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Outlines

e Why dust particle dynamics 1s important?
® Dust particle dynamics in MRI turbulent flows

® Dust particle dynamics in MRI turbulent disks with
the presence of a planet
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Why dust particle dynamics 1s important?

e Planet Formation:

Terrestrial planets are made of solids

Giant planets need 10 Mearth rocky cores 1n the core accretion scenario

e Meteoritics

Almost all about solids (Chondrule, CAls)

Age and composition of the Solar systems

e Astrochemistry

Ionization Calculations, Molecules, Grain surface reactions
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e (bservations

Observational evidence that dust and gas decouple 1n protoplanetary disks
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Observational evidence that dust and gas decouple 1n protoplanetary disks
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e (bservations

Observational evidence that dust and gas decouple 1n protoplanetary disks
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e (bservations

Observational evidence that dust and gas decouple 1n protoplanetary disks
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e (bservations

Observational evidence that dust and gas decouple 1n protoplanetary disks

Gl Tau (A=2.30) (K6)
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e (bservations

Observational evidence that dust and gas decouple 1n protoplanetary disks
r Gl Tau (Av=2~:30) SKG) ' ' ' GM Aur (A,=1.21) I(KCS)
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e (bservations

Observational evidence that dust and gas decouple 1n protoplanetary disks

Gl Tau (A,=2.30) (K6) GM Aur (A,=1.21) (K3)
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e (bservations

Observational evidence that dust and gas decouple 1n protoplanetary disks
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Two-fluid (Dust/Gas) viscous simulations

Rice et al. 2006

“Dust filtration”

3M;

Zhu et al. 2012
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Two-tluid (Dust/Gas) viscous simulations

3IM;
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Dust Filtration: Submm vs Near-IR
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Dust Filtration: Submm vs Near-IR s
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Dust Filtration: Submm vs Near-1R s
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Protoplanetary Disks in ALMA Era

Casassus et al (2013)
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Protoplanetary Disks in ALMA Era
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Interaction

Dust gas

Turbulent diffusion
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Dust gas interaction:

Gas Drag Turbulent diffusion
N
—7 o5 —
S 9= -
O . AL —
Whipple (1972) Dy, =—

e Dust Surface Density Evolution Equations:

g 10 0 (Xa
- _ | . ) p— FZ — _D xz p
Ot + - Or 7 (Fdsz + Ed'ld,a:)] 0 dif f d, 9y ( )
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Dust gas interaction:

Gas Drag Turbulent diffusion

= . R~ T
) \ "/ \\ ”§\ >
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- ing) | fe » 10" wlent BL) 1 d<:2>
Whipple (1972 Dy, = -—1¢
pple (1972) dz = 57 1

e Dust Surface Density Evolution Equations:

g 10 0 (Xa
- _— | . ) p— FZ — _D xz p
5% 5 [7(Faiff + Xavdz)] =0 dif f d.xdig 7 ( )

e Vertical Density Profile:
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Dust gas interaction:

Gas Drag Turbulent diffusion
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e Dust Surface Density Evolution Equations:
g 10 0

2d
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e Vertical Density Profile:

0 Pd | D
! p— D — d’Z
PdVd d,z|Pg 95 Pe » H, T

Wednesday, August 13, 14



Key parameters: Dg

. . . Voelk et al. 1980
Dq 1s related to the properties of turbulence: v, 4 & [ ithwick 2007
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Key parameters: Dg

. . . Voelk et al. 1980
Dq 1s related to the properties of turbulence: v, 4 & [ ithwick 2007

Dy = 32 = [ (00 (Mg O)ir (52T (0)) = Bes(r)

R,,: Autocorrelation Function
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Key parameters: Dg

. . . Voelk et al. 1980
Dq 1s related to the properties of turbulence: v, 4 & [ ithwick 2007

D, .- ;ddt> / (Vg2 (T)Vg.2(0))dr (Vg.2(T)vg.2(0)) = R,,(7)

' R,,: Autocorrelation Function

Eq(w) = or /_ N R.(r)e™"dr E: power spectrum
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Key parameters: Dg

. . . Voelk et al. 1980
Dq 1s related to the properties of turbulence: v, 4 & [ ithwick 2007

1 d 22 00
Dg.- = 2 <dtg> B / (Vg,2(7)vg,2(0))dr <Ug.~z (T)Ug,z (0)) = R..(7)
: 0
A | oo | Rzz: Autocorrelation Function
Eow) =57 /_ . Rea()e™dr E: power spectrum

Dg,z — WEQ(O) — <'vg2),z>t€’ddy
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Key parameters: Dg

. . . Voelk et al. 1980
Dq 1s related to the properties of turbulence: v, 4 & [ ithwick 2007

Dy = 302 = [ (g (oguOhdr (09,5 (0)) = Re(r)

) 1 | Rzz: Autocorrelation Function
Bow) =37 /_ - Raz(r)e™"dr E: power spectrum

Dy, = mE4(0) = (v2, Jteaay| 0 parameter in dust diffusion
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Key parameters: Dg

. . . Voelk et al. 1980
Dq 1s related to the properties of turbulence: v, 4 & [ ithwick 2007

Dy = 32 = [ (00 (Mg O)ir (52T (0)) = Bes(r)

A ' Rzz: Autocorrelation Function
Eglw) = %/_ - Ry.(r)e™ dr E: power spectrum

Dy, = mE4(0) = (v2,)teaay| 0. parameter in dust diffusion

: . Johansen & Klahr (2005)
MRI turbulence (ldeal MHD) Carballido et al (2005) (2006) (2011)

Johansen et al (2006)

teddy"“ 1/€2 Fromang & Papaloizou (2006)
Turner et al. (2010)
Fromang & Nelson (2009)
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Key parameters: Dg

. . . Voelk et al. 1980
Dq 1s related to the properties of turbulence: v, 4 & [ ithwick 2007

Dg.- = ;ddt> / (Vg,2(T)vy,2(0))dT (vg,2(T)vg,2(0)) = R;z(7)

A ' Rzz: Autocorrelation Function
Eglw) = %/_ - Ry.(r)e™ dr E: power spectrum

Dy, = mE4(0) = (v2,)teaay| 0. parameter in dust diffusion

: . Johansen & Klahr (2005)
MRI turbulence (ldeal MHD) Carballido et al (2005) (2006) (2011)

Johansen et al (2006)

teddy"“ 1/€2 Fromang & Papaloizou (2006)
Turner et al. (2010)
Fromang & Nelson (2009)
¢ Dust Surface Density Evolution Equations:
0¥Xqg 10 0 (24
7 + I_E[ (quff -+ Ed'l’d,x)] =0 Elz,ff = _D(I,:I:Zg or (20)

e Vertical Density Profile: g, — /%
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Gas+Particle Stmulations

Gas: Global unstratified MHD simulations using Athena.  (Stone et al. 2008)
Both ideal MHD (Vert. and Tor.) and Ambipolar Diffusion (Am=1)
R:0.5-4,7:-0.1-0.1
¥ =Xo(R/Ro)™! T =Ty(R/Ry)/?

Particles: solve the orbit of each particle with the orbit integrator.

(Zhu et al. 2013, built on Bai & Stone 2010)

7 types particles (Ts ~10- - 10%), each 1 Million particles
(Zhu, Stone & Bai 2014)
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Ideal MHD simulations:

Dust Surface density evolution:

. . . . . X4 1 0
Particle distribution in 7 + o [r(Faiff + ava,z)] = 0
MRI Simulations Fuirf = —DaaX, ‘)_) (E) Dax from Youdin & Lithwick
or \ Xg

(2007) with teddle/Q
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Ideal MHD simulations:

Dust Surface density evolution:

. . . . . 02,1 1 ()
Particle distribution in 5 T 5 r(Faigg + Xavaz)] =0
MRI Simulations Fass = —Dassy 2. (?) Dax from Youdin & Lithwick
SO\ (2007) with teddy~1/Q
Tle2  Gas | Ts~0.01 }§ Ts~0.1 |
0.5} t 1 5
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Ideal MHD simulations:

Disk vertical structure:

Particle distribution in
MRI Simulations

VS H,=
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Ideal MHD simulations:

Disk vertical structure:

Particle distribution in D,
. . VS H d = :
MRI Simulations QT

0.5} ' ]

 T6~0.01 Net Vert. B Net Tor. B

0.0-_ F ot | R . T -:

o —0.5-: _ ]

2 [ Ts~0.1

-1.0F
-1.51

-0.1=0.05 0.0 0.05 =0.1=0.05 0.0 0.05 =C

Z Z

teddy~1/€2
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Ambipolar Diffusion

Disk vertical structure: . D,
d p—

>
’k

QT

'-/_“—‘1 —‘-\

—0.1—0.05 0.0 0.05 O.1
teddy,ZNl/Q
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Ambipolar Diffusion

Disk vertical structure: . Da.
d p—

QT

/”—\

~0.1-0.05 0.0 0.05 0.1  —0.1-0.05 0.0 0.05 O.1
teddy,z"“ 1/Q teddy,z’\“?’ /€2
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Why different? Measure Dy, directly

We have carried out Shearing Box simulations including

dust particles. Then we follow ~100 particles for 20 orbits
to calculate p,. = 1) di;‘7> teddy,z = Dg’z/<<“l}§>>
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Why different? Measure Dy, directly

We have carried out Shearing Box simulations including

dust particles. Then [\ZV% follow ~100 particles for 20 orbits
la :fl

to calculate bp,. = S teddy,: = Dy ./ {(v2))
Run teddy.z
name Q-1
“Unstratified
VR32 0.47
TR32 0.92
ZR32 0.78
ZR64 0.93

ADIR32 3.0 _
ADIRG1 24 Am=l
AD2R32 4.1
AD2R64 3.2
AD2R128 3.2
AD2R32W¢ 3.2
AD3R32 4.1
AD3R64 3.2
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Why different? Measure Dy, directly

We have carried out Shearing Box simulations including
dust particles. Then we follow ~100 particles for 20 orbits

to calculate Dp,. — %) —D 02
=3 5 teays = Dy /((02)

Run teddy.z

name Q-1

“Unstratified

VR32 0.47

TR32 0.92

ZR32 0.78

ZR64 0.93

ADIR32 |30 _
ADIRG4 | 24| AmM=I
AD2R32 | 4.1
AD2R64 | 3.2
AD2R128 |[3.2
AD2R32W¢ | 3.2
AD3R32 | 4.1
AD3R64 | 3.2
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Why different? Measure Dy, directly

We have carried out Shearing Box simulations including
dust particles. Then we follow ~100 particles for 20 orbits

to calculate p,. = L4 =D 2
dz = 57 1 eddy,z = Dy 2 /((vz))
Run teddy,z
name Q-1
“Unstratified
VR32 0.47
TR32 0.92
ZR32 0.78

7ZR64 0.93
ADIR32 |30 _
ADIRG4 | 24| AmM=I
AD2R32 | 4.1
AD2R64 | 3.2
AD2R128 |[3.2
AD2R32W¢ | 3.2
AD3R32 | 4.1
AD3R64 | 3.2

In case stratification strikes back
Stratified

AD2SR32 2.2
AD2SLR32 3.5
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D, strongly relates to the turbulent property

1.d(z5) >
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D, strongly relates to the turbulent property
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D, strongly relates to the turbulent property
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The properties of turbulence has been changed by AD
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Particle transport 1n Turbulent Disks

® D, and Dy, are the fundamental parameters to control
particle transport in turbulent disks. teddqy as 1mportant
as o

® In turbulent disks with ideal MHD, teddy,~teddy,z~1/€2

Excellent agreements between global simulations and
analytical solutions for both dust evolution and dust
disk vertical structure

® In turbulent disks with AD, teddy,r 7 teddy.z 7=1/Q

AD totally changes the properties of turbulence 1tself
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Particle transport 1n Turbulent Disks

® D, and Dy, are the fundamental parameters to control
particle transport in turbulent disks. teddqy as 1mportant
as o

® In turbulent disks with ideal MHD, teddy,~teddy,z~1/€2

Excellent agreements between global simulations and
analytical solutions for both dust evolution and dust
disk vertical structure

® In turbulent disks with AD, teddy,r 7 teddy.z 7=1/Q

AD totally changes the properties of turbulence 1tself
Hall?
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Inserting a giant planet in the simulations

Gap edges are

Rossby Wave Unstable

(Lovelace et al. 1999, Li et al. 2005,
de Val-Borro et al 2007, Lyra et al
2009, Lin & Papaloizou 2010, Lin
2012ab, Meheut 2010, 2012)
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Inserting a giant planet in the simulations

Gap edges are

Rossby Wave Unstable

(Lovelace et al. 1999, Li et al. 2005,
de Val-Borro et al 2007, Lyra et al
2009, Lin & Papaloizou 2010, Lin
2012ab, Meheut 2010, 2012)
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Inserting a giant planet in the simulations

Gap edges are

Rossby Wave Unstable

(Lovelace et al. 1999, Li et al. 2005,
de Val-Borro et al 2007, Lyra et al
2009, Lin & Papaloizou 2010, Lin
2012ab, Meheut 2010, 2012)
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log,e2

~1.50 ~1.14 —0.78 —0.42 —0.06 0.30
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The vortex only appears in AD runs!
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log,e2

~1.50 ~1.14 ~0.78 —0.42 ~0.06 0.30
MHD Viscous
ldeal MHD Vert. BI Ideal MHD Tor. B T < 5 1 R R P

The vortex only appears in AD runs!

Similarity between MHD cases and equivalent viscous cases.
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Gas

Zhaohuan Zhu

Par. e

(10 cm)

Par. c (1 cm)
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Vortex develops only when AD 1s considered
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Vortex develops only when AD 1s considered
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dust size n(s)~s> from 0.005 um to 500 or 100 um

1.0 .
Oph IRS 48 A 000 0.09"018 %098 535 0.44 053
van der Marel et al.
(2013) 0.5
© 0.0
a
<]
-0.5
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dust size n(s)~s> from 0.005 um to 500 or 100 um
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dust size n(s)~s> from 0.005 um to 500 or 100 um
Intensity (Jy/beam) Cycle 2
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dust size n(s)~s> from 0.005 um to 500 or 100 um

Intensity (Jy/beam) Cycle 2
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The Dust trapping vortex may indicate non-ideal
MHD effects are operating in outer disks!

0<10-3 at the outer disk

LAV )

0 0.1 02 03 Intensity (Jy/beam)

0.00 0.02 0.04 0.07 0.09%

HD 142527
Casassus et al (2013)

Zhu & Stone
2012a

Wednesday, August 13, 14




Accreting circumplanetary disks: mini1 FU Ori
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