Physics of Accretion Disks

Wiladimir Lyra

California State University
Jet Propulsion Laboratory

Moscow Institute of Physics and Technology, Jul 39, 2017




Dead zones

dead zone

cosmic
non-thermal ionization rays?

of full disk column

A
Yy

I’ X-rays

resistive quenching

of MR, suppressed ) o
collisional ionizationfat angular mgr‘;entum MRI-aktive ambipolar diffusion

T>10°K (r<1AU), transport dominates
MRI turbulent

surfacejlayer

0.1 AU ~30 AU



Observational Evidence
Oph IRS 48
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The Oph IRS 48 “dust trap”
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Gas detection:
Keplerian rotation
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dust follows gas



Angular position north (arcsec)
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Other “asymmetries”
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“Asymmetries” everywhere

LkCald HD135344B

HD142527




Vortices — an ubiquitous fluid mechanics phenomenon
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Lyra et al. (2008b, 2009a);

radius See also Vamiere & Tagger (2006)

azimuth



Rossby wave instability
(or... Kelvin-Helmholtz in differentially rotating disks)
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é Inner (0.1 AU) active/dead zone boundary

Magnetized inner disk + resistive outer disk
Lya & Meclow(2012)



Active/dead zone boundary

Density Vorticity Mag Energy
t=2228 T,
p ©,— Wy 10g,5v,"
BT ] T T

00 10 20 30 40 -20 -10 00 1.0 20 -50 -40 -30 -20 -1.0

Time

o

0.00 2.00 4.00

-2 . . 1 1 - L L
-0.0 05 1.0 1.5 2.0-0.0 0.5 1.0 1.5 2.0-00 05 1.0 1.5 20

Magnetized inner disk + resistive outer disk ’
Lyra & Mac Low (2012)




Outer Dead/Active zone transition: 3D MHD
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Resistive inner disk + magnetized outer disk
Lyra, Turner, & McNally (2015)



Outer Dead/Active zone transition KHI

$=95.58 T,

Resistive inner disk + magnetized outer disk
Lyra, Turner, & McNally (2015)



Dust Trapping: The Tea-Leaf Effect

Geostrophic balance:
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Grains do not feel the pressure gradient.

They sink towards the center, where they accumulate.
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Drag force

Trapped particle

Drag-Diffusion Equilibrium
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Diffusion
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Dust continuity equation
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Drag-Diffusion Equilibrium

Steady-state solution

04(a,2) =€pg (S +1)%2 exp {— [a2f2§71€1)2+ Z] (S + 1)}

Lyra & Lin (2013)
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Drag force Diffusion S = St
o)
6= vgms/ Cf ’
a = vortex semi-minor axis
H = disk scale height (temperature)
= vortex aspect ratio
Trapped particle X P

o = diffusion parameter
St = Stokes number (particle size)
f(x) = model-dependent scale function
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Analytical solution for dust trapping
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Solution
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= vortex semi-minor axis

= disk scale height (temperature)
= vortex aspect ratio

= diffusion parameter

St = Stokes number (particle size)
f(x) = model-dependent scale function
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Analytical vs Numerical
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Derived quantities

04(a,z) = epy (S +1)%? exp {— [azfzéfl);- Z] (S + 1)}

Lyra & Lin (2013)

Gas distribution Maximum dust density

a’ 3/2
Pg(a) = Pgmax €XP “oH2 )’ Pdmax = €po (S +1)
g
Gas contrast Dust contrast
Pgmax _ exp f2(x) pdmf‘x = pgm?x exp (S),
Pgmin 2x2w%/ Pdmin  Pgmin
Total trapped mass Vortex size
fpd(a,z)dV = (27)*? epy xHH; as = H(xwy)™

H = disk scale height (temperature) St = Stokes number (particle size)
y = vortex aspect ratio f(x) = model-dependent scale function

6 = diffusion parameter ¢ = dust-to-gas ratio




Applying the model to Oph IRS 48

Observed parameters
Aspect ratio: 3.1
Dust contrast: 130
Temperature: 60K

Trapped mass: 9 M.,

Derived parameters
S=4.8
Stokes number, St=0.008

0 =0.005, Vims=4% Cs

Trapped mass: 11 Mc_,,

Lyra & Lin (2013)
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Turbulence in vortex cores

Lesur & Papaloizou (2010)
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Lyra & Klahr (2011)

Turbulence in vortex cores:

max at ~10% of sound speed
rms at ~3% of sound speed



Vortices in the bulk of the dead zone
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Convective Overstability

Klahr & Hubbard (2014), Lyra (2014), Latter (2015)
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Convective Overstability
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Figure 2. Four panels indicating the convective overstability
mechanism. In panel (a) a fluid blob is embedded in a radial
entropy gradient. In panel (b) it undergoes half an epicycle and
returns to its original radius with a smaller entropy than when
it begun S; < Sp. It hence feels a buoyancy acceleration inwards
and the epicycle is amplified. The process occurs in reverse once
the epicycle is complete, shown in panel (c), where now Sz > Sp.
The oscillations hence grow larger and larger.

Latter (2015)



Convection

Sketch of Convection
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Zombie Vortex Instability
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Like playlng guitar. If the same note eX|sts in two different strings, if you pluck one of the

strings, the other one moves too, in resonance.

The same may happen. In (a), an initial perturbation has an epicyclic frequency
associated with it. This frequency will find resonance with the buoyancy frequency
elsewhere in the disk (b). The process repeats.

Difficult to maintain the 1st perturbation. The process may not exist in real disks.

Marcus et al. (2015, 2016)



Thermal Instabilities

Resonance with buoyancy

Buoyancy sftab;hzes. Moderate hea‘F exchapge r.equlred. frequency. Needs to keep
Needs to keep disk isothermal. Needs finite cooling time disk adiabatic.
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Synthesis '« BUTCHER DIAGRAM

cow

A “butcher diagram”
for hydro instabilities.
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Non-ideal MHD: Ohmic, Hall, Ambipolar terms
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Figure 6. Poloidal ficld line geometry in our fiducial run OA-bS (blue solid
line). Overplotted are the unit vectors of the poloidal gas velocity (red arrows).
The location of the wind launching point, the plasma § = 1 point, the FUV
ionization front, and the Alfvén point are indicated (black dash-dotted). Also
marked is the location at the base of the wind (green dashed).
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Global Ambipolar + Ohmic
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magneto-centrifugal wind
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