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circumbinary planets

RV: HD202206c? (Correia et al. 2005)
ETV: CM Dra? (Deeg et al. 2008)

Kepler (transit): 9 systems (11 planets)
Kepler (ETV): 3 systems?

direct imaging: 3 systems?
post-common envelope (ETV): 5 systems (6 planets)? 

the tally



circumbinary planets

boosted probabilities of transit

why bother

study planetary formation

investigate planetary migration

observe how atmospheres react to change

the most accurately measured planets

learn about stellar formation

confront stellar evolution models



the transit technique

the transit technique is very limited to short periods
( hot Jupiter ~ 10%  -  Earth ~ 0.4% )

we do not have any a priori on the inclination of the planet
( need to survey many stars )

planet masses and radii depend on the assumed/modelled
mass and radius for the host star



Kepler-16b Doyle et al. 2012

depend on the mass of the third body. Therefore,
we could constrain the mass of the third body
by fitting the eclipse data with a numerical model
of three-body gravitational interactions. This mod-
el, described below in detail, showed that the
third body must be less massive than Jupiter.

Hence, based on the depth of the tertiary
eclipses and on the magnitude of the eclipse
timing variations, the third body was shown to be
a transiting circumbinary planet. The model was
based on the premise that the three bodies move
under the influence of mutual Newtonian grav-
itational forces. For this purpose, wemodified the
computer code that was used to model the tri-
ple star system KOI-126 (17) [supporting online
material (SOM)]. The leading-order relativistic
correction to the force law was included, although
it proved to be unimportant. The bodies’ positions
were calculated with a Bulirsch-Stoer algorithm
and corrected for the finite propagation speed
of light across the system before being compared
to the data. The loss of light due to eclipses was
calculated by assuming the disks of stars A and B
to be circular, with a quadratic law describing
the decline in intensity toward the limb (18). We
also allowed for an additional time-independent
source of light to account for any possible back-
ground stars within the Kepler photometric ap-
erture. In practice, this parameter was found to
be consistent with zero and bounded to be less
than 1.3% of the total light of the system (19).

We fitted all of the photometric data within
6 hours of any eclipse or transit. Before fitting, a
linear trend was removed from each segment, to
correct for the slow starspot-induced variations
evident in Fig. 1. A successful model had to be

Fig. 2. Radial-velocity var-
iations and perturbations of
eclipse times. (Top) Observed
radial-velocity variations of
star A as a function of orbital
phase, based on observations
with the spectrograph of the
Tillinghast 1.5-m telescope
at the Fred LawrenceWhipple
Observatory onMountHopkins,
Arizona (SOM). Solid dots are
the data, and the smooth
curve is the best-fitting mod-
el. Although only the light
from star A could be detected
in the spectra, the model for
star B’s motion is also shown.
Residuals from the best mod-
el fits are given just below the
radial velocity curve. (Middle
and Bottom) Deviations of
the stellar eclipse times from
strict periodicity, as observed
(colored dots) and modeled
(open diamonds). As noted
previously, oneprimary eclipse
and one secondary eclipse
were missed. The deviations
are on the order of 1min for
both primary and secondary
stellar eclipses. In the mod-
el, the effects of dynamical
perturbations are dominant,
with light-time variations contributing only at the level of 1 s. If the third body were more massive than a
planet (>13 jovian masses), the timing variations would have exceeded 30 min. This would have been off
the scale of the diagram shown here, and in contradiction with the observations.
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Fig. 3. Scale diagram of the Kepler-16 system. The current orbits of the
Kepler-16 system are shown as gray curves. The sizes of the bodies
(including the Sun, Jupiter, and Saturn) are in the correct proportions to
one another, but they are on a scale 20 times larger than the orbital
distance scale. The binary and circumbinary planet orbital planes lie
within 0.4° of each other (Table 1), so the orbits are essentially flat, as
drawn. The planet’s orbital eccentricity is nearly zero, whereas the
orbital eccentricity of the binary star system is presently about 0.16. A
“+” symbol marks the center of mass of all three bodies.
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circumbinary planets



Martin & Triaud (2014)
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precession brings planets into transitability

it takes three to tango



Martin & Triaud (2015a)

a changed probability of transit

P ≈ sin !I

P ≈ R  / a

a

R

! eclipsing 



two interesting consequences:

the probability of transit becomes independent of the orbital distance
a serious advantage to characterise temperate planets

> 90% of all planets orbiting eclipsing binaries will one day transit
transit 100% secure if mutual inclination > 0.6º

Martin & Triaud (2014,2015a)



advantages of circumbinary planets

the transit technique is very limited to short periods
( hot Jupiter ~ 10%  -  Earth ~ 0.4% )

we do not have any a priori on the inclination of the planet
( need to survey many stars )

planet masses and radii depend on the assumed/modelled
mass and radius for the host star

no longer, we are now independent of orbital distance

does not matter, in eclipsing binaries, the planet will transit

eclipsing binaries are the only stars we can measure the
mass and radius, without evolution models



circumbinary planets appear plentiful

Kepler discoveries consistent with > 9%
of binaries (with P< 120 days) having gas giants

(Martin & Triaud 2014, Armstrong et al. 2014)

lack of planets in binaries < 5 days (Martin et al. 2015)

adjust to ~ 13% of binaries have circumbinary gas giants

period distribution different from single star hosts



only a minimum rate could be computed with Kepler
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a different environment for planet formation

a gravitational dipole stirs the circumbinary disc
planetesimal accretion is stifled within 50 binary separation (Meschiari 2012) 

occurence rate
mass distribution

period distributioneccentricity distribution

metallicity distribution
orbital inclination

planet formation, and orbital evolution history
are reflected in the planets physical parameters:

all we know so far edges from single stars. Let’s change the scenery!



circumbinary planets & atmospheres

Transits can last 10s of hours (even days)
can get two transits per orbit

and transit two stars => check systematics

at each transit we have a different orbital configuration
the planet receives a varying level of irradiation

changes of 10s Kelvin will happen

=> we can study how atmospheres react to changing conditions



BEBOP
Binaries Escorted by Orbiting Planets



goals

show circumbinary planets can be found using RVs

measure an upper bound on the occurrence rate

derive a mean mutual inclination

95% of the planets will transit, find them

study changing and temperate atmospheres

verify the metallicity, period and mass distributions



123 transiting planets   |   2 brown dwarfs    |   214 low mass eclipsing binaries

WASP
Wide Angle Search for Planets

www.wasp-planets.eu

http://www.wasp-planets.eu


Berta-Thomson 2013

secondary stars as small as hot Jupiters

our secondaries:
single line, eclipsing binaries
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secondary stars as faint as hot Jupiters

L ∝ R2 T4

blackbodies

blackbodies

M6

L8

T4

Y1

M8

T4
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Our HARPS survey

only with CORALIE

unstable periods
(too close to binary)

60 bright and nearby, low-mass, eclipsing binaries from WASP

BEBOP

on HARPS: reach < Saturn’s mass for 50% of the sample

only 3 transiting gas-giants with P > 30 d with Jmag < 12
we expect between 7 and 22



hundreds of circumbinary gas giants!

GAIA

Sahlmann, Triaud & Martin (2015)
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A P P E N D I X A : O N T H E C H O I C E
O F D E T E C T I O N T H R E S H O L D

The three principal parameters that define the probability of astro-
metric orbit detection are the photocentric orbit size α, the single-
measurement uncertainty σ , and the number of measurements N.
Several studies define a detection criterion on the basis of a χ2 test
in a simulation that includes the generation of synthetic observa-
tion (Casertano et al. 2008; Sozzetti et al. 2014), which in practice
translates into α/σ > 3 for detected systems.

We instead apply a detection criterion on the basis of S/N =
α

√
Nm/σm > 20 for orbits with periods shorter than the measure-

ment timespan. In all these considerations, we neglect the potential
effects of extreme eccentricities, which can reduce the astrometric
signature by a factor 1 − e2 in the worst case, and we assume a
sufficient amount of degrees of freedom to solve the problem, i.e.
about twice as many data points as free model parameters.

Setting a detection threshold always involves a trade-off between
detectability, false-alarm probability, and resulting parameter uncer-
tainties. We tried to quantify the implications of our detection crite-
rion S/N > 20 by inspecting the binary detections with Hipparcos
data, which are analogous to exoplanet and binary detections with
Gaia. We used three catalogues, the original Hipparcos double and
multiple catalogue (Lindegren et al. 1997; Perryman et al. 1997)
and the two binary catalogues of Goldin & Makarov (2006) and
Goldin & Makarov (2007). For every binary with period <1500 d,
we computed the S/N and the result is shown in Fig. A1.

Only 11 per cent of the Lindegren et al. (1997) and Perryman
et al. (1997) binaries were found with S/N < 20. Using more
sophisticated methods, Goldin & Makarov (2006) and Goldin &

Figure A1. Cumulative histogram of S/N for Hipparcos binary solutions
published by Lindegren et al. (1997), Perryman et al. (1997), Goldin &
Makarov (2006) and Goldin & Makarov (2007). The number of binaries is
given in the legend.

Figure A2. Uncertainty in the orbit’s inclination as a function of S/N.

Makarov (2007) could increase this fraction to 18 and 44 per cent
for their respective samples of Hipparcos stars with ‘stochastic’
astrometric solutions.

A figure of merit of particular interest for circumbinary planets
is the uncertainty with which the orbital inclination can be deter-
mined. Fig. A2 shows the inclination uncertainty σ i for the binary
solutions in the literature. We see that for S/N > 20, the inclination
is typically determined to better than 10◦. For S/N larger than 100,
the inclination uncertainty drops to a few degrees.

We conclude that a threshold of S/N > 20 leaves a safe margin in
terms of false-alarm probability and provides us with an inclination
uncertainty of !10◦. It also has the advantage of being easy to
implement and fast to compute.

A P P E N D I X B : A D D I T I O NA L F I G U R E S
A N D TA B L E S

Figure B1. Example of the photocentre motion for a circumbinary planet
detected with S/N = 20 taken from our simulation. For simplicity, we show
a face-on and coplanar configuration, where parallax and proper motion
have been removed. The 0.96 + 0.94 M⊙ binary with an orbital period of
40 d at 50 pc distance has a photocentric amplitude of α = 145 µas (dashed
line). The planet with a mass of 7.9MJ induces orbital motion with 73 µas
amplitude and 240 d period (dotted line). The combined photocentre motion
about the centre of mass (‘x’) is shown as a solid curve. The bar in the
lower-left corner indicates the single-measurement uncertainty of 31 µas.

MNRAS 447, 287–297 (2015)
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Table 1. Relevant parameters.

Symbol Description Value

N⋆ Number of stars in shell s Table 2
rbin Binary fraction 13.9 per cent
rpl Fraction of binaries with one planet 10 per cent
Nbin,P Number of accessible binaries

(Pbin < 304 d)
Table 2

Np Number of planets around accessible
binaries

Table 2

r̄det Average probability that a giant
planet is detectable

Table 2

NCBP Number of planets detected in shell s Table 2
rres Rate of potentially resolved binaries Table 2
rS/N Rate of binaries with S/N > 100 Table 2

we obtain the mean probability r̄det of a planet detection in ev-
ery shell. The number of detected circumbinary planets is obtained
from NCBP = Npr̄det, where the meaning of Np and other variables
is summarized in Table 1.

The simulation results are summarized in Table 2. Figs 5 and 6
show the histograms of masses and periods of detected planets and
Figs B2 and B3 show their cumulative versions.

In this simulation, we find that Gaia will discover 516 plan-
ets orbiting binary stars within 200 pc. Within spheres of ≤50 pc,
≤100 pc, and ≤150 pc around the Sun, we predict 25, 124, and 297
planet detections, respectively. Before discussing these absolute
numbers, we can observe the characteristics of the planet popula-
tion. The probability r̄det of detecting a planet decreases with the
distance of the shell. This is because the sky-projected astrometric
orbit size becomes smaller, hence the minimum detectable planet
mass increases. Yet, the number of detected planets increases with
distance, because the number of binaries increases as distance to
the third power. Most planets are found at long periods, because
the astrometric signal increases with orbital period. Finally, we see
that the large majority of detected planets have masses >5MJ. Al-
though those are less frequent around binaries (Fig. 4), they can be
detected out to large distances and thus around many more binary
stars.

Table 2 also lists two parameters related to the binaries them-
selves. Complications in the photocentre measurement process can
arise when binaries are visually resolved in the Gaia focal plane.
We assume that this can be the case if the projected separation of
the binary components is larger than 30 mas and their magnitude
difference "G is smaller than two magnitudes. The rate of such
binaries is indicated by the rres parameter and is smaller than 10 and
1 per cent for binaries beyond 20 and 40 pc, respectively. Therefore,
resolved binaries will have to be considered only for very few, very
nearby circumbinary discoveries.

The other binary parameter rS/N represents the rate of binaries
whose photocentric motions are detected with S/N > 100. This rate
reaches unity for the most nearby systems and decreases slowly to
0.5 at 200 pc. This means that most of the binary motions will be
detected with S/N > 100. In addition, the measurement timespan
covers at least six orbital periods, thus the accurate determina-
tion of the binary parameters is almost guaranteed. The parallax
of most FGK-dwarf binaries within 200 pc will be measured with
S/N ! 1400. This validates what we claimed in Section 3.1: since
the two dominant signals, the parallax and the binary orbit, will
be detected with very high S/N, it will be generally possible to
disentangle the planetary orbit at S/N > 20, even with uneven time
sampling and 19 free parameters constrained by 70 independent
measurements.

Table 2. Results of the simulation.

Shell N⋆ Nbin,P Np r̄det NCBP rres rS/N
(pc)

0–5 9 1 0.1 0.857 0.0 0.21 1.0
5–10 61 4 0.4 0.743 0.3 0.13 0.9

10–15 166 11 1.1 0.651 0.7 0.09 0.9
15–20 324 22 2.2 0.587 1.3 0.06 0.9
20–25 534 36 3.6 0.527 1.9 0.04 0.8
25–30 796 53 5.3 0.475 2.5 0.02 0.8
30–35 1111 75 7.5 0.438 3.3 0.01 0.8
35–40 1479 101 10.1 0.402 4.0 0.00 0.8
40–45 1899 130 13.0 0.379 4.9 0.00 0.7
45–50 2371 160 16.0 0.353 5.7 0.00 0.7
50–55 2896 195 19.5 0.329 6.4 0.00 0.7
55–60 3474 236 23.6 0.301 7.1 0.00 0.7
60–65 4104 277 27.7 0.285 7.9 0.00 0.7
65–70 4786 324 32.4 0.275 8.9 0.00 0.7
70–75 5521 375 37.5 0.257 9.7 0.00 0.6
75–80 6309 421 42.1 0.245 10.3 0.00 0.6
80–85 7149 483 48.3 0.232 11.2 0.00 0.6
85–90 8041 550 55.0 0.222 12.2 0.00 0.6
90–95 8986 602 60.2 0.207 12.4 0.00 0.6

95–100 9984 675 67.5 0.200 13.5 0.00 0.6
100–105 11 034 751 75.1 0.187 14.0 0.00 0.6
105–110 12 136 812 81.2 0.186 15.1 0.00 0.6
110–115 13 291 888 88.8 0.177 15.8 0.00 0.5
115–120 14 499 953 95.3 0.167 15.9 0.00 0.5
120–125 15 759 1071 107.1 0.160 17.2 0.00 0.5
125–130 17 071 1148 114.8 0.155 17.8 0.00 0.5
130–135 18 436 1264 126.4 0.147 18.5 0.00 0.5
135–140 19 854 1330 133.0 0.138 18.4 0.00 0.5
140–145 21 324 1444 144.4 0.134 19.3 0.00 0.5
145–150 22 846 1538 153.8 0.133 20.5 0.00 0.5
150–155 24 421 1665 166.5 0.121 20.1 0.00 0.4
155–160 26 049 1767 176.7 0.121 21.3 0.00 0.5
160–165 27 729 1874 187.4 0.111 20.8 0.00 0.4
165–170 29 461 1967 196.7 0.109 21.4 0.00 0.4
170–175 31 246 2121 212.1 0.105 22.2 0.00 0.4
175–180 33 084 2202 220.2 0.100 22.0 0.00 0.4
180–185 34 974 2314 231.4 0.096 22.1 0.00 0.4
185–190 36 916 2501 250.1 0.090 22.6 0.00 0.4
190–195 38 911 2627 262.7 0.090 23.5 0.00 0.4
195–200 40 959 2725 272.5 0.084 22.9 0.00 0.4

Total 5.6 × 105 37 691 3769 – 516 – –

Figure 5. Mass histogram of detectable circumbinary planets. The four
curves correspond to planets detected within spheres of ≤50 pc (25 planets),
≤100 pc (124 planets), ≤150 pc (297 planets), and ≤200 pc (516 planets).
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mutual inclinations measured with 10º precision



circumbinary planets

boosted probabilities of transit

soon more to play with

study planetary formation

investigate planetary migration

observe how atmospheres react to change

the most accurately measured planets

learn about stellar formation

confront stellar evolution models



studying planets

David V. Martin
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