JFITERS1TEAZEIFR, L5, 2024/07/24

Protoplanetary Disks: Gas Dynamics

T

Xuening Bai (HET)

Institute for Advanced Study (IASTU) &
Department of Astronomy (DoA)




Why do we care about gas dynamics?

um cm km 103km 10°km
Grain growth Planetesimal Planetesimal growth/accretion
formation growth to cores to gas giants

N

6\ | Essentially all processes depend on the gas

i dynamics of protoplanetary disks.

Planet migration

Most importantly:

 Global structure and disk evolution
 Level of turbulence



Theory confronting exoplanet populations
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Outline

Angular momentum transport: general
Radial transport: instabilities and turbulence
Vertical transport: magnetized wind

Recent development

Useful references:
Physical Processes in Protoplanetary Disks by Armitage (2019)
PPVII review chapter by Lesur et al. (2023)
Review in the solar system context by Weiss, Bai & Fu (2021)

Review on hydrodynamic turbulence by Lyra & Umurhan (2019)



https://ui.adsabs.harvard.edu/abs/2019SAAS...45....1A/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220309821L/abstract
https://ui.adsabs.harvard.edu/abs/2021SciA....7.5967W/abstract
https://ui.adsabs.harvard.edu/abs/2019PASP..131g2001L/abstract

‘ PPDs as accretion disks
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Note: stellar age can be approximately
estimated based on stellar luminosity
and photospheric temperature.



Angular momentum transport: viscosity

Transport A.M. radially outward

vAg

viscosity / turbulence

Viscosity tries to make £24=11, By the gravito-/hydro/magnetic stresses

Inner disk lose A.M to outer disk

MHD mechanisms are sensitive to ionization
Hydro mechanisms are sensitive to thermodynamics
Gravitational stresses require massive disks



Angular momentum transport: magnetized wind

Transport A.M. vertically
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Need large-scale poloidal field threading (Adopted from Weiss, Bai & Fu, 2021)
the disk.

Wind properties are sensitive to disk physics.



Angular momentum transport

Recall the momentum equation in conservative form:
O(pv)+V -M=—pVo

2
where the momentum flux tensoris: M = pvv — ? + (P + g;)l :
™ ™

In cylindrical coordinates, the R and ¢¢ components become:
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The ¢ component can be rewritten to express angular momentum conservation:
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Angular momentum transport

Integrating over z and ¢, we obtain:
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Accounting for the accretion flow, this becomes
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‘ Accretion rate (steady state)

Accounting for the accretion flow, this becomes
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(Assuming T1(zs)=-T4(-z5)).

If Tx4 and T, are similar, then vertical transport (by wind) is more
efficient than radial transport by a factor of ~R/H >>1.



The a-disk model

Radial transport of angular momentum by viscosity:

TR¢ — aP (Shakura & Sunyaev, 1973)

For N-S viscosity:

a2 3 3 v
= — = — _— = — p— — P
Tng OR¢ pVR IR 2,0VQ (2 CSH>

With microscopic viscosity: (v ~ )\mfp/H <1

Required value of a to explain PPD accretion rate: ~10-3-10-2

Need anomalous viscosity (e.g., turbulence) to boost a.



Viscous evolution based on the a-disk model

Angular momentum conservation (ignore wind):
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Mass conservation:

Viscous evolution equation:
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be locally isothermal.




Viscous evolution equation:
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Viscous evolution based on the a-disk model
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Wind-driven accretion

General expectation: wind extracts angular momentum => the entire disk shrinks

Armitage 2013, Bai 2016, Suzuki+2016, Tabone+2022

Governing equations:
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Generalized equation for disk evolution:
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‘ Wind-driven accretion

Disk evolution 0% 1 0 |[dR{ 0 o 9 5 . O Moss
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If we prescribe T,4 in a similar way as Tgy, the results should qualitatively look like:

Viscous (constant @)
w =0

Hybrid (constant a)

y =1
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Pure wind (constant a)
W = 0
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We will come back to this with new development.



Disk temperature structure: irradiation

Absorption depth AA

for stellar photons

Disk is primarily heated by stellar irradiation, B
and is flared. Lo
(Chiang & Goldreich, 1997)
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To Oth order, may approximate the disk equilibrium temperature as
L,
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=> Study disk gas dynamics on top of this temperature background.

Surface
layer

Thermal

“ photosphere

= =Mid-plane

~ 4
~ UTdisk — Tyick ~ R_1/2 (~R1 for a flat disk)



Energy dissipation

Stress from radial transport
of angular momentum:

BrBy
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Tqu = ,05’035’U¢ —

Rate of energy generation (=dissipation):

4O 3
Q" = “ iR R = R

Radial transport of A.M. is usually accompanied by (local) heating.

In general, viscous heating only dominates the inner disk region (<1AU).

Question: why?

Wind-driven accretion is accompanied by Joule heating (i.e., dissipation
of magnetic field), but it is generally insignificant. (Mori+2019)



Outline

Radial transport: instabilities and turbulence



Stability criterion for Keplerian disks

Are Keplerian disks hydrodynamically stable?

Rayleigh criterion: differentially rotating fluid is stable when specific
angular momentum increases outward (Rayleigh, 1916):

d(RQQ) In other words, the s 1 0, 4
dR >0 epicyclic frequency: & T ﬁﬁ(R %) >0

The more general Solberg-Hgiland criterion for stability (e.g., Tassoul 1978):
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Brunt-Vaisala frequency (buoyancy)

Keplerian disks are generally considered to be hydrodynamically stable!



Hydrodynamic instabilities

Gravitational instability

Toomre’s Q parameter:
cs§) Disk is gravitationally unstable

@="0cx if O<I.

It is likely achieved in early stages of PPDs when it is massive, but not over
most of their lifetime.

Rossby-wave instability
, . Many of these instabilities require
Convective overstability special thermodynamic conditions to
Vertical shear instability operate, and are not sufficiently
powerful to drive rapid accretion.

Zombie vortex instability



Gravitational instability

Self-gravity, tidal force, pressure

Consider a clump of gas in
the disk with size L. Rotation (tidal force) stabilizes
against gravitational collapse if:

GM* L ~ GMClump
R? R L2

Gl
> L> 0

Gas pressure stabilizes against gravitational collapse if:

1P GMClump C2
S o [« 8
o L L? G




Thermo-hydrodynamical instabilities

PPDs are not adiabatic, and perturbations can be non-linear.

From Lesur+2023 review:

Vertical Shear Instability

Convective Overstability

Zombie Vortex Instability
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Qagg ~ ) e gy 10+ Qgs ~ (10_5_10—4)T
Outcome: turbulence & vortices
Nelson+2013 Klahr & Habbard 2014, Lyra 2014 Marcus et al. 2013

(Nearly isothermal)

(cooling time ~ dynamical time)

(adiabatic but nonlinear)




The vertical shear instability (VSI)

In hydrostatic equilibrium, PPDs generally have vertical shear in rotation
velocity => source of free energy to power the VSI (with short coolilng).

(variant of the GSF instability in differentially rotating stars (Goldreich & Schubert
1967, Fricke 1968)

Leads to prominent vertical motion
(body modes) and hence dust stirring.

Height

In 3D, will produce turbulence by
secondary instabilities.

(Richard+2016, Manger & Klahr 2018)

1.0 1.2 1.4 1.6 1.8

Radws — Njolson+2013



Occurrence of thermo-hydro-instabilities
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Convective
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| 10 100
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Based on estimated cooling rates with standard disk model and dust opacities.



The Rossby-wave instability

Rossby waves occur in rotating fluids under a gradient in potential vorticity.

In the disk context, it is defined as Qpy = (V <)

>

The Rossby wave instability (RWI)
occurs when there is a non-smooth
radial variation in potential vorticity.

(Lovelace+ 1999, Ono+16)

2x10™

1x10™°

Lead to the production of multiple vortices,
eventually merging into one giant vortex.

(e.g., Li+ 2000,2001,Meheut+2010, 2012)
1x10™°
Usually results from a radial pressure

bump, e.g., from planet-disk interaction

(e.g., de Val-boro+ 2007, Lyra+2009, Zhu+ 2014) 2 3 4 5
r (AU) (Meheut+2012)

More later (Ruobing/Pinghui’s lectures).



Magnetorotational instability (MRI)

Rayleigh criterion for unmagnetized rotating disks:

d(QR?)
dR

Confirmed experimentally (Ji et al. 2006).

Unstable if:

< (0 (Rayleigh, 1916)

All astrophysical disks should be stable against this criterion.

Including (a vertical, well-coupled) magnetic field
qualitatively changes the criterion (even as B->0):

| dO Velikhov (1959),
Unstableif: —— < ()  Chandrasekhar (1960),
dR Balbus & Hawley (1991)

All astrophysical disks should be unstable!

26



Magnetorotational instability (MRI)

Edge on view: Face on view:

To the central star ! A

! \

| O |

H g m 1 |
\ !

mi \\

Magnetic tension force behaves like e mo: é/
a spring.
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Local and global simulations of the MRI

o~ (dv/es)?

Typically,  ~0.01-0.1  \

from John Hawley

For a black hole accretion Sufficient to explain PPD
disk, but physics is similar. accretion rates, BUT...




PPDs are extremely weakly 1onized

cosmic ray
thermal ionization

far UV

stellar X-ray

Umibayashi & Nakano (1981)
Igea & Glassgold (1999)
Perez-Becker & Chiang (2011b)

1AU, no grain
107 . , j
— metal ions
107° -other ions
10 e
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T 10 °f .
s
1074 PPt
" . X-ray
-16 ) ’1
10  [radio- i,
decay r
-18 y .
10 i : Phe | . ]
_ _ 4~ cosmic | (Bai, 2011a)
' ra
1072 ' ray I . .

Very weak ionization in the gas substantially reduces the coupling
between gas and magnetic fields, which can suppress the MRI!



Gas-B field coupling in weakly 1onized gas

lonized gas: well coupled Weakly ionized gas: poorly coupled
Magnetic
field lines

B field is frozen in the gas

(flux freezing) /

B

Collision with
neutrals

B field is frozen in the electrons
(most mobile charged species)

+

Resistivity: B field slips through the
electrons due to collisions.

Ideal Magnetohydrodynamics (MHD) Non-ideal MHD



Disk microphysics: non-ideal MHD effects

Induction equation (grain-free):

Non-ideal
MHD terms

resistivity
0B
— =cV X E=V x (v, x B)
ot
i_v)
0B VU x (vxB)- [47r77J J x B J><B)><B]
Ot C ENe CYPP;
inductive Ohmic Hall Ambipolar diffusion (AD)
o n B n B?
Ne Ne P Ne P2




‘ Disk microphysics: non-ideal MHD effects

Cosmic rays

X-rays, FUV

/ ideal MHD ideal MHD ideal MHD

Due to far UV (FUV)

1AU 10 AU 100 AU

v

No . m,AS2

Elsasser numbers: Ao g 4 =

Characterizes the importance of these effects. Unimportant when >>1.



MRI with ambipolar diffusion (AD)

strength of turbulence
Early studies in shearing box: 10 - -
107"}
& ) , 107 |
g C
31070 | stronger
% AD
2 104 I /
( |
To the Star 105l ///
107° - -
‘ 0 50 100 150

0.0008 0.008  0.08

Max: 11.12
t =215 Min: 0.001959

The MRI is suppressed/ damped with strong AD,
making it insufficient to drive rapid accretion.

(Bai 11a,b, Perez-Becker & Chiang 11a,b)

(Bai & Stone 2011)



The Hall ettect: what happens if we tlip B?

p 2 B 22 B

Lorentz force: ~ J X B is unaffected. Note J — %V X B
T

Induction equation (no grain):

B 4 B
a—:Vx('uxB)—Vx [inJ—kJ>< —(JXB)XB]
ot €TNe CYPPi

inductive Ohmic Hall

The Hall term is Polarity Dependent!

Local simulations if PPDs that include the Hall effect: Bai 14,15, Lesur+14, Simon+15



Outline

Vertical transport: magnetized wind



Magnetized winds: strong poloidal field

Magneto-centrifugal wind:

B field is anchored to a razor-thin disk.

For sufficiently strong B field, it remains
poloidal and enforces corotation with
the disk at the footpoint.

Effective potential (corotation with ry):

¢(r,z) =— o [1/2(;’: )2 +

To

: Yo
stable S —

unstable centrifugal central star

unstable

b e e e - e — o —— ———

Centrifugal fling when inclination
about the disk is less than 60deq.

|
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(Blandford & Payne 1982) '
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Magnetized winds: weak poloidal tield

Magnetic pressure gradient:

B field is anchored to the disk.

For weak B field, it can no longer
enforce corotation with footpoint and
develops strong toroidal component,
with two consequences:

1. Magnetic pressure (from B ) builds
up and pushes the gas up (i.e. outflow).

2. Field lines are bent => the restoring
force from magnetic tension extracts
disk angular momentum.

Weiss, Bai & Fu 2021

See Spruit (1996)



Magnetized winds: conservation laws  see spuit (199%)

Assumptions: steady state, ideal MHD and axisymmetry.

Field and velocity can be decomposed by

B=B,+Byes. v=uv,+RQUR)e,. => v, || B,
poloidal toroidal

The following quantities are conserved along poloidal field lines (launched from Ry):

47 pv,

Mass flux: k= B,

kB,
ArpR

Angular velocity of magnetic flux surface: w =2 —

RB,

= = WRZ +«—— Alfven radius

Angular momentum flux: [ = QR? —

WRB¢
k

2
Energy flux: e= % +h+ P —

v 2

: v2 + (vy — wR)?
Bernoulli; F=e¢ —wl = — — wRvy +h+® = P (vg )

5 5 + h+ Pog




Magnetized winds: Altven radius

Critical points:

v,= slow/Alfven/fast magnetosonic speed

p

At the Alfvén point: ’Ug = Bg/47rp

_ Lever arm:
R 13 | 10 S A= (RA/R0)2
Bai et al. 2016
_ . dj  dMying 5 9
Accretion vs mass loss: Loce = Qg (R% — R
Mace— g sk (B — o)
dMyina/d1n R 1 1

Ejection index: & Mo . ~ 9(Ra/Ro)2 -1



Transition between the two regimes

Prescribe the shape of B, solve the conservation laws and match critical points.

enforce

corotation
strong B, \

10° 10 10° 10" 10°  10° 10 10° 10" 102 10®  10°
R R

Bai et al. 2016

More self-consistent treatment needs simulations: cross field force balance.



‘ FHarly studies

— Core —\ /——————— Wind —
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(Krasnopolsky et al. 1999)

Treat the disk as boundary condition.

100}

50

=50+t

—100¢

Zanni+2007

Resolve the disk while artificially add

resistivity (to suppress the MRI).




Full disk microphysics

2D axisymmetric, all 3 non-ideal MHD effects included.
Bai, 2017
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Complex flow structures with major implications for planet formation.



‘ Outline

Angular momentum transport: general
Radial transport: instabilities and turbulence
Vertical transport: magnetized wind

= Recent development



Does wind-driven accretion disk always shrink?

time = 17770
PX VX2

Center of the loop

‘

D

ecretion

(Yang & Bai 2021)

0 20 40 60 80 100
Radius

Formation of poloidal B field loops beyond disk truncation radius could make the
disk expand!

How exactly disk would evolve is more complex (we don’t know yet).



‘ Co-existence of turbulence and winds

Ve 1=2560tq

e-4
102 10

4

3

2

1

0

_ 1
D

3

‘ 4

S e

104 5
103
102 -10
-107
107 -15 ) e
0 2 4 6 8 10 12 14 16 - 0246810121416 0 2 4 6 8 10 12 14 16
R R

Cui & Bai (2021)

The MRI co-exists with wind, but wind dominates angular momentum transport.

Co-existence of the VS| and MHD winds (Cui & Bai 2020)
Co-existence of the VSI and the MRI (+MHD winds) (Cui & Bai 2022)



‘ Formauon of disk substructures

0.6
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Bai 2015

t=2540

Magnetic flux concentration =>
forming ring-like substructures

N 102

The process is generic but stochastic.

103

Cui & Bai 2021



Current understandings

Magnetized disk wind Cosmic rays
Turbulent
outflows? Significant mass oss Turbulent|outflows
P I 1
X-rays, FUV [/ / /
/! | /
‘ Vv
/1

Thermal ionization I

zone: fully MR Polarity !
turbulent ~0.3 AU dependence ~10-20 AU
MRI suppressed by Ohmic MRI damped by AD

+AD, disk is largely laminar.

Additional action of various hydro instabilities



Future directions

unsteady Magnetized disk wind unsteady Cosmic rays
OUtﬂOWS" 4 4 A A outflows?

f / Wind kinematic is sensmve
/! to thermodynamics/and
chemistry

X-rays, FUV

Thermal ionization

zone: fully MR :

turbulent  ~03AU B flux evolution? ~30-100 AU
Innermost region: transition Outer region: influence
to full MRI turbulence? from environment

Implications for planet formation? Grain growth/transport, planetesimal
formation, planetary growth, pebble accretion, planet migration



Summary

Angular momentum in PPDs determines disk structure and
evolution, fundamental to understand planet formation.

Two modes: radial transport (by “viscosity”) and vertical
transport (by magnetized wind).

Several thermo-hydrodynamic mechanisms can be viable to
produce weak-to-modest level of turbulence.

The MRI is a powerful instability to drive viscous accretion, but
requires the B field to be coupled to the gas.

PPDs are extremely weakly ionized, resulting in non-ideal MHD
effects => suppress or damp the MRI.

Wind-driven accretion dominates (other turbulence co-exists),
gas dynamics depends on the polarity of B field.



