fromang et al., 2002; 
Semenov et al., 2004; Ilgner & 
Nelson, 2006; Bai & Goodman, 
2009; Turner & Drake, 2009; 
Perez-Becker & Chiang, 2011a,b. 

Simulations: Fleming & Stone, 
2003; Turner et al. 2007; Ilgner & 
Nelson, 2008; Turner & Sano, 
2008, Oishi & Mac Low, 2009. 

  PPDs are observed to be rapidly accreting with accretion rate on 
the order of                       . 

  Accretion is generally considered to be driven by the magneto-
rotational instability (MRI). 

  PPDs are very weakly ionized: MRI is less efficient and may even 
be suppressed. 

10−8M⊙ yr−1



MMSN 

Chemistry in PPDs 

UMIST database + grain reactions: 266 species, 4513 reactions 

(Bai & Goodman, 2009; Bai, 2011a) 
Assume single sized grains with standard abundance (1% in mass)  
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charged grains 

TX=5keV, LX=1030erg/s 

MMSN 

3 



Non-ideal MHD effects in weakly ionized gas 

βi � |βe|� 1 : , both e- & ions coupled to the neutrals 

βi � 1� |βe| : , e- coupled to B, ions coupled to neutrals 

1� βi � |βe| : , both e- & ions coupled to B. 

Dense 
Weak B 

Sparse 
Strong B 

(Wardle, 1999) Ohm’s law is anisotropic, with conductivity 
set by the Hall parameter: 

∂B

∂t
= ∇× (v ×B)−∇×

�
4πη
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J +
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cγρρi

�
The resulting induction equation in the limit βi << |βe| reads: 
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Non-ideal MHD regimes in PPDs 

Green = AD 
Blue    = Hall 
Red    = Ohmic 
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Disk model: MMSN 

β = 1
(Pmag = Pgas)

Total Elsasser 
number Λtot=1 
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Criteria for sustained MRI turbulence 

  The non-ideal effects are characterized by the Elsasser number. 
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Λ =
v2

A

ηΩ
For Ohmic resistivity: 

Require              for sustained MRI turbulence. Λ > 1 (Turner et al. 2007, 
Ilgner & Nelson, 2008) 

For Hall effect: 

Simulations including both Hall and Ohmic show that 
Hall does not change the saturation level by much. (Sano & Stone, 2002a,b) 

Am =
v2

A

ηAΩ
=

γρi

Ω
For ambipolar diffusion: 

? Hawley & Stone (1998) studied this effect in the two-fluid 
limit, which does NOT apply in PPDs. 
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MRI simulations with ambipolar diffusion 
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Parameters: 
•  Am: strength of AD 
•  Net vertical & toroidal magnetic flux 

Measure: 

α =
�ρvxv�

y� − �BxBy�/4π

P0

�β� =
�

P0

B2/8π

�

x 

y z 
To the Star 

Unstratified shearing box simulations 
with resolution of 64 cells per H. 

Numerical tool: the Athena MHD code. 

Am=1 (Bϕ/Bz=4) 

(current density) 

(Bai & Stone, 2011) 



Correlation between α and <β> 

< β >≈ 1
2α

Remarkable correlation 
regardless of magnetic 
geometry! 

<β>: the ratio of gas to 
magnetic pressure at 
the saturated state of 
the MRI turbulence 
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(Bai & Stone, 2011) 
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Permitted regions of the MRI 
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   At a given Am, there 
exists βmin, below which 
the field is too strong to 
support MRI turbulence 

β ≥ βmin (Am) 

Criterion for sustained 
MRI turbulence: 

Useful for identifying MRI 
active regions in PPDs  
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(Bai & Stone, 2011) 



Permitted regions of the MRI 

10 

   At a given Am, there 
exists βmin, below which 
the field is too strong to 
support MRI turbulence 

β ≥ βmin (Am) 

Criterion for sustained 
MRI turbulence: 

Useful for identifying MRI 
active regions in PPDs  

< 
   

> 
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(Bai & Stone, 2011) 



Required magnetic field for PPD accretion 

If a steady-state accretion is solely driven by the MRI, we have  

Take the thickness of the active layer to be H, we have  

ṀΩr2 = 2πr2

�
dz · αPgas ≈ πr2

�

active
dz · Pmag

angular momentum 
conservation 

α ≈ 1/2β 
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(Bai & Goodman, 2009; Bai, 2011a) 
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MRI permitted region in PPDs 
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log10(Am) 

Λ=1 

In Ohmic regime, require 

In the AD regime, require 

β ≥ βmin(Am) 

Λ ≥ 1 

β=1 
β=100 

MRI permitted region 

(Bai, 2011a) 
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Predicted MRI-driven Accretion Rate 
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   Optimistically predicted 
accretion rate ~10-9 M 
yr-1 or less: 

   Small grains reduce 
the accretion rate due to 
increased resistivity/AD. 

One order of magnitude 
smaller than the median 
value from observations; 

Main problem in the 
inner disk. 

(Bai, 2011a) 
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The Role of Tiny Grains 
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  Tiny grains can be very abundant 
without contributing much mass 

  Charged tiny grains have similar 
conduction properties as ions 

(Bai, 2011b) 

Assuming 1nm grain with abundance of 10-8 per H2 

Tiny grains tend to dominate 
the conductivity in the gas 

Net reduction of 
ambipolar diffusion ! 

Right figure: charged tiny grain 
abundance can be higher than 
the electron/ion abundance in 
the grain-free case: 
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The Role of Tiny Grains 
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(Bai, 2011b) 

  Transition radius: rtrans~15 AU 
where disk midplane becomes 
MRI active. 

  Predicted accretion rate exceeds 
the grain-free case when r>rtrans! 

  Predicted accretion rate increases 
with PAH abundance. 

Sufficient to account for observed 
accretion rate in transitional disks. 

As long as tiny grains (PAHs) are 
sufficiently abundant (>10-9): 
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Conclusions 

  Non-ideal MHD effects play a crucial role in PPDs 
  MHD from midplane to disk surface dominated by Ohmic, Hall and AD 
  Small dust strongly suppresses the accretion, but tiny grains may promote it 

  MRI with ambipolar diffusion favors weak field 
  MRI can be sustained at any Am as long as B is sufficiently weak 
  Inclined net flux is a more favorable field configuration for Am<1. 

  The fast accretion in PPDs may not be solely driven by MRI 
  Required B close to equipartition, a bit too strong for MRI with AD 
  MRI can be efficient at the outer disk, but is problematic with the inner disk 
  Hall MHD remains to be explored, and may be promising 
  Stronger ionization and/or magnetized wind are needed for fast accretion 
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