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Exactly 3 years ago today Kepler—16 the ﬁrst tmnsztmg
| cn'cumblnary planetwas announced" Doic: a;.__-2_01.2) |

Saturn-size planet orbiting a K+M eclipsing¥pinary P=229 d,
just mside the habitable zone (HZ).

j [llustration credit:
. NASA/IPL-Caltech/T. Pyle



critical radius

dcrit ™ 2-4 a binary
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Kepler 16

animation courtesy of
Tobias Miiller (IfA &
Univ. Tibingen)

using HZ calculator of
Kaltenegger &
Haghighipour (2013)
and

Haghighipour &
Kaltenegger (2013)

http://astro.twam.info/
hz-ptype
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10 known TCBFP
chlcr—-l 6

Doylc etal. 2011

y Ke er-34
cPlcr~§5

Wclsf'x et al 2012

° KcPlcr~§ 8

Orosz etal. 20 2

. chlcr~4~7 b,

Orosz etal. 20 2

* FH"’/ KIC486262 / Kepler-64

Schwamb et al. 2013
Kostovetal 2013

Kepler-35 illustration by Lynette Cook
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K ostov etal. 2014

KcPlcr~4-7 d

Orosz et al. (m PrcP)

KIC 9632895 b

Wclsh et al. (submitted)



Kepler-47 orosz et al. (2012)

establishes that planetary systems can form and persist
around close binary stars

Ilustration credit: NASA/JPL-Caltech/T. Pyle



Kepler-47 System

Habitable Zones
| Solar System

Earth
Mercury e Mars

Kepler-47 b

Kepler-47 c

-

Illustration credit: NASA/JPL-Caltech/T. Pyle
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UPDATE. Kepler-47 c

1 more transit of the outer planet (c) = 4 total
* 6 more transits of the inner planet (b) = 24 total
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Kepler-47 b

UPDATE:
1 more transit of the outer planet (c) = 4 total
* 6 more transits of the inner planet (b) = 24 total



Normalized flux
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UPDATE:
1 more transit of the outer planet (c) = 4 total
6 more transits of the inner planet (b) = 24 total

And 6 transits of the new middle planet (d):

P=187.4d e=0.02 R=7.3R.,.,

791 977 977.5 1163.5

1164 1350 1350.5

Kepler-47 d




Kepler 47

1.0 +

0.5

Distance [AU]
=)
o

|
it
(42
T

_15 -

1 L 1

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Distance [AU]

animation credit: Nader Haghighipour



KIC9632895

Eclipsing Binary Planet

e P=27.3220d * P,=240.5d (=0.79 au)
e e=0.05 e e =0.04

* M;=0.93 M, * R,=6.2R,

* M,=0.194 M, * M,<16 M,at 1-c

e T, =5527K  mutual incl. 2.3 deg
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Normalized flux
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e 103-year precession cycle

* transits only ~¥8% of the time

 please observe transit on 2015 July 02,
last one until 2066!



KIC 9632895




For every transiting circumbinary
planet, there should be many more

non-transiting cases.

Search for large NTCBP via dynamical perturbations of
the binary stars’ orbits (not light-travel time effect)

=» eclipse timing variations (ETVs)

—



Non~Transiting CBF Search Strategg_:

* Need at least one cycle in the O-C

* Need small O-C: amplitude < few minutes

could be massive + far away, or low-mass + close
* Need short-period variation = small orbit

* Borkovits-type periodic “wiggle”

* CPOC divergence (if e>0) =2 dynamical interaction

-
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KOI-2938 = KIC7821010
- clean, high S/N

- good fit to eclipses

- low amplitude O-C

- periodogram shows
lots of power

- “Borkovits wiggle”
- diverging CPOC
-> Very strong candidate




KOl 2938 = KIC 7821010
P, = 24.23820 d
e = 0.6791

M,=1.29 M,=1.23 Mg
L, =2.33 L,=2.12 L,

Instrumental magnitude
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KOI 2938 =

KID 7821010

The first Kepler

non-transiting CBP

P, =994.14 d
e, =0.358
M, =2.6 M,

mutual i ~ 4.9°

Average insolation
puts planet in the
habitable zone

credit:
D. Fabrycky



5cvcn Ncw Cana'/c/atc C BP 5

KIC 12351927 = Kepler-413

— Kostov et al. (in prep) (=2014)

Kepler-47 d

— Orosz et al. (in prep)

- KIC 9632895 / KOI-3151

— Welsh et al. (in prep) (—=>submitted)

KOI-2938 / kic 7821010

— Fabrycky et al. (in prep)

KOI-3152 / kic 6504534

— Carter et al. (in prep)

KOI-2939 / Kic 5473556
KOI-1741 / kic 8180020

Kepler-35 illustration by Lior Taylor



a qu Kca/{y Néw Canc{ia’ate C 5 />5

~ transiting:

+ KIC 10753734
(KIC 5015913 ?)

non-transiting:

'« KIC 8610483
- KIC 3938073

Current tally:
10 transiting + 4 candidates
3 non-transiting candidates

Kepler-35 illustration by Lior Taylor
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KIC 8610483 One Planet Model KIC 8610483
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(preliminary) Derived Parameters of KIC 8610483

parameter value

M, (Mg) 0.961 £ 0.020
My (Mg) 0.974 + 0.015
JU; (Mg) 45.069 + 3.496
R; (Ro) 1.450 £+ 0.023
Rs (Rg) 1.371 £ 0.016

Rs (Ra) .
log g1 (cgs) 4.097 £ 0.013
log g2 (cgs) 4.152 £+ 0.013
as (AU) 0.3257 £ 0.0027
az (AU) 1.3179 £ 0.0087
es  0.4926244 +0.0011450
wy (deg) 50.52567 £ 0.14558
ez 0.0286155 £ 0.0147505
w3 (deg) 27.94829 + 29.00059

12!3 (deg)

11.4412 1 2.9777

Pbinary =48.799d
incl. binary = 88.83 deg

Pplanet =397.3d
incl. planet ~ 77.6 deg

1.13

(P/Pcrit = 1.20)

a/a

crit




KIC 3938073 (preliminary)

Eclipsing Binary Planet

« P=31.024d * P,~269.6d

* =0.433 * e ~0.0/

* M;=1.98 M, * M, ~46 Mg,

* M,=0.97 M, * Rj= -

* R, =1.71R_, * inclination ~ 71 deg
* R,=0.86R,,, * mutual incl. ~ 14 deg

(but light from 3™ star...)
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Some emerging trends:
o o

e CBP not seen in short P binaries

— why not? past 3 body interaction?

 Planets are close to the critical orbital radius
— 8out of 11 systems have P< 2 P

crit

— observational bias or migration pile-up?
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Kepler Circumbinary Planets

didate; black=Kepler-47b,c,d

red=confirmed; blue=can
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Kepler Circumbinary Planets
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* As a consequence of being close to critical radius,
Kepler CBPs are close to the HZ.

— With the new circumbinary planet KIC 9632895,
3 out of 10 CBPs are in the HZ

— 5 out of 12 candidates are in wide HZ (~42%)

—



KOIs & Confirmed Planets (2014 Sep 14)
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SUMMARY: Kepler Circumbinary Planets

Much more difficult to find, but offer rich rewards.

* 10+ transiting & 3 non-transiting cases
e diverse planet and stellar orbits
* but no very short-period EB cases

* planets tend to be close to unstable region > Hz

* provide very precise masses & radii (for planets & stars)

* challenges for planet formation theory and insight
into binary star formation
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Kepler-47 update

Eclipsing Binary
* Kp=15.2 mag

Inner planet “b”

« P =7.448374 d * Pp=49.45d
« e =0.028 * Ry=3.0R,
* M, <2.0M,
Sun-like primary
* T, =5640 K
. M, =0.966 Mg, Outer planet “c”
* R, =0.936 R, « P=303.2d
. M, =0344 M, * R=4.7R,

* R, =0.341R_,. * M. <28 M,




first non-transiting CBP
P, =994d
e, =0.36
M,=2.6 M,,,
mutual i ~5°

Also used GR
precession and
solved k,=0.0077
(for each star)

Average insolation
puts planet in the
habitable zone

credit:
D. Fabrycky
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KOI1 2938 = KID 7821010

ave=0.68 S,



