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Linear Stability

Toomre’s Q criterion

Instability ⇔ Q ≡
csΩ

πGΣ
< 1

cs ≡ sound speed; Ω ≡ orbital frequency; Σ ≡ surface density

Keplerian disk

zero thickness

local (WKB)

axisymmetric

inviscid

Equivalent forms

Q ∝
Ω2

Gρc
, Q ∝

(

H

R

)

(

M∗

Mdisk

)

ρc ≡ disk central density; H ≡ disk thickness; R ≡ local radius;

M∗ ≡ stellar mass; Mdisk ∼ πR2Σ ≡ disk mass

Disk becomes responsive at Q ∼ 2.

Characteristic wavelength λc ∼ 2πQH.



Nonlinear Outcome

Instability generates:

spiral density waves

angular momentum transport

disk heating via density wave damping

Disk fate depends on tcoolΩ

tcool ∼
Σc2s

σT4
eff

tcoolΩ ∼< 3 ⇒ fragmentation

tcoolΩ ∼> 3 ⇒ gravito-turbulence

Shlosman & Begelman (1989); Gammie (2001)

In protoplanetary disks, r(tcoolΩ = 3) ∼> 40AU.

see, e.g., Rafikov (2009)

Is gravito-turbulence local?

Answer depends on ∆R/H

Lodato & Rice (2004, 2005), Boley et al. (2006),

Cossins et al. (2009)

If local, α ∼ (tcoolΩ)−1; heating = cooling.



Disk Evolution and Gravitational

Instability

“Dead zone” (Sano) is neutral, α[MHD] ≪ 1.

Dead zone ⇒ unsteady accretion:

Mass driven into dead zone by gravito-turbulence,

layered MHD turbulence.

Mass accumulates in dead zone:

too hot for α[GRAV] ∼ 0.1

too cold for α[MRI] ∼ 0.1

T in dead zone increases.

T crosses threshold for MHD turbulence;

Ignition at r ∼ 1 − 2 AU

Scenario as FU Ori outburst model explored by

Armitage et al. (2001), Zhu et al. (2009).

Time-dependent 1D and 2D models.



Disk Evolution and GI

Evolution of disk temperature and α through outburst

Evolution of Ṁ through outburst; Zhu et al. (2009)



Where is the Fragmentation

Radius?

tcoolΩ decreases as r increases.

⇒ closer to fragmentation.

Magnetic coupling improves as r increases (Sano).

⇒ MHD turbulence.

Does MHD turbulence ease fragmentation?

early simulations by Fromang et al. (2004)

Viscous self-gravitating disks can be un/overstable.

Schmit & Tscharnuter (1995)

Stability depends on dW (Σtot)/dΣtot;

W ≡ turbulent shear stress

Layered, externally heated, self-gravitating

disks have dW/dΣtot = 0,

⇒ secularly unstable.

Self-gravitating, magnetized, cooling

disk evolution not yet understood.



Summary

- Q ∼ 2 ⇒ self-gravity important

- tcoolΩ ∼> 3 ⇒ gravito-turbulence

- tcoolΩ ∼< 3 ⇒ fragmentation

- Gravito-turbulence is local if ∆R/H ≫ 1

- Evolutionary models naturally lead to

(FU Ori?) outbursts

- MHD turbulence may lead to

fragmentation, even for tcoolΩ ∼> 3.


