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e Finish the discussion of Type | migration
o corotation torque
o migration maps, migration traps & implications
o  (too many) additional regimes of Type | migration - thermal torques, torques from pebbles,
turbulent disks, low-viscosity disks

e (Gap opening
e Type Il migration of giant planets

o classical paradigm (and its problems)

o beyond the classical paradigm

o additional regimes of Type Il migration - dust-loaded outer gap edge, irradiated outer gap edge,
low-viscosity disks



corotation resonance condition: [2(r) —Q,] =0
rich behaviour: can be positive/negative, dominant/negligible w.r.t. the
Lindblad torque

regimes:
o linear
o non-linear (a.k.a. horseshoe drag <- this is related to our calculations in the impulse approx.)
m unsaturated
m saturated

components:
o driven by the vortensity gradient across corotation
o driven by the thermal gradient across corotation
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Corotation torque - regimes . s
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Corotation torque - componentsks
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e full formula for the corotation torque includes linear and non-linear regimes,
their blending, and saturation of the non-linear regime

e for simplicity, let us assume that the torque operates in the non-linear
unsaturated regime (i.e. the maximum possible corotation torque):

3
’)’effrc — !1-1 <§ - a) + 79&] Iy Paardekooper et al. (2011)

Veft
Vortensity-related 7 Entropy-related
component component
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Corotation torque - componentsks

e full formula for the corotation torque includes linear and non-linear regimes,
their blending, and saturation of the non-linear regime

e for simplicity, let us assume that the torque operates in the non-linear
unsaturated regime (i.e. the maximum possible corotation torque):

3 §
’)’effrc — !1-1 <§ - a) + 79 ] Iy Paardekooper et al. (2011)
Yeff

e compare to the impulse approximation:

3 73 ;'\ half-width of the horseshoe region has to be determined 1.1 g
The = 4 (5 - O‘) ZpTslY accurately, Paardekooper & Papaloizou (2009) suggest: z, = apl;m\/%
Yeft

but then: 2
[y ~ 1.1 <§ . ) at0)? =11 <§ — a) Lo
2 p ph27eff 2 Yeft
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e reasoning for the entropy-related component:
: . & E
o  we consider a measure of the specific entropy & = — o — oc r~¢ with the slope

v o ¥
§=B—-(y—1a
o after a U-turn, a blob of gas finds itself surrounded by material with different entropy and can

produce density variations

3
%ffI’C = [1.1 (5 — O.’) +79 f ] Fo Paardekooper et al. (2011)
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Migration maps & HETE B

e planets can migrate outwards if
disk conditions (profiles of surface
density & temperature) allow for a
corotation torque which is (i)
positive, (ii) unsaturated, (iii) larger
than the Lindblad torque

e planets migrate inwards otherwise

e traps and deserts occur at the
transition radii

e e.g.atrapinthe giant-planet/

formation zone:
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~(Possible).origin of low-mas él-agets"
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e close-in low-mass exoplanets:
progenitor embryos migrated all the way to

the inner rim where they were trapped
(e.g. Izidoro et al. 2018)

e solar-system terrestrial planets:
o either: only Mercury- to Mars-sized embryos
formed during the disk phase to prevent too
fast inward migration; final formation through

mutual collisions after the disk dispersal (e.g.
Hansen 2009)

o or: full formation during the disk phase + one
extra planet to facilitate the Moon-forming “Plants and orbis 1o scale
impact (Broz et al. subm.)

credit: NASA/JPL
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Thermal tOrqueS (addi'tiohal regim.'e.s.c:;f;E;(ﬁe:i.l\)\ -3
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e additional torques due to radiative effects on local scales close to the planet

cold non-luminous protoplanet (Kconst-disk simulation, t =30 Pq)
0.20

cold gas becomes
overdense ->

the cold-finger torque
(Lega et al. 2014)

ylau]
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simulations from Chrenko &

Lambrechts (201 9) hot luminous protoplanet (Kconst- disk simulation, t = 60 Pqp)
0.3 ; 0.20

hot gas becomes
underdense ->

the heating torque
(Benitez-Llambay et al. 2015)
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local shearing sheet

\ 0
basic illustration of
the mechanism
Hankla et al. (2020)

direction of
frame rotation <

hot luminous protoplanet (Kconst-disk simulation, t = 60 Pqrp)
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Thermal torques (auditional regimes.

e the vertical flow differs for non-luminous and luminous planets!

cold protoplanet (Kconst-disk simulation, t = 30 Py)
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.Therma_l tOrqueS (addi'tiohal regime.s.c.;f;ﬁ(&eé.l\)\ &8

e

e the vertical flow differs for non-luminous and luminous planets!

cold protoplanet (Kconst-disk simulation, t = 30 Py)
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the hot-trail effect
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Torques in turbulent disks (additienites;

e aturbulent disk is threaded by multiple vortices and the arising density
fluctuations lead to a stochastic forcing (Nelson 2005, Baruteau et al. 2011,
Pierens et al. 2012)

Density at t = 210 orbits 1-10*

6! 8+10°

> 4
L 610°

2
4410°

X Baruteau et al. (2011) 17
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Torques in low-viscosity. disksx@agitonal regimes of ype I
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e dynamical torques: when the planet starts to migrate, the horseshoe region
becomes deformed. The deformation is stronger in low-viscosity disks where
it is often accompanied by vortices.

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10

4< d

t =400 P, t = 700 P, t = 1000 P,

the planet is
somewhere here 1
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Paardekooper (2014) 18
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Torques in low-viscosity, diSKSk@Egitionsl regimes of Type 1

buoyant resonances:
appear when vertical
oscillations of disk
elements perturbed by the
planet resonate with the
frequency of the restoring
buoyant force znuetal. 2012, 2015)
they can again change the
vortensity in the corotation
region; the dynamical
torque becomes negative
in this case

Azimuth

. . 4 .
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McNally et al. (2020)
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Torques from pebbles (auditional regimesotype )

e adisk of pebbles affected by the gas drag exhibits complex perturbations
when interacting with a planet

e strong azimuthal asymmetries can produce additional (usually positive)
torques, but relatively large pebble-to-gas mass ratios (~0.01) are required

2/2 Za/Zao
1 1.5 2

w
. Benitez-Llambay & Pessah (2018)
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Gap opening

e Type I->ll transition is usually attributed to the ability of the planet to open a
gap in the gas disk
e (Thermal) criterion 1: the planet must overcome restoring pressure forces

(satlsﬁed when Ry = a, (3];[}’ )1/3 Ry = (Ez)l, )

of viscous spreadmg e Sisioy

. credit: P. J. Armitage

1 I 1 1
m=2 m=3 m=2 m=1

. . R 3H
e combined criterion: =% +

— < (Crida et al. 2006, but cf. Kanagawa et al. 2018)
4Ry qurg
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Type Il - classical picture @nditspreblens): .

(logyo(X/ Zp))

Lin & Papaloizou (1986): the gap-opening
mechanism creates an impenetrable barrier to the
gas inflow, the planet is ‘frozen’ in the gap centre
and has to drift at the same velocity as the

1
| ‘barrier’
0.75

0.50
0.25

0.00

surrounding disk 3 - - o
in a viscous accretion disk, the radial gas velocity | | fowardsthestar J RPN
i . :_3_V -0.75
IS vr,v1sc o
and the torque can be deduced 0

d 2T ~1.25
from Up visc = Op = | ]

i dt  Myay, 05 1.0 15 2.0

Type Il is thus inward and related to the local rfr,

. . . (Paardekooper & Johansen 2018)
viscous evolution timescale
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Type Il - classical picture nditsprebleme)s
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e if giant planets migrate inwards on a viscous timescale, there is an
inconsistency between observations (prevalence of ‘cold Jupiters’) and planet
accretion scenarios

observed RV, exoplanets.org, Wright+11, complete-ish incomplete  inferred, direct imaging, Brandt+14 1000
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e thereis evidence for gap-crossing e migrating planet can decouple

| .TYpe I - be'yo_nd-th,ejc':lass;i_é_-éi-,|§

flows: from the viscous drift rate:
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Typell - béyond-the'élasé'ié-éi-,p'
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Kanagawa et al. (2018) suggests a new picture: Type Il can be characterized

102

110~

110°

o
with the same Lindblad + corotation torque as Type |, only taking into account
the decreased gas density within the gap
e formulae: Type | «—— Type
2 1
e (@) n:'l()_z.f:()‘ :
[ 'L+ Teexp (—K/KY) 0 L'i-::g:lO‘“_.fg:o A
- 1+ 0.04K $ i
~ 101_ O a:s:lo*“.le/-t
K ~20 & Hom foans
E - Ao =005
) H _5 lj I Ho =0.07
M
K= 2 <—p> a’t of
<M*) TP 10 —  Eq.(29) with K; = 20
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Type I with gap-ed_g'é effé';ft
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if Type Il is governed by the Lindblad torque (as suggested by Kanagawa et al.
2018), changes of the outer gap edge structure can affect the outer spiral arm
Kanagawa (2019): dust concentrates at the outer gap edge -> if its
aerodynamic back-reaction is taken into account, it can reduce the gas
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Type I with gap-ed.g'e' effé'c.:"téf-, ,;

Hallam & Paardekooper
(2018), Chrenko &
Nesvorny (2020):
irradiation of the outer
gap edge can boost the
local scale height -> affect
the outer one-sided
Lindblad torque (which
scales as ~h?)
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Type I with gap-ed_g'é effé';ft

Hallam & Paardekooper
(2018), Chrenko &
Nesvorny (2020):
irradiation of the outer
gap edge can boost the
local scale height -> affect
the outer one-sided
Lindblad torque (which
scales as ~h?)
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y [AU]

e Legaetal. (2021): if the viscosity is low, Type Il is first regulated by a

neighbouring Rossby vortex -> then the vortex decays and the migration is

stalled due to reduced gas density in the outer disk

t=11867 yr

t=35557 yr

t=53348 yr

t=88908 yr

-10

t=118518 yr

x [AU]

10
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e Legaetal. (2021): if the viscosity is low, Type Il is first regulated by a
neighbouring Rossby vortex -> then the vortex decays and the migration is

stalled due to reduced gas density in the outer disk

v(r) (AUMy)
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planet released
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