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Binary Stars
The Sun is single, but binary and higher
multiple star sytems are very common:

* massive O, B stars: ~70%
¢ Sun-like G stars: ~50%
e small M stars: ~10-30%

Kepler-16: the first transiting circumbinary planet

Saturn-size planet orbiting a
K+M eclipsing bindry P=229 d
inside the habitable zone (HZ)z

Kepler-16 b: The first transiting circumbinar
Ianet (Doyle et al. 2011)

But many questions left unanswered: e.g.

what kinds of planetary & stellar orbits are
possible?

what stellar mass ratios?

what planetary radii, masses, and temperatures?
pure luck that it is in the HZ?
why so close to the critical radius for instability?

Was Kepler-16 just a rare accidental quirk?
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Need to find more circumbinary planets ) ] B ] .
The circumbinary planet “smoking gun”:
But they is much more difficult to find than single-star

planets:
* non-periodic transits * Q) transits
* changing transit durations e 1) TTV: transit timing variations

) , - ‘moving
« blended with stellar eclipses * 2) TDV: transit duration variations target”

* (possibly changing transit depths)
—call cases have been found “by eye”

Also very hE|pr| (allows mass measurement):
But if a candidate is found, it is much easier to confirm: * 3) ETV: eclipse timing variations (dynamics)

“smoking gun": transit timing variations (TTVs) & transit duration . 4-) LlTE |Ight traVe' time de'ayS
variations (TDVs) produce an unambiguous signature

Early Transit On Time Transit Late Transit
.

extreme TTVs: 8.75 day difference in primary transit interval
24.4 d difference in secondary transit interval!
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early transit on-time on-time Note: For every transiting circumbinary planet,
there should be many more non-transiting cases.

So search for non-transiting systems, based on
dynamical perturbations of the binary stars’ orbits:

=» eclipse timing variations (ETVs)

=» Observed-minus-Computed (O-C) diagrams

=» divergence in orbital period between primary
normal duration long duration normal duration short duration and SeCOndary eCleSe.

|



Kepler-16 passes our sear

criteria.
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KOI-2459:
e s - clean, high SIN
M A7 N - good fit to eclipses
i o ’ - low amplitude O-C
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Kepler-16, 34, 35
transiting CBPs:
Not rare — 3 found in 750

cases searched

Since non-transiting cases
are 5-8x more likely,

- at least ~1% of similar
binaries will have a CBP;

- expect at least millions
of similar, co-planar CBP
in the Galaxy.

illustration by Lior Taylor
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Kostov etal.2014
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Orosz etal. (inprep)

« KIC96%2895b

Welsh etal. (submitted)

Kepler-35 illustration by Lior Taylor
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Schwambetal, 2013
Keostovetal.2013

Kepler-38

(Orosz, Welsh, Carter, et al. 2012)

P =18.795d P3 =105.595 d
e; = 0.103 e3 < 0.032
My=0949My Ra=1.757Re
Mp=0249M; Rp=0272R;
M, < 0.384 My, R,=0.385 Ry,

e 8 transits are evident.

e R, =435+0.11 Ry,
2.5% uncertainty.

* Planet does not measurably
perturb the binary, therefore unable
to determine its mass.
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PH1 = KIC 4862625 = Kepler-64 - - - .
A Transiting Circumbinary Planet in a Quadruple Star System Transits spotted in Kepler light curve of eclipsing
? binary KIC 4862625

.

Quarter 4

Days from Start of Quarter 1 Days from Start of Quarter 1
Robert Gagliano Kian Jek

i)
\

Schwamb et al. 2013 ApJ 768, 127
Image Credit: Haven Giguere Kostov et al. 2013 ApJ 770, 52

KIC 12351927 = Kepler 413

Side View (From Kepler)

I
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Kostov et al. 2014 credit: Dan Fabrycky

Kepler-47 established that planetary systems can form and Kepler-47 SVStem
L persist around close binary stars

Sun-like primary star
M, =1.04 M¢,, M, =0.36 Mg,
ey, =0.023 Pyin=7.45d

My<2My,, P,=495d
M, < 1.4 Mygy P, =
(

.

Illustration credit: NASA/JPL-Caltech/T. Pyle llustration credit: NASA/JPL-Caltech/T. Pyle
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e~ 103-year precession period

* transits only ~¥9% of the time

e 2015 July 2 transit is the last one until 2066!

Eclipsing Binary

e P=27.3220d
e =0.05
M,=0.93 M
M, =0.194 M
T, =5527K
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KIC 9632895

Planet
* P= 240.5d (=0.79 au)
* e =0.04

“n * R=6.2R,

sun * M,<16 M,at 1-c
mutual incl. 2.3 deg

Transiting Circumbinary Planets
= Difficult to find...
...even more difficult to model.
= Requires a “photodynamic” code:

= orbits not Keplerian, so we must integrate the
equations of motion (with light-travel-time effect)

= in some cases GR and non-spherical corrections
needed (apsidal motion)

= ~ 40-50 free parameters, some highly correlated
= need robust optimization, e.g. MCMC

4 ) -'/
Kepler-34 Kepler16 Kepler-47
Transiting Circumbinary Planets

Kepler-38

®

Kepler-35

[ merging trends:

= diverse planet and stellar orbits

® no resonances seen; precession very important

= planets all smaller than Jupiter

= even though larger planets would be easier to find




' mercfincf trends:

= diverse planet and stellar orbits

® nOo resonances seen; precession very important

= planets all smaller than Jupiter

= even though larger planets are easier to find

= (CBP not seen in short period binaries

= why not? 3" body interaction?

. ]
Emerd Iﬂg trends:

= Planets are close to the critical orbital radius
= 8outof 11 systems have P< 2 P,

crit

= observational bias or migration pile-up?
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Kepler EB Period Distribution
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vertical lines
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i host planets.
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Observed circumbinary planets
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Kepler 38-b

Nader Haghighipour

Kepler Circumbinary Planets
red=confirmed: blue=candidate; black=Kepler-47b.c.d

SRRRRRRRR

0

(Rearth})

Planet radius
.I

Ly

ol L L] PR EPI AP SN NP TP AP N
2 3 4 5 6 7 & 9 10 Il 12 13 14 15
P_planet / P_crit for stability

* As a consequence of being close to critical radius,
Kepler CB Planets are close to the HZ.
= 3out of 10 CBPs are in the conservative HZ
= 5 out of 12 candidates are in the optimistic HZ (~42%)

Note: tidal torques due to a binary companion can slow
stellar rotation > decrease stellar activity > safer HZ.

.




* Binarity can decrease stellar activity, thereby
extending the HZ:

Rotational Synchronization May Enhance Habitability for Circumbinary Planets:
Kepler Binary Case Studies - P. Mason, et al. 2013 AplL 724, L26.

“Tidal rotational breaking reduces magnetic activity,
thus reducing harmful levels of X-ray and ultraviolet
(XUV) radiation and stellar mass-loss that are able to
erode planetary atmospheres.”

- binarity may increase the number of HZ environments
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CBPs — so what?

Kepler-35 illustration
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Important because:

1. Tatooine!

. Precision Masses
& Radii

. Planet Formation

. (Binary) Star
Formation

0.4

Low Mass Stors
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Kepler Circumbinary Planets:

* 10+ systems show a wide variety of stellar and
orbital properties
* Emerging trends:
— smaller than Jupiter in size
— tend to orbit close to the (in)stability limit
— do not exist around short-period binaries
— large fraction are in the Habitable Zone

* Provide rich rewards:
— challenges for planet formation & migration theories
— very precise stellar information, esp. for M-stars
— stellar ages
— most accurate exoplanet masses and radii

Circumbinary Planets

CBP provide very rich rewards:
challenges for planet formation theory
very precise stellar information, esp. for M-stars
most accurate exoplanet masses and radii
more precise age of system
a large fraction are in the Habitable Zone
multi-periodic variable insolation - wild climates
their existence shows that planet formation is
vigorous and robust

At least tens of millions of such systems in the
Galaxy




