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A disk life story

Gas-rich phase (< 10 Myr)
T-Tauri Disks
Accretion and Planet Formation

Thinning phase (~10 Myr)
Transitional Disks
Planet retention

Gas-poor phase (>10 Myr)
Debris Disks
Stabilization of architecture and Planet Detection



Accretion in disks occurs via turbulent viscosity

Turbulence in disks is enabled by
the Magneto-Rotational Instability
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Alas... Dead zones are robust features of accretion disks

dead zone

Coamic
naa-thermal ionization rays?

of full disk codumn j_'

reskstive quenching
of MBI, suppressed
angular momendunm

transport hRI-actve amblpolar diffusian
collisional konization at surface layer dominates
T1PK{Fr<1A'" —
MR| turbulent Armitage (2010)

Disks are cold and thus poorly ionized
(Blaes & Balbus 1994)

Therefore, accretion is layered (Gammie 1996)

There should be a non-magnetic,
hydrodynamical, source of turbulence in the dead zone.



Baroclinic Instability - Excitation and self-sustenance of vortices
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Significant angular momentum transport
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Large mass accretion rates in the dead zone,
comparable to the MRI in the active zonel!

Lyra & Mac Low (2012)




A possible detection of vortices in disks
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Forming planets in turbulent disks

P: Particles
G: Gas N
High pressure ring Direction of particle acceleration
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Adapted from Whipple (1972)



Forming planets in turbulent disks
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Solid particles




Turbulence concentrates solids mechanically in pressure maxima

Lyra et al. (2008)



Gravitational collapse into planetesimals

Johansen et al. (2007)



Turbulent eddies concentrate solids,
turning them into planetesimals...

...and vortices are huge eddies!



Planet Formation via Vortex Thruway

Geostrophic balance: X
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streamline

Particles do not feel the pressure gradient.

They sink towards the center, where they accumulate.

Aid to planet formation (Barge & Sommeria 1995)

Speed up planet formation enormously
(Lyra et al. 2008b, 2009q, 2009b, Raettig, Lyra & Klahr 2012)



Planet Formation via Vortex Thruway
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The Initial Mass Function of planets

*Mass spectrum by the end of the simulation
*300 bound clumps were formed

*Power law d(log N)/d(log M)=-2.3 +/-0.2
*2(0 of these are more massive than Mars
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The Initial Mass Function of planets
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Transitional disks - The thinning phase
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Disks evolve in time, due to
photoevaporative winds and viscous evolution
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Planets form and start to migrate

Planet-disk interaction leads to angular momentum exchange

One armed spiral: Lindblad resonance
Horseshoe libration: Co-rotational torques

Lubow et al. (1999)

In isothermal disks,
the result is inward migration.
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Planets form and start to migrate
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Planets form and start to migrate

Planet-disk interaction leads to angular momentum exchange
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Migration in Evolutionary Models

Disks evolve in time, due to

photoevaporative winds and viscous evolution
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Migration in Evolutionary Models Rule of thumb: Migration is

outwards in

Disks evolve in time, due to
photoevaporative winds and viscous evolution steep temperature gradients,

inwards in
isothermal regions.
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Single planets in a planetary trap
evolve in lockstep with the gas at the
accretion timescale.

At some point, the disk becomes too thin
to drive accretion. The planet decouples e T
1 {Myr)

and is released in a safe orbit.
Lyra, Paardekooper, & Mac Low (2010)



Migration in Evolutionary Models

Single planets in a planetary ftrap
evolve in lockstep with the gas at the
accretion timescale.

At some point, the disk becomes too thin
to drive accretion.

The planet decouples and is released in a
safe orbit.
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Migration + N-Body in Evolutionary Models
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Orbital migration of interacting planets
in a radiative evolutionary model

Combines
migration + N-body + photoevaporation + turbulence

modelled as stochastic forcing
(Laughlin et al. 2004, Ogihara et al. 2007)
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Orbital migration of interacting planets
in a radiative evolutionary model

Horn et al. (2012)



Stellocentric Distance (AU)
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Sharp and eccentric rings in debris disks:
Signposts of planets

Fomalhaut Debris Ring Hubble Space Telescope « ACS HRC
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Ring Inner
3 Edge

Ring

Outer Edge

Famalhaut System
Hubble Space Telescope « ACSHRC

NASA, ESA, P. Kalas and J. Graham (University of California, Berkeley) STScl-PRC05-10
and M. Clampin (NASA/GSFC)

Ak ey of Caidang . Rerkddoy

Narrow sharp eccentric ring Detection of a source
quickly heralded as a planet

Fomalhaut b



Sharp and eccentric rings in debris disks:

Signposts of planets ?
However. . ...
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ARSTRACT
The noarky Ad-type sizr Fomalhaul hosis a debns belt inthe form of an scoentne nng, which is thooght to e

cansed h:p' d:p‘l'li].ﬂ'lil:i.‘ll influence from a Eiunl rl|:~|n|.'l com pmni-::-n. [n 28, a detecticn of a rl-::-inl source inside the
inner edge of the ring was reported and was tnterpreted as a direct image of the planet. named Fomalhaut b The
detection was made al ~600-800 nm, but po corresponding signatures were found i the near-infrared range, where
the bulk emission of such a planet should be expected. Here, we present deop obsorvations of Fomalhaut wath
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at visible wavelengths, This menders any divect connection between the observed light source and the dynamically
infermred giant planct highly unlikely, We discuss several possible interprelations of the total body of chsarvations
af the Fomalhaut sysiem and find that the inlerpretation that best matches the available data For the ohserved sowree
is scattered |ig|'|l from a bransienl oo semi-transient dust clowd.
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Planet not detected in infrared



Are there
alternative explanations?



Debris disks are not completely gas-free

Beta Pictoris Hubble Space Telescope » ACS/HRC

Dust
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Gas in debris disks

Detections

B Pictoris many species Lagrange et al. (1998), ..

51 Ophiuchi  many species Roberge et al. (2002)

oHerculis CII,NII  Chen & Jura (2003)

HD 32297 Na I, CII Redfield (2007), Donaldson et al. (2012)

HD 135344 HZ2,CO Thi et al. (2001), Pontoppidan et al. (2008)
49 Cefti H2, CO Dent et al. (2005), Roberge et al. (2012)
AU Mic H? France et al. (2007)

HD172555 Si0 Lisse et al. (2009)

Source of gas: Outgassing processes

'Infalling comets Beust & Valiron (2007)
Grain sublimation e.g. Rafikov (2012)
Grain-Grain collisions  Czechowski & Mann (2007)
Photo-stimulated desorption Chen et al. (2007)
Planet-Planet collisions Van den Ancker (2001), Lisse (2008)
Primordial?




Dust density

Dust and gas together leads to instability...

Klahr & Lin (2005)

Suggested that an instability
might cause dust in debris
disks to clump together.



Particles move toward pressure maxima

P: Particles
G: Gas N
High pressure ring Direction of particle acceleration
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Adapted from Whipple (1972)



Photoelectric heating

In optically thin debris disks,
the dust is the main heating agent for the gas.

Dust intercepts starlight directly,
emits electron, that heats the gas.

Gas is photoelectrically heated by the dust itself




Runaway process: instability

Dust heats gas
Heated gas = high pressure region
High pressure concentrates dust



Runaway process: instability

Dust heats gas
t Heated gas = high pressure region )
High pressure concentrates dust



Model equations

Klahr & Lin (2005) used a simplified, 1-D model.

0 10
—Xg + ——r2v, = 0. Continuity equation
ot ror
i Terminal veloci
¢ = 0%, ar erminal velocity

7\ 8
1q =1y (E—g) : Equation of state



Model equations

Our simulation adds much more physics, and works in 2D.

Klahr & Lin (2005)

1D
0 10
I+ -Lrnw =0,
ot r@rr dv
V¢=QT+2912'9;1P

) 6]
nen ().
0

Inertia for both gas and dust
Energy equation

Drag force and
drag force backreaction

Lyra & Kuchner (2012)
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Linear Analysis

Dispersion relation
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Instability

Dust heats gas
Heated gas = high pressure region
High pressure concentrates dust
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Ring width

Ring spacing and width is determined by the
wavelength of maximum growth.

Growth rate Re[s]/Q Ring width vs Viscosity
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Which in turn is determined by viscosity

Ring width ~ 10 Kolmogorov lengths
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Robustness

Growth over 4 orders of
- magnitude in dust-gas >
coupling time (friction time)
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Oscillations
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Thermal coupling time
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Oscillations

Thermal coupling time
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Solutions

Growth rate Re[s)/Q Damping rate log, (—Re[s]/Q)  Oscillation frequency log, ,(|Im[s]|/2)
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Overstability

Instability

Oscillations
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Max growth rate: Q/2.
Million-fold amplification in five orbits!

A very powerful instability.
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Azimuth

The model in 2D: Eccentric rings

Growth of axisymmetric modes

‘ = Rings W

Damping of nonaxissymetric modes.
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Ring eccentricity
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Summarizing

Gravitational collapse of an interstellar cloud




Summarizing

Outward fransport of angular momentum through turbulence generated by the
MRI. Dust coagulates into pebbles and boulders, sedimenting fowards the midplane.

Gas Solids

t=614.3 t=614.3
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Summarizing

Rocks in the turbulent medium are trapped in transient pressure maxima and
undergo collapse into planetesimals and dwarf planets.




Summarizing

Vortices may be excited in the dead zone. Inside them, the first dozens of Mars-
mass embryos are formed. IMF ~ -2

Mass Spectrum #/(21Q;')=200
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Bound mass

N




mwwmmm
™ ™ [~
||l;_\_H'N
Summarizing ==

L=~ - 0.1
.1".' f"' /,-f — — — m /Mg =
mLfl/ - 410
| fx/ -10. i

—~ [ _-

E L~
I #ll,-'_'_‘_,.-r"‘"ﬁ ‘-F-_'_'_.-""-H_H-F-._F
1Z-*“‘F o) N
:I il P B i L PRI 1 |
0 1 2 3 4 5 6

t {Myr)

Opacity transitions develop into regions of convergent migration. Low mass planets
converge to these zones by inward/outward migration.




Summarizing
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The disk thins due to photoevaporation. Planets released into stable orbits.




Summarizing
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N-body interactions and stochastic forcing during disk evaporation produce the
system's final architecture.
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The instability generates sharp eccentric rings. Caution before shouting "planet!”.
Not all that glitters is gold.
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