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ALMA (0.03”): Planet Construction Zone

The Solar System To Scale

ALMA Partnership+ 2015



Need Observational Constraints o

o
()

ALMA (0.03”): Planet Construction Zone

o
(<)

[arcseconds]

Ad
|
o
w

o
o

1.0 0.5 0.0 -0.5 -1.0
Aa [arcseconds]

Andrews+ 2016
Tsukagoshi+ 2016

The Solar System To Scale

ALMA Partnership+ 2015



Disk Features



Disk Features

Axisymmetric

nonaxisymmetric

=1

m=2



Disk Features
Optical/Near-IR

Axisymmetric

F171M

Debes+ 2013 Mayama-+ 2012

nonaxisymmetric

m=1

=2



Disk Features

Optical/Near-IR

Axisymmetric

F171M

Debes+ 2013 Mayama-+ 2012

nonaxisymmetric

m=1

Avenhaus+ 2014 De Boer+ 2016



Disk Features

Optical/Near-IR

Axisymmetric

F171M

Debes+ 2013 Mayama-+ 2012

nonaxisymmetric
m=1
Avenhaus+ 2014 De Boer+ 2016
Q, réscaled
m=2

N,

Garufi+ 2015 Benisty+ 2015



Disk Features

Optical/Near-IR

I —
‘(e) 1.0
_‘ nterms

y (B6+87)

Axisymmetric

0,

F171M

Debes+ 2013 Mayama+ 2012 ALMA Partnership+ 2015  Andrews+ 2016 Carrasco-Gonzalez+ 2016

nonaxisymmetric
m=1
Avenhaus+ 2014 De Boer+ 2016
Q, réscaled
m=2

N,

Garufi+ 2015 Benisty+ 2015



Disk Features

Optical/Near-IR

A ——
'(e)tl.o

. n erms=n} L,

Axisymmetric

@©

F171M

Debes+ 2013 Mayama+ 2012 ALMA Partnership+ 2015  Andrews+ 2016 Carrasco-Gonzalez+ 2016

nonaxisymmetric

Avenhaus+ 2014 De Boer+ 2016 van der Marel+ 2013 Casassus+ 2013

ré-scaled

m=2

Garufi+ 2015 Benisty+ 2015



Disk Features

Optical/Near-IR

A ——
'(e)tl.o

jrisrgeoerees
B7
- nerms:ra(86+ :

Axisymmetric

F171M

Debes+ 2013 Mayama+ 2012 ALMA Partnership+ 2015  Andrews+ 2016 Carrasco-Gonzalez+ 2016

nonaxisymmetric

Avenhaus+ 2014 De Boer+ 2016 van der Marel+ 2013 Casassus+ 2013

ré-scaled

m=2

Garufi+ 2015 Benisty+ 2015 Pérez+ 2016



Disk Features

Optical/Near-IR

A ——
'(e)tl.o

jrisrgeoerees
B7
- nerms:ra(86+ :

Axisymmetric

F171M

Debes+ 2013 Mayama+ 2012 ALMA Partnership+ 2015  Andrews+ 2016 Carrasco-Gonzalez+ 2016

nonaxisymmetric

Avenhaus+ 2014 De Boer+ 2016 van der Marel+ 2013 Casassus+ 2013

ré-scaled

m=2

Garufi+ 2015 Benisty+ 2015 Pérez+ 2016




Spiral Arms

Spiral density waves are
sound waves 1n disks

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
X/ Iy



Spiral Arms

Spiral density waves are
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Spiral Arms

Spiral density waves are
sound waves 1n disks
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Are Spiral Arms Excited by Planets?

MWC 758
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Two difficulties: e MWC S8

1. Fitting the pitch angle suggests a too hot disk
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CO lines suggest T~50 K

2. Planet-induced spiral arms are too weak

Juhasz+ 2015:

1. run 2-D hydro simulations

2. puff the disk to 3-D assuming
vertical hydrostatic equilibrium

3. Input into the 3-D MC radiative
transfer code
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Are Spiral Arms Excited by Planets?

Two difficulties: e MWC S8

1. Fitting the pitch angle suggests a too hot disk

At 50 AU, T~300 K i,
CO lines suggest T~50 K

Linear Theory

2. Planet-induced spiral arms are too weak

Near-IR observations only probe jg
the disk surface.

Shocks have 3-D structures
(Lubow & Ogilvie 1998)

—0.5 0.0 0.5
RA offset [arcsec]



3-D Stratified Hydrodynamical Simulations

Athena++ (Jim Stone, Kengo Tomida, Chris White)
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Surface density perturbation

When the planet mass increases:

*The pitch angle increases
Goodman & Rafikov 2001

e The secondary arm becomes
apparent and the separation

between two arms increases

e Amplitude of shocks
becomes larger

Zhu+ 2015
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3-D Shock Structure

op/p at the disk midplane
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3-D Shock Structure

op/p at the disk midplane

op/p at disk surface (3 H)
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Similar to Juhasz+ 2015
puff from 2-D to 3-D

Directly using 3-D
simulations
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3-D Shock Structure

op/p at the disk midplane op/p at disk surface (3 H)
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Use spiral arms to estimate the planet mass (nonlinear theory)

Convolved Image * (R/1")?

Similar to Juhasz+ 2015
puff from 2-D to 3-D

Directly using 3-D /
simulations

Zhu+ 2015
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Comparison with Observations

DEC offset Imas)

6 M; planet

600

400

§ -

—';T
?"
oPp r
.
-200
—-400
—600
600 400 200 0 —200 —400  —600 06 04 02 0 0.2 04 06
RA offset [mas] z (arcsec)

Dong+ (2015)



Comparison with Observations

DEC offset Imas)
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Canup & Ward 2002
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How to Directly Find Young Planets in Disks?

Difficult! Circumplanetary disk
LJupiter: 1072 Lsun

Collisional lonization Ambipolar diffusion
............

Canup & Ward 2002

What if the circumplanetary disk is accreting?

If a Jupiter mass planet is accreting at M=10"5 My pice/yT
Laccretion:O. 5 GMJupiterM/ RJupiterZI . 5 X 1 0-3 Lsun
As bright as M type brown dwarfs!



Accreting Circumplanetary Disks (CPDs): SEDs
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Accreting Circumplanetary Disks (CPDs): SEDs
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Accreting Circumplanetary Disks (CPDs): SEDs
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Accreting Circumplanetary DlSkS (CPDS) SEDs

— | | I I _
8 L UU \5( UUM RmzRJ a
- Protostar .
- (GM Aur) -
O'JE _ 1o L circumplanetary disks -
3 i \ ]
Y - \ M M=10-5M2/vyr
gﬂ i ! "v" \~ P J/Y_
0 _ (LA . -
2 e (i —J10-° 1
% . 2300K i
QD - ™~ “\\ .
9 Y . 7 o
' DY AT R MB20K
- ’-‘,u '/ 700K -
l A ¥ Y RN
B | | 550K 1
—18 | J'IIi\E“I’ | L1
0.5 1.5
Planet (Hot/Cold start)

Spiegel & Burrows 2012

HD 169142 - Disk H + Souwrce L

AcCanconds
) o =)
~ o ~N

Reggiéﬁuimgt al. 2014
Biller et al. 2014

Observations Theory
HD 169142
J band: >13.8 15.1
L’band: 12.2+0.5 12.4
M band: ? 11.6
N band: ? 10.1



Accreting Circumplanetary Disks (CPDs): SEDs

e .
8 U U \If} U M N RmzRJ a
- Protostar .
- (GM Aur) -
°"E _ 1o L circumplanetary disks -
O i il
2 - M_M=10-3M2/yr]
an - | -
o B
= ~=r 108 =
=z _2300K |
- My 820K
i A i 700K - _
- 550K e
—18 1 JII F'IA’ L1
0 1.5
lcug A(ﬁﬂnﬂ) Zhu 2015
Planet (Hot/Cold start)

Spiegel & Burrows 2012

HO100546"- L bang
.

) HD 169142 - Disk H + Souwrce L
'..

Accanconds
S o =)
~ o ~

Cﬁrrie et al'. 2014
Quanz et al. 2014

Reggié;;i?t al. 2014
Biller et al. 2014

Observations Theory
HD 169142
J band: >13.8 15.1
L’band: 12.2+0.5 12.4
M band: ? 11.6
N band: ? 10.1
HD 100546
Ks band: >15.43+0.11 16.5
L’ band: 13.92+0.10 13.9
M band: 13.33+0.16 13.1
N band: ? 114



Accreting Circumplanetary Disks: More Evidence

HD 100456
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Accreting Circumplanetary Disks: More Evidence
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Accreting Circumplanetary Disks: More Evidence
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e Turbulence (viscous model): Ayliffe & Bate 2009 "' §
Tanigawa+ 2012
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How CPDs accrete? Ideas from C1rcumstellar DlSkS
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How CPDs accrete? Ideas from C1rcumstellar DlSkS

e Turbulence (viscous model): Ayliffe & Bate 2009 "' FE T rErr (| 3
Tanigawa+ 2012 AR s

RN o TR
0.9 0.95 | 1.05 1.1

* Non-ideal MHD effects: mymert 2014, Fujii+ 2014, Keith & Wardie 2015

e Wind, outflow and jets:

Gressel+ 2015
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Spiral shocks excited by the star can transport angular momentum
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How CPDs accrete? Ideas from Binaries

Secondar

Primary

5

k.

Spirals

Spiral shocks excited by the star can transport angular momentum

Larson 1990: semi-analytically derived

a~0.013((c/V)+0.08(c/V)*]"?

(for a steady, self-similar shock)

Shock-driven accretion can be efficient when the disk 1s hot



Accretion Depends on Disk Temperature

Cold (isothermal simulation) Hot (adiabatic simulation)
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Accretion Depends on Disk Temperature

Cold (isothermal simulation) Hot (adiabatic simulation)
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Accretion Depends on Disk Temperature

Cold (isothermal simulation) Hot (adiabatic simulation)
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Difticult to Simulate CPDs

» Large Dynamical Range (4 orders of magnitude)
» Using Static Mesh Refinement (SMR) introduces grid noise
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» Large Dynamical Range (4 orders of magnitude)
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Difticult to Simulate CPDs

» Large Dynamical Range (4 orders of magnitude)
» Using Static Mesh Refinement (SMR) introduces grid noise

» [sothermal simulations show low accretion rate and are not
numerically converged  (Rivier+ 2012, Szulagyi+ 2014)
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CPD 2-D Inviscid Hydrodynamical Simulations

Using Athena++
e centered at the planet
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CPD 2-D Inviscid Hydrodynamical Simulations

Using Athena++
e centered at the planet
e controlled boundary
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CPD 2-D Inviscid Hydrodynamical Simulations

Using Athena++
e centered at the planet
e controlled boundary
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CPD 2-D Inviscid Hydrodynamical Simulations

USing Athena++ R0115t/ Rin:3 OOO
e centered at the planet 3x10° inner orbits
e controlled boundary

e radiative cooling  , _ 16, 4 g T
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Spiral Shocks are efficient to transport mass in CPDs
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Spiral Shocks are efficient to transport mass in CPDs
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CPDs properties

dM/dt (M,/yr)

Disk Accretion Rate
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CPDs properties

dM/dt (M,/yr)

Disk Accretion Rate
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Observational Signatures: Submm Flux of CPDs

M Mass Flux® 870pum 1.3 mm 7mm
My /yr M 1Jy nJy nJy
1.07x10~° 6.4x10~4 91 33 0.47
2.26x10=6 3.1x10~4 42 16 0.22
3.80x10~7 1.0x10~4 18 6.0 0.061
3.93x10~8 3.6x10~"° 7.4 2.0 0.014
1.92x107? 2.0x107° 4.5 1.2  0.0067
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Observational Signatures: Submm Flux of CPDs

M Mass Flux® 870pm 1.3 mm 7mm
My /yr M (Jy 1y [y
1.07x10~° 6.4x10—4 91 33 0.47
2.26x10~6 3.1x10—4 492 16 0.22
3.80x10~7 1.0x10~* 18 6.0 0.061
3.93x10~8 3.6x10~° 7.4 2.0 0.014
1.92x10~? 2.0x10~° 4.5 1.2  0.0067
HD 169142b 105 My/yr
HD 100546b 106 My/yr 100 Wy -1 mJy
Band 6
LkCa 15b 10'5 MJ/yr ALMA' 1

Caveat: 3-D radiative transfer (szulagyi+ 2016)
3-D instability (Bae+ 2016)



Outline

® Global MHD disk simulations

Turbulence VS Wind




Accretion 1n disks with net vertical B-field
e Turbulence VS. Wind:
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internal Tro T,o at the surface

Zmaa:

Zmin



Accretion 1n disks with net vertical B-field
e Turbulence VS. Wind:

Moo 2t = =2 (R [ (lpurboe) — (Bba)) dz ) — 20 (po.dvg) ~ (B.,)

internal Tro T,o at the surface
MRI (Balbus & Hawley 1991)

Zmaa:

Zmin

Simon+2012
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Accretion 1n disks with net vertical B-field
e Turbulence VS. Wind:

. O0R o, Fmax
Macca—;;k — _27-‘-@ <R2 / (<pUR5U¢> o <BRB¢>) dZ) o 27TR2 (<IOUZ5U¢> o <B2B¢>)
internal Tro T,o at the surface
MRI (Balbus & Hawley 1991) Disk Wind (Blandford & Payne 1982)

Net Vertical
B-field

Simon+2012

e Global field transport:
8tA¢ = —vpB, — %QZBR -+ 7‘]8332

vB,/R nB,/H nB,/R




Accretion 1n disks with net vertical B-field

e Turbulence VS. Wind:
Mo Tyt = =2 (R [ (lpurboe) — (Baba)) dz ) — 202 (poudve) — (B.Ba))|
internal Tro T,o at the surface o
MRI (Balbus & Hawley 1991) Disk Wind (Blandford & Payne 1982)
Net Vertical
B-field

Simon+2012 .
i\ Zanni+2007

e Global field transport:
0, Ay = — vpB, — %@BR + nORB,

vB./R nB,/H nB./R

[f v~n, diffusion is faster than advection by R/H van Ballegooijen 1989
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Mg = High resolution global simulation *5)|
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Accretion 1n disks with net vertical B-field
e Turbulence VS. Wind:

. 8Rvk . . . . e
Mg = High resolution global simulation *5)|
covering a large domain e 1952
ayne
Net Vertical
B-field

Simon+2012

e Global field transport

at A as 1D 7 L ) 1D

Global Simulations conserve B flux

[f v~n, diffusion is faster than advection by R/H van Ballegooijen 1989



Global MHD Disk Models

3-D Ideal MHD Disk Simulations:

Athena++
eMesh Refinement

eIncluding Polar Region

Zhu & Stone 2017 ArXiv



Global MHD Disk Models

3-D Ideal MHD Disk Simulations:

Athena++
eMesh Refinement

eIncluding Polar Region

Simulation Setup:

net vertical field, =103, 104

grids: logarithmic spacing
from r=0.1 to 100

3, 4 levels refinements 1n 0 _Nm___m_
1 H 1s resolved by 15 grid cells R

Zhu & Stone 2017 ArXiv
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Accretion Structure

Green lines: velocity Azimuthally averaged density after 1400 inner orbits
field lines 19° S 3

Dashed lines: alfven
surface
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Corona Accretion
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Corona Accretion

Green lines: velocity
field lines

Dashed lines: alfven
surface

White lines: B=1

Azimuthally averaged
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Fast corona

1 accretion
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Avara+ (2016)
o MRI turbulent
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Turbulence VS. Wind




Turbulence VS. Wind
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Turbulence VS. Wind
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Turbulence VS. Wind
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Turbulence VS. Wind
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Turbulence VS. Wind
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Angular Momentum Budgets:

. 9 .
O(pdvy) N 1 O(r36(M,4)) N (pvy) Orvg N 1 O(sin“G(0Mpy)) N (pvg) O(sinfug)
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Angular Momentum Budgets:

. 9 .
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Angular Momentum Budgets:
d(pdvg) 1 O(r36(M,s)) N (pvy) Orvg N 1 O(sin®0(6Mpy)) N (pug) O(sinfug)

=0
ot T r3 or r  Or rsinf 00 rsinf 06
rQ stress Op stress —— m;, mg
Wind

0=[1.47,x/2] A 6=[0.69,1.47]

* Most accretion 1s through corona: a~0.5-1,

but only 5% accretion 1s due to disk wind
e Wlnd fI’OIn R:OS to 5: MlossNO.4% Macc
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B-field Structure and Driving Mechanism
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B-field Structure and Driving Mechanism

Velocity Streamlines

DA OLS A.9 LS EE.

Surface accretion
drags B

—

Keplerian shear
generates B

Magnetic Streamlines

47 | Bo

0.0 0.5 1.0 1.5 2.1



B-field Structure and Driving Mechanism

Magnetic Streamlines
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B-field Structure and Driving Mechanism

Magnetic Streamlines

5

= Velocity Streamlines
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Be
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Surface accretion Keplerian shear B, B:leads to vertical shear

drags B generates By B, Br leads to overall accretion
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Maintain Global Fields
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or  URP: T BRI Ra TR

If n~v, diffusion 1s larger than advection by R/H




Maintain Global Fields

8A¢ OBR 8Bz
- = —v Bz )zB — 7 - }
ot VRDz + VDR =N pa” T 5h

If n~v, diffusion 1s larger than advection by R/H

USil’lg n~v in our simulations (Guan &Gammie 2009, Lesur &Longaretti 2009, Fromang &Stone 2009)
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Maintain Global Fields

OA OBn OB,
— — —U Bz JzB — 17 - .
ot VRBz T VzBR — N pa” T g p

If n~v, diffusion 1s larger than advection by R/H

USil’lg n~v in our simulations (Guan &Gammie 2009, Lesur &Longaretti 2009, Fromang &Stone 2009)
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Why does the disk maintain global fields with n~v?
e Fast coronal accretion increases the advection term

e The corona extends very high (z~R), and the scale height for
B-field 1s ~R



Summary

® Spirals excited by the planet

e constrain not only the position but also the mass of the perturber

® Spirals excited by the star

* The circumplanetary disk: we may have some candidates, more with ALMA

* Accretion 1s driven by spiral shocks induced by companion

® Global MHD disk simulations

 (Coronal Accretion, total a~0.5-1

*  Wind not important ( leads to <5% of total accretion)

* Global field 1s maintained with unity Prandtl number



