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L E T ’ S  S E A R C H  C I R C U M B I N A R I E S  F R O M  T H E  G R O U N D

RVs are more efficient, however, problem with double-lined binaries

SB2: a noise floor of 15-20 m/s is found (Konacki+ 2009)

Problems solved by considering single-lined binaries (SB1).
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Figure 1. RVs of HD9939 (top) and HD13974 (bottom) as a function of the
orbital phase (a), and the residuals (observed minus modeled RVs) as a function
of the orbital phase (b) and time (c). The primary is denoted with filled symbols,
the secondary with open ones, and the best-fit RV model with a solid line. The
Keck I/Hires is denoted with circles, Shane/CAT/Hamspec with triangles, and
TNG/Sarg with stars.
(A color version of this figure is available in the online journal.)

∼50–150 for the Shane/CAT/Hamspec. In consequence, the
RVs have different precision ranging from ∼2 (HD195987, the
best case) to 20 m s−1 for the primary stars. In any case, the
precision is sufficient to detect planets with masses as small as
0.3 MJup. Note also that due to a brightness ratio between the
primary and secondary, the RVs of the secondary are typically
of lower precision as the S/Ns are for the composite observed
spectra. For example, an S/N of 250 and a brightness ratio of
6.7 (HD195987) corresponds to an S/N of 220 for the primary
and only 30 for the secondary.

A circumbinary planet will exhibit two indirect effects on the
RV of the stars. First, the apparent system velocity will vary
in a periodic manner due to the motion of the binary about the

Figure 2. RVs of HD47415 (top) and HD78418 (bottom) as a function of the
orbital phase (a), and the residuals (observed minus modeled RVs) as a function
of the orbital phase (b) and time (c). The primary is denoted with filled symbols,
the secondary with open ones, and the best-fit RV model with a solid line. The
Keck I/Hires is denoted with circles, Shane/CAT/Hamspec with triangles, and
TNG/Sarg with stars.
(A color version of this figure is available in the online journal.)

system barycenter, with amplitude (Muterspaugh et al. 2007)

∆vb = 57 m s−1 ×
(Mp/MJup) sin ip√

((Mb + Mp)/M$)(ap/1 AU)
. (3)

Differential reflex motion and perturbations of the binary orbit
by the planetary companion are expected to be negligible on
reasonable timescales. Second, the finite speed of light will
cause apparent changes in the phase of the binary orbit due to
the reflex motion of the binary about the system center of mass.
This phase shift is detected for planets with masses as small as
(Muterspaugh et al. 2007)

Mp = 70MJup × (σrv/20 m s−1)(Pb/5 d)4/3(Mb/M$)2/3

√
N − 6 sin ib sin ip(ap/1 AU)

, (4)
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Figure 2. Best fit adjustment to the SOPHIE radial-velocity data. Top: Doppler
reflex motion caused by the secondary star. Middle: Doppler reflex motion
caused by the circumbinary planet. Bottom: radial-velocities as a function
of time with a binary+planet+cubic function model. Residuals are displayed
below.

ascertained by computing the "Bayes Factor" (Kass & Raftery 1995)
between the two. The Bayes factor is a ratio of probabilities between
the two competing models. Once a value for the Bayes factor has
been calculated, we can compare it to the so-called “Je�reys’ scale"
(see Trotta (2008) for more details) to get an idea of the strength of
evidence of one model over another.

A more extensive description of our use of K��� in the context of
the BEBOP survey can be found in Standing et al. (submitted). For
the analysis of the Kepler-16 system prior distributions were chosen

Table 1. Results of our analysis of the SOPHIE radial-velocities only, showing
the fit parameter and then the derived physical parameters. They are compared
to previous results with 1f uncertainties provided in the form of the last two
significant digits, within brackets. Dates are given in BJD - 2,450,000.

Parameters & units Y����� ���� Doyle+(2011)

binary parameters
%bin day 41.077779(54) 41.077772(51) 41.079220(78)
)0,bin BJD 8558.9640(44) 7573.098(47) –
 1,bin m.s�1 13 678.2(1.5) 13 678.7(1.5) –
4bin – 0.15989(11) 0.15994(10) 0.15944(62)
lbin deg 263.661(40) 263.672(40) 263.464(27)

planet parameters
%pl day 228.3(1.8) 226.0(1.7) 228.776(37)
)0,pl BJD 8532.5(4.4) 7535(92) –
 1,pl m.s�1 12.8(1.5) 11.8(1.5) –
4pl – 0 (fixed) <0.21 0.0069(15)
lpl deg – 231(65) 318(+10)

(�22)

system parameters
W km.s�1 -33.8137(69) -33.803(24) -32.769(35)
fjitter m.s�1 – 0.070 +1.104

�0.067 –

derived parameters
"1 M� 0.654(17)1 0.654(17)1 0.6897(35)
"2 M� 0.1963(31) 0.1964(31) 0.20255(66)
<pl MJup 0.345(41) 0.313(39) 0.333(16)
0bin AU 0.2207(18) 0.2208(18) 0.22431(35)
0pl AU 0.6925(67) 0.6881(58) 0.7048(11)

Notes: 1 - adopted from Bender et al. (2012)

similarly to those used in Faria et al. (2020) with the following notable
adaptions. We treat the secondary star as a known object with tight
uniform priors on its orbital parameters. A log-uniform distribution
was used to describe the periods of any additional signals, from
4 ⇥ %bin to 1 ⇥ 104 days. This inner limit on period is set by the
instability limit found in binary star systems (Holman & Wiegert
1999). More details, particularly on the priors we use, can be found
in Standing et al. (submitted).

Our K��� analysis of the Kepler-16 data yields a Bayes Factor
BF = 1 in favour of a double Keplerian model ("2 + <pl) over a
single Keplerian1 ("2). We also obtain a BF > 10000 in favour
of a three Keplerian model over the double signal model2. Our
posterior shows peaks at orbital periods of ⇡ 230 and ⇡ 2000
days, corresponding to the signal of Kepler-16 b and the cubic drift
seen in Y�����. We then apply the clustering algorithm HDBSCAN
(McInnes et al. 2017) to isolate and extract the resulting planetary
orbital parameters, which can be found in Tab. 1.

3.4 Note on converting fitted parameters to physical values

To convert our semi-amplitudes into masses for "2 and <pl we
adopt a mass for "1 from Bender et al. (2012). Software written
for exoplanetary usage usually assumes that <pl ⌧ "¢, however
this assumption is no longer valid when comparing "2 to "1, and a
circumbinary planet to both.

1 in reality this means we never got a posterior sample were no planet was
present
2 with the current version of K��� it is simpler to test for and apply an
additional Keplerian rather than a quadratic or cubic drift

MNRAS 000, 1–7 (2015)



P R O O F - O F - C O N C E P T :  W H E N  D O  W E  R E A C H  D E T E C T I O N ?

B E B O P  I I I :  T R I A U D ,  S TA N D I N G  E T  A L .  I N  P R E P



P R O O F - O F - C O N C E P T :  W H AT  P R E C I S I O N  D O  W E  H A V E ?

B E B O P  I I :  S TA N D I N G ,  T R I A U D  E T  A L .  S U B M I T T E D



−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−180

−160

−140

−120

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−1750

−1700

−1650

−1600

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−20

 0

 20

 40

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

 1260

 1280

 1300

 1320

 1340

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−4400

−4395

−4390

−4385

−4380

−4375

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−40

−30

−20

−10

 0

 10

 20

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

 860

 880

 900

 920

 940

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−1255

−1250

−1245

−1240

−1235

−1230

−1225

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−1320

−1300

−1280

−1260

−1240

−1220

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
 960

 970

 980

 990

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−60

−40

−20

 0

 20

 40

φ

R
V

 [m
/s]

 .  .

 . .

−0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−4810

−4800

−4790

−4780

−4770

φ

R
V

 [m
/s]

 .  .

 . .

P = 54.7d P = 146.1d P = 27.1 P = 26.9

P = 201.9d P = 232.8d P = 175.2d P = 518.7d

P = 67.4d P = 164.6d P = 55.0d P = 262.2d

            B I N A R I E S  E S C O R T E D  B Y  O R B I T I N G  P L A N E T SBEBOP
13 closed-orbit candidates + 3 open-orbit candidates



            B I N A R I E S  E S C O R T E D  B Y  O R B I T I N G  P L A N E T SBEBOP

EBLM J0608-59 (aka TOI-1338)

K O S T O V  E T  A L .  2 0 2 0 ,  K U N O V A C  H O D Z I C  E T  A L .  2 0 2 0 ;  B E B O P  I V:  S TA N D I N G ,  T R I A U D  I N  P R E P

I N N E R  P L A N E T  I S  <  1 7  M E  &  W E  I D E N T I F Y  A  2 2 0 D  P L A N E T  C A N D I D A T E

9
5

 D
A

Y
S; 5

0
 M

E
; 6

.9
 R

E

a transiting circumbinary planet in our sample

Rossiter-McLaughlin effect



H E A D W AY  T O W A R D S  S O LV I N G  T H E  S B 2  P R O B L E M

K O N A C K I  E T  A L .  ( 2 0 0 9 )

Konacki 16.5 m/s RMS on A

              89 m/s RMS on B

              Using HIRES@Keck
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Figure 3. RVs of HD86146 (top) and HD195987 (bottom) as a function of the
orbital phase (a), and the residuals (observed minus modeled RVs) as a function
of the orbital phase (b) and time (c). The primary is denoted with filled symbols,
the secondary with open ones, and the best-fit RV model with a solid line. The
Keck I/Hires is denoted with circles, Shane/CAT/Hamspec with triangles, and
TNG/Sarg with stars.
(A color version of this figure is available in the online journal.)

assuming 1% false alarm probability (FAP; S/N = 5.8) where N
is the number of observations, and ib and ip are the inclinations
of the binary and planet orbits, respectively. Note that this
observable is actually more sensitive to longer period planets.
In combination, these effects allow us to detect Jupiter mass
planets or smaller for an extended range of orbital periods. In
the current analysis, the second effect has been ignored as it is
small on the relatively short timescales being considered.

4. PLANET DETECTION LIMITS FOR 10 SB2s

For this initial sample of stars, we have selected these SB2s
from our survey that have long time span RV data sets and
an orbital phase coverage allowing for a reliable tomographic
disentangling. These are HD 9939, HD 13974 (Figure 1),

Figure 4. RVs of HD210027 (top) and HD214686 (bottom) as a function of the
orbital phase (a), and the residuals (observed minus modeled RVs) as a function
of the orbital phase (b) and time (c). The primary is denoted with filled symbols,
the secondary with open ones, and the best-fit RV model with a solid line. The
Keck I/Hires is denoted with circles, Shane/CAT/Hamspec with triangles, and
TNG/Sarg with stars.
(A color version of this figure is available in the online journal.)

HD 47415, HD 78418 (Figure 2), HD 86146, HD 195987
(Figure 3), HD 210027, HD 214686 (Figure 4), HD 221950,
and HD 282975 (Figure 5). Let us note that we recently made
improvements to our data pipeline, and the Keck I/Hires RVs
used in this paper are typically several m s−1 more accurate
than those shown in Konacki (2009). The internal RV errors are
computed from the scatter between the echelle orders used in
the reduction. They are expected to underestimate the real RV
scatter. In addition to the stellar jitter, one of the main reasons
for the underestimation of the errors are the imperfections in
the disentangled template spectra. While these imperfections
are impossible to see with a “naked eye,” they still contribute
to the total error budget. For this reason, we add an additional
error in quadrature to obtain a reduced χ2 equal to 1 for a
simple Keplerian model. The RVs are first modeled with a



H E A D W AY  T O W A R D S  S O LV I N G  T H E  S B 2  P R O B L E M

B E B O P  V:  L A L I T H A ,  T R I A U D  E T  A L .  I N  P R E P

Konacki 16.5 m/s RMS on A

              89 m/s RMS on B

              Using HIRES@Keck

Lalitha  7 m/s RMS on A

            12.5 m/s RMS on B

            Using SOPHIE@193cm

HD 210027
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CIRCUMBINARY PLANETS WITH PLATO



E F F E C T  O F  O R B I TA L  I N C L I N AT I O N :  T R A N S I TA B I L I T Y

S C H N E I D E R  E T  A .  1 9 9 4 ;  M A R T I N  &  T R I A U D  2 0 1 4



👁

M A R T I N  &  T R I A U D  2 0 1 5P  ~  S I N  Δ I  F O R  N O N  E C L I P S I N G  B I N A R I E S

E C L I P S I N G

P R O B A B I L I T Y  O F  T R A N S I T  R E A C H E S  1 0 0 % F O R  Δ I  >  0 . 6 º

I N  E C L I P S I N G  B I N A R Y  S Y S T E M S ; 

I F  Y O U  W A I T  L O N G  E N O U G H



R E C O M M E N D AT I O N  F O R  P L AT O

Re-observe the Kepler field should find as many new 
circumbinary planets as Kepler did.

Observe long stares better eclipse timing variations, 
more transits (long orbital periods)

Observe long timespans more time for orbital precession

RECOMMENDATIONS 

main mission: 2x 2-yr long stares (e.g. north (inc Kepler’s) & south)

extended mission: 2x 2yr long stares (go back to the same 2 fields)
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