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* Transiting planets primer

* Introduction to Transit Timing Variations
* Non-interacting planets
* Perturbation theory
* Tidal weirdness
®* Resonance
* Theoretical prospects for meaningtul TTV application
* Analysis of real data: TrES-1 and HD209458
* The Kepler Mission
* QOutstanding issues
* Conclusions
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New planets are announced
~monthly, most are now
discovered via transits

and confirmed with RV.
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HD 209458 was the first
exoplanet seen to transit.
It was discovered via RV
measurements.
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Radius, and Density

* Transit depth gives the ratio of
the planet and stellar radii

* Radial Velocity (RV) measurements
give the planet mass

* These combined with stellar models
give the bulk density

HD 149026 b

Saturn

Jupiter

[ molecular hydrogen and helium
[0 liquid metallic hydrogen

I theavy element core HD 209458 b
Charbonneau et al 2007




Atmospheres

Fmission line intensity

HD 209458
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Emission, reflection, and temperatures
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Known transiting planet

Transit times are equally spaced.



Known transiting planet

Transit times are NOT equally spaced.



The TTV Poster Child

characteristic velocity
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Non-resonant interactions excite
multiple oscillatory modes with
various resonance arguments
(e.g. sin[n, —2n,]).
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Sample signal for a non-resonant, 0.1 Jupiter-mass planet

perturbing a Jupiter-mass planet that is on a 3-day orbit.

2:1 — semi-major axis ratio
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Way out here the perturbing
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In here the perturbing planet Way out here the perturbing

has a large
effect.

planet has little effect.
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In here the perturbing planet Way out here the perturbing

has a large
effect.

planet has little effect.
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Sample signal for a non-resonant, 0.1 Jupiter-mass planet

perturbing a Jupiter-mass planet that is on a 3-day orbit.
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Eccentricity 1s induced at conjunction




Eccentricity 1s induced at conjunction

Eccentricity change causes
period of each planet to
change such that energy is
conserved.



Eccentricity 1s induced at conjunction

Eccentricity change causes
period of each planet to
change such that energy is
conserved.

" The longitude of the conjunction
drifts until it reaches Ttrelative to
its 1nitial longitude. Then it reverses.



The resulting libration causes TTV.

Olmaz ™ = _
4"*’&%15 - Mitrans

Mass dependence corresponds to

large increase in the size of the signal
compared to non-resonant case.



Sample signal for a resonant, Earth-mass planet perturbing
a Jupiter-mass planet that is on a 3-day orbit.

2:1 — high eccentricity

2:1 — low eccentricity

1510
100
Lo

uull.l-u"'

4

=50

O - C (sec)

=100

paar st

Lo E00

200 400

-1E0
200
Transit Humber

100

£

100

cof 4

.::"_:‘.a
e

O - C (sec)

=100

:
o
a

’i‘

o

i3

i 5 .t
b s o
LA
R e
_EI:I fii:‘ a4y ‘a‘

- o
e

F]
34
4 a4

F

-ﬁ,“'!
3 aloaaagh
.dad‘,“:}

A

200 400

P
1ol g
et e
St Wil APAE 3
R e
i R T
Ed PRV DR
: pirieg.t
HC

1 g
A

100

200
Transit Humber



RMS residuals

Comparison of Analytic and TTV with Eccentricity

Cirana (mm) P/35
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Numerical Results

Eccentricity of Perturber

0.01

Period Ratio

Signal increases with period of the transiting planet, the mass
of the perturber, and the proximity to mean-motion resonance.

Image from Agol et al 2005



e,

Zhou et al 2005 time

This 1s precisely the regime
where TTYV 1s best suited to
probe.

Eccantricity
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As a giant planet migrates inwards
it can shepherd planetesimals into
resonant orbits.

Raymond et al 2008
- ot 3
= 20,000 yrs z e
;_ n!p‘w .' E
E 31 213 ' G
%_ * + + a iy Ll -
— 60,000 yrs 2 e * . .
; = '.lh.Mh ‘ — -
E. 31 2132 o e
3 vV .
= 100,000y hige w8 OFC
; I -ﬂ_‘ L . I 1 I |' TR R | » E
0.1 02 0.4 06 08 1 2 3 4 &

Semimegor Axis (AU}



®* Planetesimals that are exterior
to the giant planet may interact

with the gas disk and fall inwards.

* These planetesimals become
trapped in exterior mean-motion
resonances.

* Their final resting place 1s
determined by the lifetime of
the gas disk.
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TrES-1 system
(Ground Based)

HD 209458 system
(HST)
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Constraints on the Mass of a Secondary Planet
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Maximum allowed mass of companion

in 2:1 resonance with any eccentricity
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Maximum allowed mass for companion 1n 1nitially circular orbit
| TTV Analysis
°

— TTV Theory (1)

=

g

)]

S TTV + RV (2)
RV Theory (3)
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Period Ratio

(1) Eqgns. (A7-8) & (33) from Agol, Steffen, Sari, & Clarkson MNRAS 359, 567 (2005)
(2) RV measurements from Laughlin et al. ApJ 629, L121 (2005)
(3) Eqgn. (2) from Steffen & Agol MNRAS 364, .96 (2005)



NASA's
Kepler
Mission

LLaunch

Scheduled
March 5
2009
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Some Kepler Particulars

* Continuously* monitor ~120,000 stars for 3.5 years.

* Expect to detect ~ (few)x100 planets in various orbits.
* Timing precision as good as 2-3 seconds.

* No gaps in coverage.

Advantages of TTV Analysis

* Detect planets with masses smaller than the moon

* Detect non-transiting planets that orbit in the habitable zone
* Determine mass of stars without using stellar models

* Study tidal evolution models for short-period systems

* Constrain planet formation and evolution models



Some “Opportunities” Exist

* Large parameter space (at least 14 parameters)
* Highly nonlinear optimization problem
® Multiple local minima
® Very narrow near resonances
* Widely separated
* Each iteration requires high-accuracy
integration of the 3-body problem
* Even small changes in initial condition
can cause large differences in dynamics
* Confusion from systematic effects



®* Need to calculate transit times for millions
of systems to high accuracy (le-13 or better)

* Requires single processors but minimal
interface with the file system

* Algorithm has frequent *“checkpoints”
where existing work can be saved



®* Need to calculate transit times for millions
of systems to high accuracy (le-13 or better)

* Requires single processors but minimal
interface with the file system

* Algorithm has frequent *“checkpoints”
where existing work can be saved

* Really could use a network of processors
where I could submit lots of individual jobs...



No bonus planet, no complications.
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“\ Friendly bonus planet, no complications.



X ,

Unftriendly bonus planet, big complications.



It appears as though this 1s only a problem when:
®* The TTV signals from the two individual
planets are comparable

* There are strong (i.e. resonant) interactions
among all of the planets.

Other signatures, particularly Radial Velocity
measurements, can help disentangle the effects
of bonus planets.



Coming to grips with a large, unruly parameter space...
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Coming to grips with a large, unruly parameter space...
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Coming to grips with a large, unruly parameter space...
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Coming to grips with a large, unruly parameter space...
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Things to
Ignore

* If the effect of mutually inclined orbits 1s
small then you eliminate 5 parameters.

* This appears to work for mutual inclinations
less than about 6 degrees (0.1 radians).

®* Need better statistics to see where the actual
limits are



Inclination causes disagreement.
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Inclination causes disagreement.
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Important frequencies look like e"/'sin(in, — jn,).
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change to a shifts frequencies

25 L e . ] . S . LA i S U, S 0L S AL T AR, L ] 1

s0 L ]

40 N 2

E <>

i <> .
30 £
20 F ; ]

= I .

100 B I - ‘ i
i\ | i i | | [l L Il. ]
:"\'H._-F'll 'q_ A PO _ d__.' S _.,-'”'q._ || AN E _ o

O 1 e = 1 1 N B




change to e amplifies modes
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change to w or M adjusts relative heights
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Studying the effects of both mutual inclination and a fourth body

in the Fourier representation looks like a promising avenue to:

* Determine when the 3-body and/or coplanar
approximations are valid

* Identify the systematic errors that might appear
in the inferred orbital elements

* Perhaps find a more efficient parameter-fitting
algorithm



1) Transit Timing is a very sensitive probe for extrasolar planets.

2) No low-order resonant ~Earth-mass planets in HD 209458 or TrES-1

e Sensitivity to 0.2 Earth-masses in low-eccentricity orbits
for HD 209458 and 0.7 Earth-masses in TrES-1

3) Many transit surveys are running and planned.
e Kepler will soon launch and will be a significant source
of high quality data

4) There remains some work in 1dentifying limitations imposed upon
TTV from simplified models (3-bodies and/or coplanar orbits).
e The effects of these uncertainties appear to be “well behaved”.



