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Disk-planet interaction

Influence to the disk
• gaps (a low-density annular region along the planet's path)

• inner holes

• spiral wave patterns, emanating from the Lagrangian points

• warp, shadowed regions, . . .

Influence to the planet
• migration:

. type I, ∼ 104 yr, (no gap)

. type II, ∼ 105 yr, (inside a gap)

. type III, ∼ 102 − 103 yr, (interaction with corrotational flows)

• eccentricity evolution

• accretion onto the planet
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Gap formation

Mechanism:
• giant planet excites tidal per-
turbations

• trailing shocks are formed

• angular momentum transport in
shocks

• material moves away from the
planet Kley (1999)

Gap can be opened if

• planet mass is high enough (∼MJ)

• viscosity is low enough
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Gap opening conditions 1

Viscous condition: topen < tclose
opening time: topen ' ∆H/T

∆H ' ΣΩ(r∆r)2

(angular momentum needed to open the gap)
Σ . . . disk surface density Ω . . . angular rotational velocity
r0 . . . radius of the gap ∆r . . . gap radial thickness

T ' r4
0Ω

2Σq2

(torque due to interaction with spiral waves)
q ≡Mp/M∗ . . . planet-to-star mass ratio

closing time: tclose ' (∆r)2/ν

q > qν ≡
(

ν
Ωr2

)1/2

ν . . . kinematical viscosity
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Gap opening conditions 2

Thermal condition:

H < RR =
(q

3

)1/3

r0

H . . . disk semi-thickness
RR . . . Roche radius

q > qH ≡ 3
(

H
r

)3
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Observations of gaps

IR and submm
interferometry:
ALMA will be able to detect gap at
5.2 AU created by 1 Jupiter mass
planet at 140 pc (Taurus SF region)
Wolf et al. (2002)

IR and submm
spectroscopy:
Gaps in spectrum indistinguishable
from other features caused by spe-
cific dust properties (like absence
of specific dust material)
Steinecker & Henning, 2003
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Dust-gas interaction

• gas and dust have different orbital velocities ⇒ drag force
(dust grains spiral inwards)

• for the case where
. sizes of grains are much smaller than the molecular mean free path
. relative velocity of dust and gas is much smaller than the local sound speed

Epstein law:

Fd = 4π
3 a2ρgcs(vg − vd)

a . . . grain sizes vg . . . gas velocity
ρg . . . gas density vd . . . dust velocity
cs . . . local sound speed
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Numerical model

• 2nd order Eulerian HD code, approximate Riemann solver

• 2D cylindrical coordinate frame (r, φ)

• two fluids: gas and dust (pressureless), interaction through
drag forces

• isothermal equation of state: p = Σc2
s, cs = H

r vK

Parameters:
• basic grid 128× 384

• Σ0 = 34 g cm−2 ↔ Mdisk = 0.01M� within 100 AU

• ν =const ↔ α = 0.004 at r = 1

• Mp = 0.1MJ (0.001− 0.5MJ tested)

• dust particle size: 1mm, initial dust/gas mass ratio: 0.01
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Formation of dust gap

• gap in dust particles, but not in the gas

• dense dust rings at mean 3:2, 2:1 and 3:1 mean motion
resonances

• small density bump at corotation (r = 1)
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Formation of dust gap - mechanism

• dust decouples from gas near
the spiral shocks

• dust do not feel the shock di-
rectly

• larger flux of dust particles into
spiral waves

• spiral waves remove material
away ⇒ more efficient deple-
tion of dust from the gap

• works for Mp > 0.05MJ

and a > 0.1mm
• particles at higher radii trapped in mean motion resonances
• Kuiper Belt Objects tend to accumulate at the 3:2 and 2:1
mean motion resonances with Neptune (Luu & Jewitt, 2002)
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Simulated observations by ALMA

• distribution of particle size (Mathis et al., 1977), size-
dependent opacity (Miyake & Nakagawa, 1993) ⇒ flux at
1mm wavelength, r0 = 5.2AU, d = 140pc, resolution: 12mas

• flux density contrast enhanced from ∼ 2 to ∼ 10
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Conclusions

• spiral shocks near the planet are able to decouple larger
(> 0.1mm) particles from the gas

• formation of the annular gap in the dust, even if there is
no gap in the gas

• minimum planet mass to open the dust gap ∼ 0.05MJ

• dust particles may be trapped in mean motion resonances
and form dense rings
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