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TTV/TDVs

TTVsarea powerful method to detect low mass planets (not necessarily transiting)
from thetrangt time variations of transiting planets
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Figure 7. Mass sensitivity of various planet detection techniques to sec-
ondary planets in HD 209458. The vertical axis is the perturbing planet’s
mass inunits of M. The horizontal axis is the period ratio of the planets. The
solid line is for the transit timing technique, the dashed line is astrometric,
and the dotted line is the radial velocity technique.



TTV/TDVs

TTVs of solar-system terrestrial planets
(Holman & Murray 2005)
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TTVI/TDVs

Therearevarious possible configurations.

Following Agol et al. 2005:

1) Interior perturbing planets with much smaller pdso

2) Exterior perturbing planets on eccentric orbitswmrtuch larger periods

2a) Both planets on circular orbits with arbitrary ektiratio but not in resonance
2b) Planets on initially circular orbits in resona

Moreover the potential of TTVs increases furthecaise of multi-transiting planets
(e.g. Kepler -11) or, even more, in case of oveuilag transits.



TTV/TDVs

1) Interior perturbing planet with much smaller period:

Planet-planet interactions are negligible and the rafiect is due to the
reflex motion of the star:

ot .. J(M../M ) (a,/2rna, ) P, J 15 minfor 1 My, 1 Mgy, @, =58, 1 yr
[13s forlM

early late on time



TTVI/TDVs

2) Exterior perturbing planet on eccentric orbit with much larger period:
An exterior planet changes the period of the internat@l@and TTVs are given by

ot ~ (Mout/M *) Sout (ain/aout)3 I:)out

Right: TTVs on a planet with P=3 d, ’
e=0.01, M,=1M,, induced by an external '
planet with M_,=1IM¢ (M, =1Mg,,) for
different perioc (or semimajo axis, ratios
and different eccentricities (from Holman & 10°
Murray 2005). The two planets are assumed
to be coplanar. The black lines show the
maximum  TTVs  from  numerical £ |
simulations, while the red dashed lines are |
an analytical solution (eq.1 of Holman & |

Murray 2005).
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The figure clearly shows that the maximum __,|
effect is obtained when the two planets are ¢ Sy
In resonance. 1 > 4 6 810 0 40 60 80100




TTV/TDVs

The potential of the systemswith multiple transits

TTVs are not only an indirect detection method: they are
also a validation and characterization tool !

Low-mass planets tend to cluster in multiple systems,
and Kepler is revealing tens of stars with candidate
multiple transiting planets, many locked in MMR
(Lissauer et al. 2011, arXiv:1102.0543). The detection of
a mutual TTV allow us to validate both planets and to
measure their masses without expensive or unfeasible
RV follow-ups.
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Kepler-11 is a six-planet system, whose five inner
members were validated only with TTV analysis (Lissauer
et al. 2011, Nature 470, 53).

This is a great opportunity also for Plato, which will take
advantage of an optimal time sampling from the two “fast”
telescopes.

Observed minus calculated mid-times of planetary transits (min)
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TTV/TDVs

a 1.0005 > " < - ST BTG _ )
e - asased  Kepler-11  (Lissauer et al. 2011)
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TTV/TDVs

Overlapping doubletransit
(from Ragozzine & Holman 2010)

When one planet crosses over the
other, itis possible to measure also the

mutual inclination
Mutual Inc: 2.0

1.000

Relative Flux

Animation from:

https://www.cfa.harvard.edu/~dragozzi/meanim.gif 0.995
~3.33 3.33
Time (hrs from center)




TTV/TDVs

TDVs. another observable to detect exomoons

and break the degeneracy og dhdag:

Oty X Mgag while 8;p, < Mgag /2

TDV has an/2 phase difference

to the TTV signal, making it an
excellent complementary technique.

A
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pa >

(Figure from Kipping 2009)
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TTV/TDVs

Measuring TTVs in CoRoT-1b (Csizmadia et al. 2010, A&A 510, A94)
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Fig. 4. Maximum allowed mass of a hypothetical perturbing object as a function of its orbital period for excentricities e=0 and 0.2.
The 2:1 mean motion resonance is indicated.
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TTV/TDVs

O-C predictions for an
hypotethical third body
(P=27 years, M=5Mjup)
orbiting:

O-C in days

CoRoT-9b (P=95d, e=0.1

O-Cin days

HD 80606b (P=111 d, e=0.9;
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EB timing Pulsation timing

The light travel time effect

m«M

b | [a/au] [mym,,] sini
Myt my [M /Mgy
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wherea can be obtained from Kepler’s @Bw:

1/3

a — 47t2 (M*'l' m) PORB]




EB timing
Post-RGB planets

Pulsation timing

Planet name P[yr] e

V391 Peg

Evolut. phase of
the parent star

EHB (puls. sdB

Detection
method

timing (pulsations

References

Silvotti et al. 200

HW Vir b
HW Vir c

EHB (ecl. sdB+M)

timing (eclipse)
timing (eclipse)

Lee et al. 2009

HS0705+6700 b

EHB (ecl. sdB+N

)

timing (eclipse

Qian et al. 2009a

HD 149382 b?

EHB (sdB)

RAVAS

Geier et al. 2009
Jacobs et al. 2010

HIP 13044 b

RVs

Setiawan et al. 2010

Planets orbiting wide binary WD+MS systems are not inatli@e least 3 such systems exist, Desidera e Barkéi)2
A few post-RGB BDs of particular interest are includedt(the list of post-RGB BDs is not complete).




TTV/TDVs

EB timing

Pulsation timing

QS Vir b (eclipse timing)

Star:
hibernating CV

Planet:
M=6.7 M,
P=7.9yr
a<4.2 AU

Qian et al. 2010Db
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TTV/TDVs

EB timing

Pulsation timing

The EHB sdB + giant planet system V391 Peg
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Tests on CoRoT data:

O-C diagram of th@§ Cephei star HD 180642 (V1449 Aquilae), V=8.29
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Kepler 4b Kepler 5b Kepler 6b Kepler 7b Kepler 8b
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Preliminary tests on Kepler data:

O-C plots of 17 pulsation

pulsator (see .

Kawaler et al.

kplr10139564
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Preliminary tests on Kepler data:
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Preliminary tests on Kepler data:
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Preliminary tests on Kepler data:

s
Eccentric eclipsing binary
with Delta Scuti pulsations:
V=9.25, Porb=25.95d
~3 months R
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Number of systems (linear scale)
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EB timing

20,000 s
Kepler inthefirst 44 daysof operation ;.
has observed 1832 EBs (Pr8a et al. 2010) 3 — ——
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See Stefan Dreizler’s talk for more details




with period Pand amplitudeA, the timing errore_is given by:

1/2
c = P (L) 6 _ P G
T 2n \ A~ 2 A
(Breger et al. 1998, Montgomery & O’Donoghue 199iyotti et al. 2006)
wheres, Is the photometric (relative intensity) error evias the number of data points.

Similarly, the timing error for an IS:
G = Tecl 6I
— 1/2
T T 2(Ney) ™ (@A)
(Doyle & Deeg 2002 assuming a simple model of gjidar eclipse)

whereT, Is the eclipse duration from 1st to last contélctAl) is the eclipse relative depth
(I=1 out of eclipse) and\., is the number of data points taken during.




TTV/TDVs

Morphological light-curvedistortionsdueto finiteintegration time (from Kipping 2010)
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TTV/TDVs EB timing Pulsation timing

Summary (1)

Timing techniques are proving to be a very powerful tool .

e TTV/TDVs allow not only to detect lowmass planets but also to measure

masses and mutual inclinations and study stability and dynamics in multi-
transitin¢ system like Kepler11 !

e EB and pulsation timing have just started to explore post-RGB planetary
system evolution and the next 1-2 years will show what is the real potenti
of these techniques frogpace. WD planets (and WD seismology) are not
(and will not be) covered by CoRoT/Kepler.



TTV/TDVs EB timing Pulsation timing

Summary (2)

For all timing techniques a high time resolution (HR) is essential.

To have the original 25s PLATO sampling on ~2,000 (and possibly more)
best targets (imagettes) is important and the 2.5s resolution of the fast

telescope is a bigopportunity for afew bright target:.

What could help:
e to keep the maximurevel of flexibility on selecting HR targets;

e If onboard computing resources + telemetry alkmincrease these
numbers, 12xN neWwR light curves (+ centroids) Is better than
N newimagettes.






