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S* L i li t i E l t S tS*-Lp misalignment in Exoplanetary Systems
The Importance of few-body interactions

1. Kozai + Tide migration by a distant companion star/planet
(e.g., Wu & Murray 03; Fabrycky & Tremaine 07; Naoz et al.12, Katz et al.12)

2. Planet-planet Interactions
-- Strong scatterings

(e g Rasio & Ford 96; Chatterjee et al 08; Juric & Tremaine 08) M’(e.g., Rasio & Ford 96; Chatterjee et al. 08; Juric & Tremaine 08)

-- Secular interactions (“Internal Kozai”, chaos)
(e.g Nagasawa et al. 08; Wu & Lithwick 11)

Mi

m
M

(planet)(p )

-- Chaotic stellar spin evolution during Kozai 
(St h A d & DL 2014)(Storch, Anderson & DL 2014)



Chaotic Dynamics of Stellar Spin during Kozai cycleChaotic Dynamics of Stellar Spin during Kozai cycle

Storch, Anderson & DL 2014





S* L i li t i E l t S tS*-Lp misalignment in Exoplanetary Systems
The Importance of few-body interactions

“High-Eccentricty Migration”
-- Planet forms at a few AUs
-- Interaction with another body pumps it into high-e/inclined orbit
-- Tidal dissipation on planet circularizes the orbit
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Is “High-e Migration” the whole story forIs High-e Migration the whole story for 
producing hot Jupiters and S-L misalignments?

Likely NO.

-- Companion? Initial conditions?  (e.g., Knutson et al. 2014)

-- Can produce distribution of period, ecc, misalignment? (Naoz+12,Petrovich+14)

-- Paucity of high-e proto-hot Jupiters (Socrates et al.2012; Dawson et al.2012) 

-- Stellar metallicity trend of hot Jupiters Two mechanisms of migrationsy p g
(Dawson & Murray-Clay 2013)

-- Misaligned multiplanet systems:g p y
Kepler-55 (2 planets 10.5 & 21 days 40-55 deg from seismology; Huber et al 2013)
Kepler-9 (3-planets; Walkowicz & Basri 2013) ?
Other Candidates: Hirano et al. 2014



Hints of “Primordial” Misalignments
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Hints of “Primordial” Misalignments
(before dynamical few-body interactions)

-- Solar system: 7 degree So a syste deg ee
-- Stellar spin axes in a>40 AU binaries: Misaligned  (Hale 1994)
-- PMS/YSO binaries: Misaligned protostellar disks measured from jets or disks

Haro 6-10:
Two disks: one edge-on,
one face-on
(Roccatagliata et al. 2011)

Mi li d lti l t t-- Misaligned multiplanet systems (Huber et al. 2013; etc)
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Ideas for Producing Primordial Misalignmentsg g
between Stellar Spin and Protoplanetary Disk

-- Chaotic star formation  (Bate et al. 2010)
Supersonic turbulence --> clumps --> stars
Clumps can accrete gas with different rotation axes at different times 
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Ideas for Producing Primordial Misalignmentsg g
between Stellar Spin and Protoplanetary Disk

-- Chaotic star formation  (Bate et al. 2010)

-- Magnetic Star – Disk Interaction (Lai, Foucart & Lin 2011)

-- Perturbation of Binary on Disk (Batygin 2012; Batygin & Adams 2013; Lai 2014)



Star-Disk-Binary Interactions



Star-Disk-Binary Interactions

First no accretion, just gravitational interactions…, j g



Companion makes disk precess

Disk behaves like a rigid body
(b di i t lf it )(bending waves, viscous stress, self-gravity)



Disk makes the star precess

Gravitational torque on rotating star (oblate)
Mutual precession, but Ld>>S

where



Two limiting cases:

(1)

(2)



Simple model:



Initial:

DL2014



Initial:



ResonanceResonance



Initial:



Now consider 
Isolated Star Disk S stemsIsolated Star-Disk Systems:
Accretion and Magnetic Interaction



Magnetic Star - Disk Interaction: Basic PictureMagnetic Star - Disk Interaction:  Basic Picture

Magnetic starMagnetic star



Magnetic Star - Disk Interaction: Physical ProcessesMagnetic Star Disk Interaction: Physical Processes

Magnetic field reconnects and penetrates the inner region of disk
Field lines linking star and disk are twisted > toroidal field > field inflationField lines linking star and disk are twisted --> toroidal field --> field inflation
Reconnection of inflated fields restore linkage



Romanova, Long, et al. 2010



Key Results:y
In general, there are magnetic torques which tend
to make the inner disk (before disruption)
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Key Results:Key Results:
In general, there are magnetic torques which tend
to make the inner disk (before disruption)

-- warp
-- precess

on timescale >> dynamical time (rotation/orbital period)on timescale >> dynamical time (rotation/orbital period)

C id t li itiConsider two limiting cases
in general geometry…



Perfect conducting disk:g

Torque on disk (per unit area):
Averaging over stellar rotation: Precessionale ag g o e s e a o a o Precessional

Torque



Poorly-conducting disk:

Torque on disk (per unit area):
Averaging over stellar rotation:g g

Warping torque

threads the diskthreads the disk



A Laboratory ExperimentA Laboratory Experiment

J



A Laboratory ExperimentA Laboratory Experiment



RRecap:
Magnetic toques from the star want to make the inner
disk warp and precessdisk warp and precess…

But disk will want to resist it by internal stresses y
(viscosity, bending waves) or self-gravity



Steady-state Disk Warp:

Foucart & DL 2011

F t di k/ t t th di k i llFor most disk/star parameters, the disk warp is small



What is happening to the stellar spin direction?
(Is there secular change to the spin direction?)

N d t idNeed to consider:
Back-reaction torque on the stellar spin…
(for small warps --> flat disk)(for small warps --> flat disk)



What does magnetic warping torque do?What does magnetic warping torque do?



What does magnetic warping torque do?What does magnetic warping torque do?



A ti t d t li S & LAccretion tends to align S & L:

Accretion torqueAccretion torque

Magnetic misalignment torque:

ForFor



Evolution of the stellar spinp

Spin evolution timescale:Spin evolution timescale:



Evolution of the stellar spinp

“weak” warping torque

“strong” warping torque



Summary:

For Isolated star-disk systems:
Magnetic torque tends to produce spin-disk misalignment,
But competes with accretion

M t d ll/ d t i li tMay or may not produce small/modest misalignment
(e.g., Solar system 7 degree?)



Star-Disk-Binary Interactions

Gravitational interactions…

Now include Accretion and Magnetic Torques



Spin Evolution



Spin Direction Evolution



No accretion/magnetic

Accretion/magnetic
damps SL-angledamps SL-angle

Accretion/magneticAccretion/magnetic
increases SL-angle

DL2014



No accretion/magnetic

Accretion/magnetic
damps SL-angledamps SL-angle

Accretion/magneticAccretion/magnetic
increases SL-angle

DL2014



Recap the Key Findings:Recap the Key Findings:
-- With a binary companion, spin-disk misalignment is “easily” generated

Accretion/magnetic torques affect it but not diminish the effect-- Accretion/magnetic torques affect it, but not diminish the effect
-- The key is “resonance crossing”



Implications for Hot Jupiter formationImplications for Hot Jupiter formation

-- If hot Jupiters are formed through Kozai induced by a companionIf hot Jupiters are formed through Kozai induced by a companion,
then primordial misalignment likely already present

Even when Kozai is suppressed misaligned planets can be produced-- Even when Kozai is suppressed, misaligned planets can be produced

-- Disk driven migration is quite viable…



Star-Debris Disk Systems:Star Debris Disk Systems:

Greaves et al. 2013 



Watson et al 2011

Greaves et al. 1998

CSO and Spitzer
(MIPS) image
Backman et al 2009

Consistent with 
face-on 
(Stapelfeldt 2010)(Stapelfeldt 2010)



SummarySummary

-- Hints/Needs for primordial star-disk misalignmentsts/ eeds o p o d a sta d s sa g e ts

-- Isolated star-disk systems: 
Magnetic torque may produce small/modest misalignments;
May explain the 7o misalignemt in solar system

-- Binary-disk-star interactions:
Easy to generate promordial misalignments
“Secular resonance”Secular resonance
Take place before few-body interactions (e.g. Kozai)
Disk-driven migration can produce misaligned hot Jupiters
…



Thanks! 


