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Gap in protoplanetary disks
simulation

observation

Kley & Dirksen 2006

Andrews et al. 2011
cavity & asymmetry
signpost of a giant planet?
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Exoplanets on wide orbits!
Kalas 2011

Why on large orbits: Boss 2011, Crida et al. 2009

direct imaging by coronagraph techniques
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Eccentric instability
Lubow 1991
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: excited at inner ELRs Ω=(m/m-2) Ωplanet

: excited at outer ELRs Ω=(m/m+2) Ωplanet

: planet on circular orbit
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Resonances in Keplerian disks
 epicyclic oscillation as a result of angular momentum 
conservation gives the “natural freq” of the disk gas =κ
 pattern speed of density waves Ωpattern = (l/k) Ωplanet
 locations of Lindblad resonances: k(Ωpattern-Ω)=± κ
 locations of corotation resonances: Ωpattern = Ω
 for circular orbits, l=k=m Lindblad resonance (LR)
 for eccentric orbits, besides LR, l=k±1 eccentric 
Lindblad (ELR) and corotation resonance (ECR)
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Resonances in Keplerian disks

3:1 
ELR

4:2 ELR
2:1 ECR

3:1 
ELR

4:2 ELR
2:1 ECR

circular
orbit:

eccentric
orbit (1st order):

r≈0.48 r≈0.63
planet/ companion
r=1 r≈1.59 r≈0.2.08

Takeuchi et al. 1996

primary star
r=0

2:1 LR2:1 LR
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Cataclysmic Variable
W. Kley
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Superhump light curve
in SU UMa systems

• m2/m1=q<0.35 Vogt 1982

circular disk

eccentric disk
driven by 3:1
resonance

superhump
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Superhump light curve
in SU UMa systems

Kley et al. 2008

q=0.1 (r1:3≈0.496)
ν= 10-4

H/r=0.05
Σinit propto 1/r

Superhump!

prograde/retrogarde
precession depends
on H/r (i.e. radial 
pressure gradient)
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Particle aerodynamics
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Particle aerodynamics

Gas rotation velocity is
sub-Keplerian due to
negative radial pressure
gradient

Gas rotation velocity is
super-Keplerian due to
positive radial pressure
gradient

gas
pressure

disk radius

dustsdusts

radial drift of dusts in a protoplanetary disk

e.g. Haghighipour & Boss 2003

Kstopt  son  dependsdrfit  radial of efficiency



2012/7/25 Hokkaido University

Particle aerodynamics

drift slow  orbit, onein  decoupled   :1
driftfast   orbit, onein  coupled  weakly :1

drift slow orbit, onein  gas  the tocoupled   well:1

   timestopping essdimensionl the
on  dependsdrfit  radial of efficiency
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Nakagawa, Sekiya, &
Hayashi 1986

τs<<1 τs>>1τs~ 1
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Dusts in a protoplanetary disk 
harboring a giant planet

Rice et al. 2006: dust filtration affects SED.
large dusts are stalled by the outer edge
of  the gap  lower dust abundance in the 
inner disk (warm dusts)

Circular disk:

Paadekooper & Mellema 2006:
transient concentration of dust 
toward spiral density waves

protostar

infrared excess
due to warm &
cold dusts in disk
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Dusts in a protoplanetary disk
harboring a giant planet

Eccentric disk: Fouchet et al. 2010

Planet on a fixed circular orbit at 40 AU
t =104 planetary orbits (not in a quasi-steady state yet, thus no secular effect)

Fouchet et al. 2010 (SPH: gas+dust)
M★=1Msun, Mdisk=0.02 Msun, Mdust=0.01Mdisk, α=0.01
Initial conditions: Σ=const. from 4-120AU, T(r)=T0(1/r)

well coupled weakly coupled

weakly coupled

decoupled in gap
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Our investigation for dusts in 
eccentric disks

 aim: focus on secular (long-term) effect rather than 
short-period effect 
 standard parameters (Kley & Dirksen 2006): M☉, 5Mjup, 
H/r=0.05(locally isothermal), ap=5AU (protoplanetary disk) 
&100AU (“transition disk”),ν=10-5ap

2 Ωp, Σ=10-4 M☉/ap
2 , 

dust/gas in the basic state = 0.01
 gas info from 2D disk simulation in quasi-steady state: 
FARGO code (Masset 2000)
 time averaging  reveal secular features associated 
with eccentric disks
 secular gas info  secular perturbation theory for 
dusts with gas drag (depends on gas density and dust 
size)  dust surface density
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Eccentricity equation for a dust
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 )exp(),(  define and  ,1 with eqns linearized 
Secular perturbation theory for dusts with gas drag

Orbital evolution
due to the axisymmetric
part of the small 
planet’s potential that is not
related to mean longitude
(e.g. Murray & Dermott 1999) 

Orbital evolution
“forced” by planetary
eccentricity (e.g.
Murray & Dermott 1999)

Orbital evolution
due to gas drag
(Marzari & Scholl
2000; Paardekooper
et al. 2008)
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Eccentricity equation for a dust
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Consider the steady state (drag balanced by planet potential)
 solve for Edust in terms of Egas and Eplanet
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Protoplanetary disk
Eccentricity profiles: decrease with r outside the gap

2)(r gap  theoexterior tdisk in  gas  tocoupled   well:1sec, s

eplanet=0.1eplanet=0

ap=5 AU   Σ=900 g/cm2
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Protoplanetary disk
dust velocity map: exhibit k=1 dust surface density map

focus only on the disk almost exterior to the gap

pericenter

apocenter

1/)v/(/            gas  tocoupled   well:1 dsec,  precprecdrifts trtt

k=1 dust
distribution:
density excess
(~ 10%)
around the
apocenter!

linear
continuity
equation
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Transition disk (low gas density)

Eccentricity profile: coupled  weakly :10~1cm) 100(
coupled   well:110cm) 1(

coupled   well:110cm) 01.0(

sec,
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eplanet=0 eplanet=0.1

ap=100 AU   Σ=2.5 g/cm2
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Transition disk 
(low gas density)

eplanet=0:
weakly coupled (τs.sec≈1-10)
 less eccentric, 

precess but with phase lag ≈
arctan(τs.sec)=80∘

eplanet=0.1:
weakly coupled (τs.sec≈1-10)
 eccentricity excited by eplanet, 

pericenter libration around
planet’s pericenter

eplanet=0 eplanet=0.1
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what I didn’t tell you
• dust coagulation/fragmentation
• laminar vs. turbulence (diffusion)
• secular vs. wave & resonance trapping
• isothermal vs. realistic radiative
• 2D vs. 3D (settling, streaming instability)
• fixed planetary orbit vs. orbit free to evolve
• gap shape & disk eccentricity
• etc….
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Summary
 secular dimensionless stopping time τs.sec
τs.sec <<1: dust moves with gas on eccentric 
orbits
τs.sec ~1: dusts precess with a phase lag. 
Pericenter libration may occur in the presence of 
planetary eccentricity.
 max. dust density (10% contrast) lies around the 
apocenter, within ALMA detectability.


