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~50% observed planets have M>M
How do they form?
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Constraints on planet formation

Review: Williams & Ceiza 201 |

® [Formation timescale from
protoplanetary disk life-
time (3x10° yrs)

Protoplanetary disk
temperature, density
profiles
® Spectra, direct imaging
show planet gaps (&
spiral arms)

® [xoplanet semi-major
axis & mass distribution

LkCa 15 disk LkCa 15
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LkCal5b - Kraus+201 | Williams & Ceiza 201 | HD 142527 - Casassus+2013



Giant planet formation

See review: Armitage 2010

® Planetary embryo forms ® Planet opens a gap
via core accretion or (~au) in the disk.

direct collapse (> 100au) ® Formation of

® Runaway gas accretion circumplanetary disk
and envelope collapse ® +Migration

Circumplanetary disk

Gressel+201 3
Density [g cm”-3]
C107+eMmes|ue]




Circumplanetary Disk

.. adn accretion disk around a forming giant planet

- Inttially the disk Is hot
delivering mass to the planet

(M~2/3M)

- Later the disk cools, the
formation site for satellites

- Not yet observable, little studied | A

source: National Geographic



Circumplanetary Disk

. an accretion disk around a forming giant planet

| |n|t|ally the d|s|< S hot . \‘
| delwermg mass to the planet

source: National Geographic



Circumplanetary Disk

. an accretion disk around a forming giant planet

® Accretion requires angular
momentum loss

® An effective viscosity Is needed
for mass inflow

® Accretion mechanism could be
hydromagnetic turbulence,
large scale winds/jets or
oravitational instability

source: National Geographic



Circumplanetary Disk

.. an accretion disk around a forming giant planet

® Accretion mechanism could be
hydromagnetic turbulence,
large scale winds/jets or
oravitational instability



Accretion mechanism: Magnetic field

Active regions: lonised; B field coupled; turbulent; accreting
Dead Zones:  Low ionisation; B field decoupled; Not accreting

Thermal lonisation

Magnetorotational _ lii
Small—scale ﬂeld Instab|l|ty (|\/ R|> E

Magnetic braking, y AAAAAZ
.orlarge-scale flelds  Conrifugal disk wind Jet B _(]




Gammie 200

Accretion mechanisms:
Gravitoturbulence

Gravrtationally unstable for
massive disks

N2 <30 fragmentation

oT? >30 turbulence

Gammie 2001, Meru & Bate 2012




Aim

effective In a circumplaneta
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- Determine whether these mechanisms are

sk (particularly

Develop a disk model self-consistently with the

P

level of accretion from these

mechanismes.

- Assess the viabllity of the resulting disk.



Disk model

Review: Pringle 98|
We adopt the standard | D accretion disk model:

Keplerian Q= Active Midplane M = 2nvi

Sound speed  ¢s = VKT /mn Local heating

| - Pl lel
Self Gravity QR = —~5 ane-paralle
stellar atmosphere

. 2Q) Cs model
Scale Height # = NiEwTeERe

Optical depth T=kL/2>1

Average , = 2
Density 2H Turbulent viscosity v = acs H.
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Disk model

Review: Pringle 98|
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Opacity model

| Grains | Molecules [H—scattering ]

bound—free
free—free

electron scattering
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Temperature [K]

Bour%d—ﬂ”ee

VVater & free-free

vapour

Zhu et al (2009) power-law fit [ Grair ]

evaporation




Alpha

... quantifies the strength of turbulent viscosity.

\/iSCOSity Ia alpha model (Shakura & Sunyaev [973)

V=0(c.H —length scale
I

> velocity scale

Observations and MRI simulations give Xsat~0.001-0.1 (King+2007)

In modelling & Is typically taken to be uniform at the maximum value
BUT this requires ideal MHD.

[T Ohmic or Hall diffusivity, 1, Is iImportant: (Sano & Stone 02)

o — { QsatVs/ (MQ2)  for an MRI field,

asavcs/ (nQ))  for a vertical field.




Disk model

Equation to solve for the radial temperature
profile with root-finding In each opacity
regime

savVa/ (M) for an MRI field, \
asavce/ (nQ))  for a vertical field. P

We calculate & self-consistently with the disk structure,
according to the amount of diffusivity (Nn).



lonisation

>1000 K
Cold, outer regions Hot,Ainner regions

Radioactive decay, cosmic

rays, X-rays - rate equations Thermal - >aha Equation

(n — keinine — kigngng,

C’I’L - keznzne - kegngne,

kigni - kegney

N — Ne + Lgnyg




lonisation

>1000 K
Hot,Ainner regions

lonisation energy, ¥, Thermal - Saha Equation

Element  Atomic weight Abundance  Ionisation potential

(amu) (eV)

1.01 9.21x10~1 13.60
4.00 7.84 x 1072 24.59
22.98 1.60x10° 5.14
24.31 3.67 x 10~° 7.65
39.10 9.87x1078 4.34




RN~

Disk magnetic field

MRI field Vertical field
MRI shearing box simulations Minimum strength
(Sano+2004) (Wardle 2007)

Determines and depends on inflow rate

c.f. present day surface field of Jupiter: 4.2 G, Inferred field in
protoplanetary disk ~3mG-1G



Coupled to field?

Typical range

DIfoSlVlty Density Flectrons lons [CmZ/S]
Ohmic, No High 012_10'6
Hall, ny | Intermediate 010_10'4
Ambipolar, Na Low 06 - 1010
Low diffusivity - well coupled
High diffusivity - poorly coupled




Magnetic Diffusivity

—ach diffusivity < coupling threshold:

esO\d \ N <c¥Q~hQ:  Vertical field
L N <VvHQ~ 2Vah)Q: MRIfield

Low diffusivity - well coupled
High diffusivity - poorly coupled




Results - models

|
|
)

 This work|

® Simple constant-alpha model - &

® Sclf-consistent accretion with MRI field - MR

i
l

for comp

y
|

® Minimum mass Jovian Nebula from satellite
system- MM|IN



Three accretion modes

Saturated magnetic
transport

N small, Q> | \

10 10°
Radius [R}]




Three accretion modes

Inefficient magnetic
transport

n large, Q> | \

10’ 10°
Radius [R]




Three accretion modes

Gravitoturbulent
transport (not magnetic)

/ n large, Q=
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lTemperature
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Column Density
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lonisation fraction
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Diffusivity
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Diffusivity
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Diffusivity

No accretion!

<=
Accreting r < 30 RJ

Scaled diffusivity
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Diffusivity

Not self-consistent

1> 103K

r ¥
= No accretion!

Accreting r < 30 RJ
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Conclusion

® Magnetically driven accretion requires T~800K
across 80% of disk, as thermal ionisation is key.

® [isk is massive with M~0.5M

® Accretion occurs In three different modes -
saturated, marginally coupled, and gravitoturbulence.

® Similar results for transport by a Vertical field :

First circumplanetary disk model to include —%

transport with imperfect magnetic coupling. ..~
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