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Disk-Driven Migration
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Spin-Orbit Misalignment Puzzle
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The Rossiter-McLaughlin Effect
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S*-L, 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 N e

-- Strong scatterings
(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)

-- Chaotic stellar spin evolution during Kozai
(Storch, Anderson & DL 2014)
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S*-L, 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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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 migrations
(Dawson & Murray-Clay 2013)

-- Misaligned multiplanet systems:
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
(before dynamical few-body interactions)



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

-- Solar system: 7 degree

-- Stellar spin axes in a>40 AU binaries: Misaligned (Hale 1994)
-- PMS/YSO binaries: Misaligned protostellar disks measured from jets or disks

H band

-
M
I— E
K band
-
i -

-- Misaligned multiplanet systems (Huber et al

. 2013; etc)

Haro 6-10:
Two disks: one edge-on,

one face-on
(Roccatagliata et al. 2011)



ldeas for Producing Primordial Misalignments
between Stellar Spin and Protoplanetary Disk



ldeas for Producing Primordial Misalignments
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




ldeas for Producing Primordial Misalignments
between Stellar Spin and Protoplanetary Disk

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

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



ldeas for Producing Primordial Misalignments
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)

Stellar binary orbit Stellar-spin
angular-momentum angular-momertum
vector direction vector direction

r'y

Disk.angular-momentum
vectordirection

Orbital plane of the
stellar companion

Nodal recession of the disk
forced by the stellar companion



Star-Disk-Binary Interactions



Star-Disk-Binary Interactions

First no accretion, just gravitational interactions...



Companion makes disk precess

Disk behaves like a rigid body
(bending waves, viscous stress, self-gravity)

_ Mb Tout 3/2 ap —3
O 4~ —5x10° ( ) ( )
pd 8 (M* ) 50AU/  \300AU

()
X cosOgp | —
yr



Disk makes the star precess

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

_ Md Q* ’r‘in —2 Tout —1
O~ —5x107° il
’ : (0-1M*> (0.1) (4&) (5OAU)

2
X €08 Oyq (—W>
yr

2T Q.
where {1, = (3.3 days) (0.1)



Two limiting cases:
(1) [Qps| > |Qpa|: =  6Osq =~ constant

2) |Qps| < |Qpa]: = 6Oy =~ constant



=020 (32) )" Gavr)

(2#)
X cosBaqp | —
yT

Qpu = —5 x 105 (M) (L) (1im _2( ¥ )_1
ps — 0.1M, ) \0.1) \ 4R, 50 AU Simple model:

2T
w 0.1M
X c0s Bsq (yr) o ]

1+ (/0.5 Myrs)



|de|" |Qp5| (Myr_l}

10t
0 2 1 6 5 10
70 : . :
I
60| A AAAAAEANKAARALDL
N 50| I,v-""'”l\‘"””””
Initial; Z 4| | 1 |
Hdb = 50 _;
Osq = 5°
— Angle between 5& L, ||
—  Angle between S & L,

4 6 B 10 DL2014
Time (Myrs)



Initial: F wl

|51pd|! |ﬂp5| [Myr_l}

AORVRRE DN

Vs SO 010

I

— Angle between S& L

' n Ml
i

4 6
Time (Myrs)



In the frame rotating at rate deIAJb

(%) ~ (st La— dei;b) xS
rot

T




Initial:
Oap = 60°
Hsd = 5°
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Now consider
Isolated Star-Disk Systems:
Accretion and Magnetic Interaction



Magnetic Star - Disk Interaction: Basic Picture
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etic Sta sk Interaction: Phys
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Magnetic field reconnects and penetrates the inner region of disk
Field lines linking star and disk are twisted --> toroidal field --> field inflation
Reconnection of inflated fields restore linkage




Romanova, Long, et al. 2010




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)



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)

Consider two limiting cases | » o
In general geometry...




Perfect conducting disk:

Torque on disk (per unitarea): ~ IN oc 1 X 1
Averaging over stellar rotation: N oc @, % 1 Precessional
Torque

Tout




Poorly-conducting disk:

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

: ) Ws
N o —1x(ax]1) t 1
Nx —1x (ws x1)
Warping torque N

Tout

B, threads the disk
— ABy=F(B,
+ _ nl(s)
— B —B(¢) _ (B,
B; = BYY +(B.
—  F,(9)



A Laboratory Experiment
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A Laboratory Experiment




Recap:
Magnetic toques from the star want to make the inner
disk warp and precess...

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

o0 2.4 10 37 1 0 212
9 ) + =< Qz) ( 1120 z)
ot (ET l) e (EVRT ~or \@lr
119 & Qm‘gozﬂ + QsIr* 0%l x f?—l + N,
r Or or or



Steady-state Disk Warp:

4 Foucart & DL 2011

For 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?)

Need to consider:
Back-reaction torque on the stellar spin...
(for small warps --> flat disk)



What does magnetic warping torque do?




What does magnetic warping torque do?




Accretion tends to align S & L:

Accretion torque  N,.. ~ M\/GM*frin

Magnetic misalignment torque: A, .. ~ 0w’ /ry

11

4 1/7
For 7y, ~ ( H ; )
G M, M=

> Nacc ™~ JVmag



Evolution of the stellar spin

d

dt( SwS) N Nacc+Nm+Nsd

Na,cc — A-Z"J‘\/ GM?"in Zin, A~ 1 (OI‘ less)

N, =backreaction of magnetic (warping & precessional) torques
scl = |N sd| Ws
(Each term is of order Ny = Mv/GMriy,)

—— dcosbsa  No . o9
= =7 sin“ O4q ()\ £ cos Qsd)

¢ cos? 4,
6,,)7/2

¢

(~ 1)

Spin evolution timescale:
-1

: -2
Lspin = (1.25M (MX 0 ) %) o
spin = (L yr) 1 Mo )\ 10-8Mgyr—! 4R.) Q(rin)




Evolution of the stellar spin

dcosbsqa  No . 4 R _
7 =7 sin” O4q (A—ﬁcos 98d> ¢ =

¢ cos? 0,
67)?72

(~ 1)

I T T T T I T T T T '| T I

1 “weak” warping torque

0.5

o
T

—

1 “strong” warping torque

typind cOs B./dt

o
(5]
T




Summary:

For Isolated star-disk systems:

Magnetic torque tends to produce spin-disk misalignment,
But competes with accretion

=>» May 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

% — /\N[) i-zd —N;S’—I— NU Nw COSQSd i-fd X (g X i-’d)

—|—NU Np COSQSdg X j;d -+ stjsd X S



Spin Direction Evolution

dS

— ™~ Wo

dt

tspin —

()\ — N COSQQSd) (f/d — COS QSdS')

+ (Qf;?) + st) Lax S,

1
Wwo

: —1 —2
_ M, M i :
= (1.25 Myr) (1 M®>(10—8M@yr‘l> (43) 2rin



No accretion/magnetic

Accretion/magnetic
damps SL-angle

Accretion/magnetic
Increases SL-angle
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No accretion/magnetic

Accretion/magnetic
damps SL-angle

Accretion/magnetic
Increases SL-angle
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Recap the Key Findings:

-- With a binary companion, spin-disk misalignment is “easily” generated
-- Accretion/magnetic torques affect it, but not diminish the effect
-- The key Iis “resonance crossing”

I'd.
e e
=~ \\ | 2
9 ap 2 28 j\[b 1/3( Tout )1/6 & _7/9 j\[dl —1/3 \\93(1 /\91’[ |
rous  \ M./ \50AU 0.1 0.1M, N\

Qps/Qpal £ 1 at ¢t = 10 Myrs

9 ap g76 A’[b 1/3( T'out )_1/6 & —7/9 A/[df —1/3
Tout ' M, 50 AU 0.1 0.005M,




Implications for Hot Jupiter formation

-- If 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

-- Disk driven migration is quite viable...



Greaves et al. 2013

system names (UNS id) notes P U SIM iy R, ix id | Al
(days) (km/s)  (Ro) (°) (°) (°)
Vega, HD 172167 (A003) planet?; 2 belts 3-6 1042 55+ 25
HR 8799, HD 218396 (A—) planets; 2 belts =40 27+ 10 =3
10 CVn, HD 110897 (F050) 13 [1] 34+14 099 63(=33) 56+10 (e
~ Dor, HD 27290 (FO85) 2 belts 6380 69+ 5 379
Sun (G—) planets, 2 belts — — — 7.3 1.7+0.2 56+£0.2
61 Vir, HD 115617 (G008)  planets 29 [2] 1.6+05 097 68(=41)  TT+4 0122
58 Eri, HD 30495 (G029) 11.3 [2,34] 34403 097 5146  51+10 0712
V439 And, HD 166 (G030) 2 belts? 5.7 [3,5] 48+0.7 087  39+£6 50 + 10 RS
e Eri, HD 22049 (K001) planet(s); 2 belts  11.6 [6] 23+03 074  46+£8 38+ 10 87
EP Eri, HD 17925 (K035) 6.9 [2,6,7 58406 0.79 88(=63) 54+ 10 34+10
DE Boo, HD 131511 (K053) 10.4 [8] 45+04 091 > 70 84 + 10 42
HO Lib, GJ 581 (MO056) planets 94 [9] 0.3+£03 0.30 =0 50 £ 20
AU Mic, HD 197481 (M) 4.9 [10,11] 85+0.6 0.77 > 81 > 80 1+7

(=1)




Watson et al 2011

HD ix (°)

igisk (°)

ref.

10647 49+17
10700  4517%
22049 3112
61005 9079,
92945 65120
107146 2115
197481 901),
207129 47133

>52
6090
25
80
70
2545
90
6043

(Liseau et al. 2008)
(Greaves et al. 2004)
(Greaves et al. 1998)
(Maness et al. 2009)
(Krist et al. 2005)
(Ardila et al. 2004)
(Krist et al. 2005)
(Krist et al. 2010)
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24 stor—subtrocted

g ¥R ORI )
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Greaves et al. 1998

CSO and Spitzer
(MIPS) image
Backman et al 2009

Consistent with
face-on
(Stapelfeldt 2010)



Summary
J

-- Hints/Needs for primordial star-disk misalignments

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

-- Binary-disk-star interactions:

Easy to generate promordial misalignments

“Secular resonance”

Take place before few-body interactions (e.g. Kozai)
Disk-driven migration can produce misaligned hot Jupiters



Thanks!



