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C I R C U M B I N A R Y  G A S - G I A N T  O C C U R R E N C E

Armstrong et al. 2014:

Assuming coplanarity (Δi = 0º ± 0º)

Martin & Triaud 2014: ~10% (P< 10 years)
~6.4% (P< 300 days)

Mayor+ 2011: 13.7% (P< 10 years)
5.4% (P< 400 d)

Santerne+ 2016: 4.6% (P< 400 d)

S I N G L E  S U N - L I K E  S TA R S :

>  0 . 1 5  M J U P ,  > 8  R E A R T H
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FIRST, A BIT OF HISTORY AND CONTEXT
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Figure 1. Radial velocity precision (an rms from the orbital fit) for the primaries
of double-lined spectroscopic binaries as a function of the publication date based
on the ninth catalog of spectroscopic binary orbits (Pourbaix et al. 2004). It is
worth noting that already in the early 20th century an RV precision of several
km s−1 for double-lined binaries was possible (Plummer et al. 1908, HD83808).
These RV measurements were typically obtained in the visible. There is however
one case by Mazeh et al. (2003) where an RV precision of ∼100 m s−1 for SB2s
was obtained in the infrared. Current and previous precision range from our
method is delimited with the red stars (note the logarithmic scale).
(A color version of this figure is available in the online journal.)

Figure 2. Series of the precision RV measurements of a single star HD185144
(V = 4.7 mag; K0V) taken with the Keck I/HIRES and reduced using our
iodine cell data pipeline. The data were taken on five nights: two in July (five
consecutive spectra each night) and three in 2005 October (four consecutive
spectra each night). The average S/N was 600 for the template exposure as well
as for all the spectra taken with the iodine cell.
(A color version of this figure is available in the online journal.)

RVs of double-lined spectroscopic binary stars (SB2s) can
be used effectively to derive basic parameters of stars if the
stars happen to be eclipsing or their astrometric relative orbit
can be determined. It is quite surprising that the RV precision
of double-lined binary stars on average has not improved much
over the last 100 years (see Figure 1). With the exception of
our previous work (Konacki 2005, 2009), the RV precision for
such targets typically varies from ∼0.1 km s−1 to ∼1 km s−1

and clearly is much worse than what has been achieved for stars
with planets or single-lined binary stars. The main problem with
double-lined binary stars is that one has to deal with two sets of
superimposed spectral lines whose corresponding RVs change
considerably with typical amplitudes of ∼50–100 km s−1. In
consequence, a spectrum is highly variable and obviously one
cannot measure RVs by noting a simple shift.

Figure 3. SB2 as nature’s realization of the tomographic imaging. The composite
spectrum of an SB2 taken at any orbital phase can be interpreted as a result of
imaging of a two-layered object. By observing an SB2 at several different
orbital phases and hence different RVs of its components, one can carry out an
equivalent of tomographic imaging and eventually be able to disentangle the
component (“layer”) spectra.
(A color version of this figure is available in the online journal.)

We have developed a novel iodine cell based approach that
employs a tomographic disentangling of the component spectra
of SB2s and allows one to measure RVs of the components
of SB2s with a precision of the order 1–10 m s−1 (Konacki
2009; Konacki et al. 2009). Such quality RVs not only enable
us to search for circumbinary extrasolar planets (Konacki et al.
2009) but also to determine basic parameters of stars with an
unprecedented precision. In particular, the masses of stars for
noneclipsing SB2s can easily be determined with a fractional
accuracy on the order of at least ∼0.1% and often even ∼0.01%.
Moreover, we expect that the accuracy in masses will reach
the ∼0.001% level when our method is applied to eclipsing
binary stars. Such a 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 (Nice et al. 2008).

Below we present our precision RV data sets for five targets
HD78418, HD123999, HD160922, HD200077, and HD210027
from our ongoing TATOOINE (The Attempt To Observe Outer-
planets In Non-single-stellar Environments) RV program to
search for circumbinary planets. All of them have been exten-
sively observed with the Palomar Testbed Interferometer (PTI;
Colavita et al. 1999). The archival PTI visibility measurements
can be used to derive relative astrometric orbits of the binaries.
These combined with our spectroscopic orbits allow for a com-
plete orbital and physical description of the systems (with the
exception of the radii of the components). In Section 2, we de-
scribe the RV measurements and their modeling and in Section 3
the visibility measurements and their modeling. In Section 4, we
present the spectroscopic and astrometric orbital solutions and
the resulting orbital and physical parameters of the binaries. A
discussion is provided in Section 5.

2. RADIAL VELOCITIES

2.1. Iodine Absorption Cell and Spectroscopic Binary Stars

In the iodine cell (I2) technique, the Doppler shift of a star
spectrum ∆λ is determined by solving the following equation
(Marcy & Butler 1992):

I (λ) = [F (λ + ∆λs) T (λ + ∆λI2 )] ⊗ PSF, (1)
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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).
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THE START OF BEBOP, AS AN RV SURVEY

The main premises
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BINARIES ESCORTED BY ORBITING PLANETS

A focus on eclipsing SB1 (to avoid the SB2 problem)
Binaries with period > 5 days
Binaries without obvious tertiary stars

Two main initial assumptions
Planets expected @ 6x the binary period
Planets with Jupiter-masses (similar to single stars)

Main source of binary systems
The EBLM catalog; false-positives from WASP
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ORBITAL INCLINATION = LARGE SOLID ANGLE
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AN IMPROVED PROBABILITY OF TRANSIT



𝒫 ∼ R⋆/a

a

R★

!

M A R T I N  &  T R I A U D  2 0 1 5
𝒫 ∼ sin Δi

E C L I P S I N G

F O R  Δ I  >  0 . 6 º

10

AN IMPROVED PROBABILITY OF TRANSIT



𝒫 ∼ R⋆/a

a

R★

!

M A R T I N  &  T R I A U D  2 0 1 5
𝒫 ∼ sin Δi

E C L I P S I N G

F O R  Δ I  >  0 . 6 º

10

AN IMPROVED PROBABILITY OF TRANSIT
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Projected results by TESS
very few temperate planets

Compared to the natural frequency 
of eclipsing binaries, circumbinary 

planets are over-represented.

12

A C C E S S I N G  T E M P E R AT E  P L A N E T S



R I C K E R +  2 0 1 4

Projected results by TESS
very few temperate planets

Compared to the natural frequency 
of eclipsing binaries, circumbinary 

planets are over-represented.

12

C U R R E N T LY  O N  N A S A  E X O P L A N E T  A R C H I V E  
F o r  K  <  1 1 ,  7 5  d  <  P  <  1 0 0 0  d ,  a n d  r a d i i  >  2  R e  

3 6  p u b l i s h e d  e x o p l a n e t s ,  i n c l u d i n g  4  c i r c u m b i n a r y  p l a n e t s
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THE BEBOP SURVEY: THE GOALS
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BINARIES ESCORTED BY ORBITING PLANETS

demonstrate circumbinary planets can be detected with RV
for SB1 and SB2

complete a first survey and measure occurrence rates
attempt to get dynamical masses of the binary

Compare the properties of circumbinary planets to
        circumstellar planets in order to distinguish various 
        pathways of planet formation

To have the precursor population to post-AGP planets

to get absolute planet masses
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THE BEBOP SURVEY: WHAT DID WE DO
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BINARIES ESCORTED BY ORBITING PLANETS

We monitored intensively ~110 binaries with 5 < Pbin < 70 d

We collected 3700 spectra with SOPHIE (North) and 
                    2300 with HARPS (South)

We also monitored 10 SB2 systems 
               (6 from Konacki, TIC 172, and 3 Kepler ETV systems)
               to do some R&D and solve the SB2 problem



BEBOP MILESTONES: KEPLER-16
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BEBOP MILESTONES: TOI-1338 / BEBOP-1
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BINARIES ESCORTED BY ORBITING PLANETS

`
`

S T A N D I N G ,  L A L I T H A  E T  A L .  2 0 2 3

 Pb = 95 d, Rb = 6.9 R⊕, Mb < 22 M⊕
Pc = 215 d, Mc = 65 M⊕



BEBOP MILESTONES: CIRCUMBINARY TRANSITS
TOI-1338 / BEBOP-1b - from Antarctica

T R I A U D ,  O R O S Z  E T  A L .  I N  P R E P

Transits are 5hr and 10hr long, with TTVs of ~10hrs
19
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BEBOP MILESTONES: ABSOLUTE MASSES

S E B A S T I A N ,  T R I A U D  E T  A L .  2 0 2 4

Using Singular Value 
Decomposition (SVD) 

  retrieval of the weak 
lines of the secondary star

 mass with 0.1% precision

⇒

⇒



BEBOP RESULTS: BEBOP-3 - ECCENTRIC
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BEBOP RESULTS: BEBOP-4 - A BROWN DWARF
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T R I A U D ,  B AY C R O F T  E T  A L .  I N  P R E P
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BEBOP - PHASE I: PRELIMINARY RESULTS
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BINARIES ESCORTED BY ORBITING PLANETS

Circumbinary planets can be detected with RVs in SB1s

Occurrence rate

Orbital properties

Circumbinary planets  are rarer than for single stars> 3 MJup 5 ×
Physical properties

Circumbinary planets can have significant eccentricities

RV and transit circumbinary planet population are different.
         Solution? Icy planets with low masses and large radii

Correcting for completeness, ~ 12% of binaries have a planet

Big result

Circumbinary planets are most not at ~ 6 Pbin
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F R O M  T O M
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F R O M  T O M



BEBOP GOING INTO PHASE II
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BINARIES ESCORTED BY ORBITING PLANETS

How to reach those goals
High cadence RV observations => remove stellar activity
Observe SB2 at high RV precision and accuracy (brighter systems)

New goals
A survey of SB1 and SB2 to compare their planet populations. 
Do higher mass systems, have higher mass circumbinary planets?
Solve the transit/RV population dichotomy
Demonstrate a sensitivity to rocky planets
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DOLBY-CCF



Radial-velocity detections of 
CIRCUMBINARY PLANETS 

are only starting
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