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“Bonjour David, 
… 
Pour la petite histoire, quand en 1990-92 j’avais demandé des crédits pour 
chercher des transits autour de CM Dra, les “autorités scientifiques” avaient 
répondu qu’il est bien connu que les orbits circumbinaires sont instables et que 
ces planètes ne peuvent exister. 

Cordialement, 

Jean Schneider”

the “scientific authorities” told me

these planets cannot exist 
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TRANSITING EARTHS



Radius ratio: 
~ 1/100

Area ratio: 
~ 1/10,000

Transit depth 
~ 0.01%

TRANSITING EARTHS
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OLD METHOD

INDIVIDUALLY SIGNIFICANT TRANSITS

GIANT PLANETS

↓
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IN -SITU VS MIGRATION

???

Hansen & Murray (2012) 
Cossou+ (2014) 

Martin & Livio (2016) 
Lee & Chiang (2016) 



IN -SITU VS MIGRATION



IN -SITU VS MIGRATION

OR HERE 
Pelupessy (2012) 
Meschiari (2013) 

Lines (2016) 

Pelupessy (2012) 
Meschiari (2013) 

Lines (2016) 
BUT FAR AWAY IS FINE 

Pierens & Nelson (2013,18) 
Kley & Haghighipour (2014,15) 

Sutherland & Kratter (2019)

~3 X BINARY SEPARATION

CAN’T FORM HERE
Artymowicz & Lubow (1994)

BUT…
Chachan+ (2019) 
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NEW METHOD

SMALL PLANETS

↓

FOLD ON VARIABLE TRANSIT TIMES AND DURATIONS 



time



time

SCALED TRANSIT DURATION 



DIFFICULTIES



DIFFICULTIES

1. TTVS AND DYNAMICS DEMAND 
N-BODY …BUT N-BODY IS SLOW
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PARAMETER LIST

Villanova EB catalog 
(e.g. Prsa+ 11, Kirk+ 16)
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Eccentricity, e 

Argument periapse, ω 

Orbital phase, ϑ 
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4 parameters

PARAMETER LIST

Villanova EB catalog 
(e.g. Prsa+ 11, Kirk+ 16)

Windemuth & Agol+ 19 
Moe & Di Stefano 15a,b 

Future Villanova RVs
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DIFFICULTIES

1. SLOW N-BODY

2. DETRENDING EBS IS TRICKY



EFFECTS IN LIGHT CURVE

• ECLIPSES (CAN BE FEW % DUTY CYCLE) 

• STELLAR VARIABILITY/ROTATION X2 

• DOPPLER BEAMING/BOOSTING 

• ELLIPSOIDAL VARIATION 

• REFLECTION 

• VARIABLE TRANSIT DURATION
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BUT IN THE END…



Time (BJD - 2,455,000)
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mean light curve 
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1.3%KEPLER 16
8.3 REARTH @ ~228 DAYS
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STATUS



1. CAN FIND ALL KEPLER PLANETS 
2. WINDEMUTH+ 19 MASSES WORK 
3. INJECTION/RECOVERY TESTS 
4. FINALISE GRID OPTIMISATION 
5. RUN ON KEPLER EBS 
6. PUBLIC RELEASE 
7. RUN ON TESS
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ALL SKY, NOT ALL TIME



“1-2 PUNCH”Single star

Fl
ux

Time

Fl
ux

Time

Circumbinary
• 400,000 EBs (Sullivan+ 15) 

• 140 CBPs (Kostov+ rev.) 

• Bright stars!



CONTINUOUS VIEWING ZONE



FIRST TESS CBP CANDIDATE!

Sector 3

Long cadence data  
with Eleanor 

 (Feinstein+ 19)

Sector 6 Sector 10

Short cadence data

Kostov+ 
(in prep)



FIRST TESS CBP CANDIDATE!

Pbin = 14.6 days

Pp = 90 days

MA =1.2 MSun

MB = 0.33 MSun

Rp = 7.7 REarth

Mp < 100 MEarth 
Kostov+ 
(in prep)



FIRST TESS CBP CANDIDATE!

Kostov+ 
(in prep)
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COMPLEMENTARY RADIAL VELOCITIES



DOWN TO 2 M/S PRECISION

HARPSCORALIE



ROSSITER-MCLAUGHLIN 

Fit by Vedad Hodzic 
(Birmingham PhD student)

Spin-orbit aligned  
λ=12° ± 25°

First time since Winn+ 12  
for Kepler 16 (also aligned) 



HOW COME SO MANY RVS?
TIC 260128333 = EBLM J0609-59

= BEBOP TARGET 



BEBOP
BINARIES ESCORTED BY ORBITING PLANETS
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RADIAL VELOCITIES



PAST EFFORTS: TATOOINE



Double-lined spectroscopic binaries:
No. 1, 2009 RADIAL VELOCITY TATOOINE SEARCH FOR CIRCUMBINARY PLANETS 515

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)

K O N A C K I  +  1 0

PAST EFFORTS: TATOOINE
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ABSTRACT

We present high-precision radial velocities (RVs) of double-lined spectroscopic binary stars HD78418, HD123999,
HD160922, HD200077, and HD210027. They were obtained based on the high-resolution echelle spectra
collected with the Keck I/HIRES, Shane/CAT/Hamspec, and TNG/Sarge telescopes/spectrographs over the
years 2003–2008 as part of the TATOOINE search for circumbinary planets. The RVs were computed using our
novel iodine cell technique for double-line binary stars, which relies on tomographically disentangled spectra of
the components of the binaries. The precision of the RVs is of the order of 1–10 m s−1, and to properly model such
measurements one needs to account for the light-time effect within the binary’s orbit, relativistic effects, and RV
variations due to tidal distortions of the components of the binaries. With such proper modeling, our RVs combined
with the archival visibility measurements from the Palomar Testbed Interferometer (PTI) allow us to derive very
precise spectroscopic/astrometric orbital and physical parameters of the binaries. In particular, we derive the masses,
the absolute K- and H-band magnitudes, and the parallaxes. The masses together with the absolute magnitudes in
the K and H bands enable us to estimate the ages of the binaries. These RVs allow us to obtain some of the most
accurate mass determinations of binary stars. The fractional accuracy in m sin i only, and hence based on the RVs
alone, ranges from 0.02% to 0.42%. When combined with the PTI astrometry, the fractional accuracy in the masses
in the three best cases ranges from 0.06% to 0.5%. Among them, the masses of HD210027 components rival in
precision the mass determination of the components of the relativistic double pulsar system PSR J0737−3039. In
the near future, for double-lined eclipsing binary stars we expect to derive masses with a fractional accuracy of the
order of up to ∼0.001% with our technique. This level of precision is an order of magnitude higher than of the most
accurate mass determination for a body outside the solar system—the double neutron star system PSR B1913+16.

Key words: binaries: spectroscopic – stars: fundamental parameters – stars: individual (HD78418, HD123999,
HD160922, HD200077, and HD210027) – techniques: radial velocities

Online-only material: color figures, machine-readable table

1. INTRODUCTION

The first observations of a spectroscopic binary star, ζ UMa
(Mizar), were announced by Edward C. Pickering (1846–1919)
on 1889 November 13 during a meeting of the National
Academy of Sciences in Philadelphia (Pickering 1890). A
similar announcement about β Per (Algol) was made by Herman
C. Vogel (1841–1907) on 1889 November 28 during a session
of Konglich-Preussiche Akademie der Wissenschaften (Vogel
1890a, 1890b). Even though a transatlantic telegraph cable had
been available since the 1860s, it was quite unusual timing for
a pre-astro-ph era. Pickering noted that the K line of Mizar
occasionally appeared double and this way discovered the first
double-lined spectroscopic binary star. Vogel measured radial
velocities (RVs) of Algol and used them to prove that the known
variations in the brightness of Algol are indeed caused by a “dark
satellite revolving about it” (Vogel 1890b).

Vogel and collaborators built a series of prism spectrographs
for the 30 cm refractor of the Potsdam Astrophysical Observa-
tory (Vogel 1900). In 1888, they initiated a photographic RV
program. Vogel was not the first to take a photograph of a
stellar spectrum but improved the technique and obtained an
RV precision of 2–4 km s−1 (Vogel 1891). Vogel (in 1906)
and Pickering (in 1908) were both awarded the Bruce medal.
Yet another Bruce medalist (in 1915), William W. Campbell

(1862–1938) and collaborators carried out a large spectroscopic
program at the Lick Observatory and discovered many spectro-
scopic binaries (Campbell et al. 1911). They prepared the first
catalog of spectroscopic binaries (Campbell & Curtis 1905).
Vogel was the director of the Potsdam Observatory for 25 years,
Pickering of the Harvard College Observatory for 42 years,
and Campbell of the Lick Observatory for 30 years. The ad-
ministrative duties must have been not too distracting those
days.

Both Vogel and Campbell recognized the importance of
flexure and temperature control of a spectrograph (Vogel 1890c;
Campbell 1898, 1900), and Campbell also noted the issue of
a slit illumination and its impact on RV precision (Campbell
1916). Today a high RV precision is achieved by either using
a very stable fiber-fed spectrograph that is contained in a
controlled environment (a vacuum tank) or using an absorption
cell to superimpose a reference spectrum onto a stellar spectrum
and this way measure and account for the systematic RV errors.
Current state-of-the-art precision is at the level of ∼1 m s−1.
It is however important to note that such a precision refers to
single stars or at best single-lined spectroscopic binaries where
the influence of the secondary spectrum can be neglected. In
such a case, given a stable spectrograph, an RV measurement
is essentially a measurement of a shift of an otherwise constant
shape (spectrum).

1293
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Tatooine: double-lined spectroscopic binaries:

PAST EFFORTS: TATOOINE



New approach: use single line binaries.

Take the best EBLM targets to form BEBOP 



Maximised radial velocity amplitude

Maximised, almost guaranteed transit probability
B O R U C K I  &  S U M M E R S  8 6  

S C H N E I D E R  9 4  
M A R T I N  &  T R I A U D  1 5  

L I +  1 6  
M A R T I N  1 7

Secondary mass, radius known

Predict secondary magnitude to avoid contamination

ECLIPSING BINARY ADVANTAGES



2008 - 2017

Martin, Triaud+ (2019)

59 nights

CORALIE
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