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Planet Detection Methods

Michael Perryman, Rep. Prog. Phys., 2000, 63, 1209 (updated September 2003
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Overview

 The dynamics that giverise to TTV

« Sensitivity to Architecture
— Upper limits and the lonliness of hot Jupiters
— Prevalence of near-resonances

* Multi-transiting planets
— Measurements of masses
— Determination of full 3-D architecture



Dynamics: Orbital Timescales
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Dynamics: Secular Timescales
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Dynamics: Resonant Orbits
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Keplerian Offsets

Kepler-16: Doyle, Carter, Fabrycky et al. 2011 |
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Outer-Period Variation: Tidal period shift

Fige=-(1/2)Gm,a, ?/r;3 F.on=Gma/rs?

O




Outer-Period Variation: Inclination
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O-C (Minutes)
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Tidal TTV examples

KOI-928
Steffen et al. (2011)

Solar-type primary star.
5.0 day binary of M-stars

orbiting it every 116 days.



O-C (hours)
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KOI-1474
Dawson et al. (2012)

Jupiter-size transiting planet
on an e=0.74-0.91 orbit.
Strongly perturbed by a sub-
stellar companion.



Light travel-time effect
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Tidal Evolution?

Close-in planets raise a tidal bulge on
their host, as it dissipates the planet will
be torqued into the star (Rasio+95,
Sasselov02)

It happens; will we observe it?



V1309 Scorpii: Merger of a Contact Binary
Tylenda et al. 2011
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V1309 Scorpii: Merger of a Contact Binary
Tylenda et aI 2011
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Additional Theory

« Secular (Miralda Escude 2002, Heyl & Gladman 2007 (in-plane), Pal & Kocsis
2007 (GR), Ragozzine & Wolf 2008 (tidal)) -- TDV

« Long-period (Borkovits et al. 2003)

«  Moons (Kipping 2009ab, Simon 2007, Sato & Asada 2009) -- TDV again

« Trojans (Ford & Gaudi 2006, Ford & Holman 2007)

« Motion (Rafikov 2008 (Proper motion), Scharf 2007 (Parallax), Irwin 1952
(light-time))

- Stellar variability (Alonso+2008 (spots), Loeb 2009 (stellar size))

- Watson 2010 (oblateness, Applegate effect)

« Planetary Spin Precession (Carter and Winn 2010)

« Planetary consumption (Sasselov 2003)

« Clocks wrong (Eastman et al. 2010)

 Exciting papers (Agol et al., Holman & Murray 2005),
emphasizing resonant effect
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The Frustration

ilﬁh . a m Steffen & Agol 2005
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The Frustratlon

GJ 1214
Carter et al. 2010
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Steffen’s 2006 thesis, Maciejewski et al. 2010, Kipping & Bakos 2010
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Kepler says: Hot Jupiters are Lonely
Steffen et al. 2012
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Disk migration theory
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Embarrassment of Riches of TTV
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Embarrassment of Riches of TTV
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Embarrassment of Riches of TTV
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The Inverse Problem

Perturbation theory (Agol et al. 2005 Appendix, Nesvorny &
Morbidelli 2008, Nesvorny 2009, Nesvorny & Beauge 2009)

Numerical approach (Meschari et al. 2009, Meschari &
Laughlin 2010)

Effects of Inclination near resonance (Payne et al. 2009)
Extreme phase sensitivity (Veras et al. 2010)

In general, difficult degeneracies plague TTV
Inversions.
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Minutes from Predicted Ephemeris

Kepler-19

Ballard, Fabrycky, Fressin et al. 2011
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thanks to Sarah for slides



What's causing the TTV?

o

N

—0

Light travel time hypothesis: would induce km/s
Doppler shift (ruled out by order of magnitude

legate effect: TTV amplitude too small, quie
Rotation of apsidal line: Timescales >> P71,

Tidal effect ofstar at P=2P.: ruled outDby RV, except
for unlikely face-on inclination



Lots of possible orbits for the
planet Kepler-19c¢

Possible orbits:
Mean motion resonances:

<2:3
>2:3

Higher-order resonances:
<1:3
<b:3
<3:1
>4 1

Co-orbital planet? Distant
retrograde moon?

1:1
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Pairs of TTV'Iing planets

» Kepler-9b/c, 11b/c and 11c/d/e, 18b/c
« Kepler-23-32 b/c
* ~10 more systems on the way



Kepler-9: First
Impressions

X planet b e planet ¢
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The Numerical Model

 Newton’s equations, using high-order Runge-Kutta.
Prints out at times of RV and transit t, b, v. Found by
Newton’s method on rev
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calibrated flux

detrended flux

. Kepler-30
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« 3-planet system

« Tingley et al. 2011 observed a ground-based transit,
found a 1-hour TTV




detrended flux
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Mutual inclination => Duration drift



Mutual inclination => Duration drift



Mutual inclination => Duration drift

=




Mutual inclination => Duration drift

Miralda-Escude 2002
Ballard et al. 2010



Architecture Qf Multiples
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Lissauer et al. 2011, Fabrycky et al. 2012




Resonant Repulsion
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to observer
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See also: Kepler-18 by Cochran, Fabrycky, et al.
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Photodynamlcs

1.001 T T T T 1.001 1.001
flux (8¢ 3 flux
1.000
0.999
f b
0.998 L ! ' ' 0.998
5489 549.1 5493 5495 5497 t[d] 697.6 697.8 698 6982 6984 t[d] 7079 708.1 7083 7085 7087 t[d]
1.001 T T T T 1-001 | I I
flux : flux
1.000 1.000 |
0.999
0.999 0.998 )
b de
0.998 L L ! L 0.998 0.997 L ! L
7442 7444 7446 7448 745 t[d] 821.3 821.5 8217 8219 8221 t[d] 9347 9349 035.1 9353 9355 t[d]

Table 4. Bootstrap results for model IV (e =0,Q; =0,i =b,c.d, e, f, g). Mass of the star is 0.95mg; (fixed). The best-fit stellar parameters: Ro = 1.140*303¢,

Y1 = 1145031 v2 = 0424078, vi + 72 = 0.72#)32. Osculating Poincaré elements are given at the epoch of the first observation JD 2455964.51128.
parameter/planet b c d e f g
m[mg) 3.3124 8.8+40 8.9+23 103412 4.143% <21
R[Rg)] 2. 01+8 N 3. 23+g }Z 3. 59*3 }§ 4701974 28210 :g 385013
P ~0.19 ~0.18 970,08 197003 84550
a[au] 0. 091088 (*13)  0.106514 (jg) 0.154234 (*1%) 0193027 (*19)  0.249507 gjgg) 0.463913 (*%)
€cos® —0.0024001  —0.00610912  —0.01239%  —0.018+09% —0.007 4003 0 (fixed)
esin® 0.049*0:020 0.050*0:0%% —0.010400%  —0.0161 (0% —0.01750% 0 (fixed)
I* [deg] 88. 76*3 3? 91.ooi3;‘;5° 90. 39*8 :§ 88. 743+3$3 89. 30*3 o 89.719*0-96
M + @ [deg] 205.8431 266.4 15 182.7+3) 197.2%435 39.6t;;§ 336.286 gg;
P(d] 10.3021 (+"4) 13.0269 (“0) 22.6986 (+43 32.0027 ( ‘;0) 46.7044 (*5 118.411(F}3)
T, [ID] 471505 (13%)  471177(F3%)  481.452(*)7) 487176 (FF)  464.670(%3Y)  501.914 (+’6)




Kepler-36 carter, Agol, et al. 2012
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Kepler-36
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« Josh Carter’'s photodynamics have given us all the
circumbinary planets, too.
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Promise of TTVs??
Route to weighing habitable planets
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Only Mercury & Venus transit:
-- measure Venus’ mass
-- Infer Earth’s existence




-6 -4 =2 0 2 4 6

Only Venus & Earth transit:
-- measure both mass
-- infer Jupiter’s existence
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Venus through 1-Jupiter? 20
-- measure V,.E,M mass -«
-- double-check Earth’s  o00!

-- infer Jupiter’s period  °° —
and mass(?) %
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Questions?

* Nota bene: plenty more to talk about at
the TTV hands on session later this
morning!



