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The goal is an empirical

mass - radius - luminosity - metallicity relation

for stars < 0.2 M⊙

We will also study the Rossiter-McLaughlin effect on binaries
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campaign rules

eclipse depth compatible with R2 < 2.1 Rjup 
all SB2s are removed 

follow-up all objects showing K1 < 50 km/s

rough stats (WASP-South)

140 hot Jupiters - 2 brown dwarfs - 220 low-mass binaries

6 papers so far : EBLM I - VI 
Triaud+2013, Gomez Maqueo Chew+ 2014, von Boetticher+ 2017, 

Triaud+ 2017, von Boetticher+ 2019, Gill+2019
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EBLM J0555-57     0.081 M⊙ (85 Mjup)  -  0.084 R⊙  (0.84 Rjup)

Adjusted using the ELLC model (Maxted 2016) and the EMCEE 
MCMC sampler (Foreman-Mackey 2013)
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T H E  E B L M  P R O J E C T :  E C L I P S I N G  S I N G L E - L I N E  B I N A R I E S

Now combining TESS to thousands of CORALIE, HARPS & SOPHIE spectra
Kunovac-Hodžić, Triaud et al. in prep

Applying for time on IR spectrographs SPIROU, CARMENES and NIRPS 
to transform our SB1 into SB2 (flux ratio < 0.1%)
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EMBARGO



T R I A U D ,  B U R G A S S E R  E T  A L .  U N D E R  R E V I E W

EMBARGO
2M1510

spectra show indication of youth

kinematics make it a member of
Argus young moving group 

45±5 Myr

0.038 M⊙

0.16 R⊙

20.90 days



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

A  N E W  W AY  T O  A P P R O A C H  P L A N E T  F O R M A T I O N :  

T H E  C R E A T I O N  O F  A  T O T A L LY  D I F F E R EN T  S A M P L E



CIRCUMBINARY PLANETS
p-type

D V O R A K  1 9 8 6 , 8 9 ,  H O L M A N  &  W I E G E R T  1 9 9 9



L E S S  E F F I C I E N T  F O R M AT I O N

Meschiari 2012 a&b
Paardekooper+ 2012
Rafikov+ 2013

planetesimal accretion if > 50 binary separation

( D I S C  M I G R AT I O N :  P i e r e n s  &  N e l s o n  2 0 0 7 , 1 3  ;  K l e y  &  H a g h i g h i p o u r  2 0 1 4 , 1 5  )

dm

dt
=
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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:

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

~15% (P< 10 years)
~9.8% (P< 300 days)

*after removing triples
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RVs are more efficient, however, problem with SB2s
A noise floor of 15-20 m/s is found (Konacki+ 2009)

Problems solved by considering single line binaries.

24 Chapter 1. Introduction

Figure 1.17: Scheme of the cross-correlation process between the stellar spectrum and a numerical mask, where
lines have di↵erent weights. The value vr corresponds to the true radial velocity of the star, and v1,v2,v3,v4 and v5
are di↵erent test velocities. Based on illustration by Melo (2001).

Perruchot et al. 2011), marking the beginning of SOPHIE+. After the upgrade, the precision of the

instrument on standard stars went down to ⇠ 2 ms�1. The most recent upgrade was the implementation

of a Fabry-Pérot etalon, which is used instead of the simultaneous Thorium mode since the second half

of 2017.

CORALIE (Queloz et al. 2001b) is a fiber-fed spectrograph, an improved copy of ELODIE, installed

since April 1998 at the Swiss 1.2-m Leonard Euler telescope at the ESO La Silla Observatory, in Chile

(see Figure 1.16). It is located in an isolated, stable and thermally controlled environment. The

wavelength coverage of CORALIE goes from 3900Å to 6800Å and a spectral resolution of R = 50,000.

Some upgrades of the instrument include the replacement of the fiber link and cross-disperser optics in

June 2007 (Ségransan et al. 2010), the replacement of the original circular-section fibers by octagonal

ones (Chazelas et al. 2010, 2012) and the replacement of the Thorium-Argon lamp by a Fabry-Pérot

etalon. Since the commissioning of CORALIE, significant upgrades and modifications in the reduction

algorithm have been made, improving the long term precision from 7 ms�1, similar to ELODIE, down

to 2 ms�1, similar to SOPHIE (Queloz et al. 2001b).

From spectra to radial velocities
As we mentioned before, the measurement of radial velocities is based on the Doppler e↵ect,
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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 1.17: Scheme of the cross-correlation process between the stellar spectrum and a numerical mask, where
lines have di↵erent weights. The value vr corresponds to the true radial velocity of the star, and v1,v2,v3,v4 and v5
are di↵erent test velocities. Based on illustration by Melo (2001).

Perruchot et al. 2011), marking the beginning of SOPHIE+. After the upgrade, the precision of the

instrument on standard stars went down to ⇠ 2 ms�1. The most recent upgrade was the implementation

of a Fabry-Pérot etalon, which is used instead of the simultaneous Thorium mode since the second half

of 2017.

CORALIE (Queloz et al. 2001b) is a fiber-fed spectrograph, an improved copy of ELODIE, installed

since April 1998 at the Swiss 1.2-m Leonard Euler telescope at the ESO La Silla Observatory, in Chile

(see Figure 1.16). It is located in an isolated, stable and thermally controlled environment. The

wavelength coverage of CORALIE goes from 3900Å to 6800Å and a spectral resolution of R = 50,000.

Some upgrades of the instrument include the replacement of the fiber link and cross-disperser optics in

June 2007 (Ségransan et al. 2010), the replacement of the original circular-section fibers by octagonal

ones (Chazelas et al. 2010, 2012) and the replacement of the Thorium-Argon lamp by a Fabry-Pérot

etalon. Since the commissioning of CORALIE, significant upgrades and modifications in the reduction

algorithm have been made, improving the long term precision from 7 ms�1, similar to ELODIE, down

to 2 ms�1, similar to SOPHIE (Queloz et al. 2001b).

From spectra to radial velocities
As we mentioned before, the measurement of radial velocities is based on the Doppler e↵ect,
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Problems solved by considering single line binaries.

1294 KONACKI ET AL. Vol. 719

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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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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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.
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