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ABSTRACT
We report the detection of two new systems containing transiting planets. Both were
identified by WASP as worthy transiting planet candidates. Radial-velocity observa-
tions quickly verified that the photometric signals were indeed produced by two transit-
ing hot Jupiters. Our observations also show the presence of additional Doppler signals.
In addition to short-period hot Jupiters, we find that the WASP-53 and WASP-81 sys-
tems also host brown dwarfs, on fairly eccentric orbits with semi-major axes of a few
astronomical units. WASP-53c is over 16 MJup sin ic and WASP-81c is 57 MJup sin ic.
The presence of these tight, massive companions restricts theories of how the inner
planets were assembled. We propose two alternative interpretations: a formation of the
hot Jupiters within the snow line, or the late dynamical arrival of the brown dwarfs
after disc-dispersal.

We also attempted to measure the Rossiter–McLaughlin effect for both hot
Jupiters. In the case of WASP-81b we fail to detect a signal. For WASP-53b we find
that the planet is aligned with respect to the stellar spin axis. In addition we explore
the prospect of transit timing variations, and of using Gaia’s astrometry to measure
the true masses of both brown dwarfs and also their relative inclination with respect
to the inner transiting hot Jupiters.

Key words: planetary systems – planets and satellites: individual: WASP-81, WASP-
53 – binaries: eclipsing – brown dwarfs

? using data collected at ESO’s La Silla Observatory, Chile:

HARPS on the ESO 3.6m (Prog IDs 087.C-0649, 089.C-0151,

090.C-0540, 091.C-0184 & 093.C-0474), the ESO NTT (Prog ID
088.C-0204), the Swiss Euler telescope, and TRAPPIST. The
data is publicly available at the CDS Strasbourg and on demand
to the main author.

1 FOREWORDS

The discovery of 51 Peg b (Mayor & Queloz 1995) initi-
ated a debate about the origin (formation and evolution) of
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(a) WASP-53 (b) WASP-81

Figure 1. Variations in the magnitude of WASP-53 and WASP-81 leading to their identification as transiting planet candidates. The
grey dots show individual WASP measurements, whereas the black dots show the median magnitude within each of 200 phase bins.

hot Jupiters that continues to rage to this day. The ques-
tion is whether they formed in situ, within the so-called
snow line (Bodenheimer, Hubickyj & Lissauer 2000; Baty-
gin, Bodenheimer & Laughlin 2015; Lee & Chiang 2015),
or beyond, followed by inward migration (Pollack et al.
1996; Alibert et al. 2005; Helled et al. 2014). The second
hypothesis needs an explanation of how hot Jupiters have
migrated, either via angular momentum transfer with their
protoplanetary disc (Lin, Bodenheimer & Richardson 1996;
Ward 1997; Baruteau et al. 2014) or thanks to dynamical in-
teractions followed by tidal circularisation (high-eccentricity
migration) (Rasio & Ford 1996; Wu, Murray & Ramsahai
2007; Naoz et al. 2011; Petrovich 2015a). Any framework
has to explain why gas giants are found both close and
far from their host star (not least Jupiter and Saturn), and
also that they frequently orbit on planes that are inclined,
sometimes retrograde, with respect to the equatorial plane
of their host star (Hébrard et al. 2008; Winn et al. 2009;
Schlaufman 2010; Anderson et al. 2010; Triaud et al. 2010;
Albrecht et al. 2012a; Lendl et al. 2014; Winn & Fabrycky
2015).

Observations of the spin–orbit angle, thanks to the
Rossiter–McLaughlin effect (Queloz et al. 2000), were ini-
tially thought to provide a clean test between disc-driven
migration and dynamical and tidal migration (Gaudi &
Winn 2007). While some studies indicate that observations
are compatible with planets undergoing orbital realignment
(Triaud 2011; Albrecht et al. 2012b; Dawson 2014), addi-
tional theoretical arguments imply that misalignments can
arise via a variety of processes. They can be primordial, with
the planets forming on inclined planes (Thies et al. 2011;
Lai, Foucart & Lin 2011; Batygin 2012; Lai 2014; Spalding
& Batygin 2015), or they can arise later (Cébron et al. 2011;
Rogers et al. 2013). Thus inclined hot Jupiters are compat-
ible with both dynamical interactions and with disc-driven
migration.

Obviously, disc-driven migration and high-eccentricity
migration could both be correct and each produce a frac-
tion of the hot Jupiters, as recent observation appear to im-
ply (Anderson et al. 2015). Finally, results from Guillochon,
Ramirez-Ruiz & Lin (2011) suggest that high-eccentricity

migration requires in most cases some amount of disc-driven
migration.

In this paper, we spend the first sections to describe the
discovery of two new planetary systems. Both present a tight
hierarchical architecture, composed of an inner, transiting,
hot Jupiter, and an outer brown-dwarf companion. WASP-
53 & WASP-81 are reminiscent of a challenge proposed by
Hatzes & Wuchterl (2005) to test disc-driven migration. If
both brown dwarfs were on their current orbits during the
protoplanetary phase, they would have truncated the disc
within the snow line thus preventing disc-driven migration
and only allowing in-situ formation.

In the final sections we describe a number of formation
and evolution scenarios, some involving disc-driven migra-
tion and others not. We conclude that a number of scenarios
will become testable soon, with the arrival of precise astro-
metric measurements produced by ESA’s Gaia satellite. We
also compute the equilibrium eccentricities of the inner gas
giants (Mardling 2007) and find it is unlikely that their k2

Love number (Batygin, Bodenheimer & Laughlin 2009) will
be measured soon.

2 WASP IDENTIFICATION

The WASP survey1 (Pollacco et al. 2006) consists of two
sets of eight 11-cm refractive telescope mounted together.
One set is located at the Observatorio del Roque de Los
Muchachos, La Palma (Spain), while the other is installed
in Sutherland, hosted by the South African Astronomical
Observatory. WASP has observed in excess of 30 million
stars since 2004, thousands of times each. The photometric
data reduction and the candidate selection are described in
Collier Cameron et al. (2007).

WASP-53 (2MASS J02073820–2039426; K3, J =
10.959) and WASP-81 (2MASS J20164989+0317385; F9,
J = 11.263) have been observed 21 120 and 13 292 times
by WASP. They were two unremarkable and anonymous
stars before a short, box-like photometric signals were iden-
tified at P = 3.309866 d and P = 2.716554 d, respectively.

1 https://wasp-planets.net
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WASP-53b was sent for radial-velocity verification in 2010-
08-10, and WASP-81b in 2011-05-09, with the first spectra
acquired on 2010-12-05 and 2011-09-29. The WASP data are
shown in Fig. 1.

3 PHOTOMETRIC OBSERVATIONS

All follow-up photometric timeseries, their dates, filters,
number of data points and the detrending functions that
were used in the analysis, are detailed in Table C1. Figure 3
shows the corrected photometry for WASP-53, and Figure 4
shows WASP-81. Raw fluxes and residuals are shown in Fig-
ure C1 & C2, respectively. Below, we provide some details
on the observations and reduction, although we encourage
readers to refer to cited papers for fuller information.

3.1 EulerCam

EulerCam is mounted at the 1.2m Euler Swiss telescope lo-
cated at ESO La Silla Observatory (Chile) It has a pixel
scale of 0.215” for a field of view of 14.7×14.5’. The telescope
is an alt-azimuthal design. EulerCam is mounted behind a
field de-rotator. To ensure the best photometric precision,
each star is kept on the same pixels, using a digital feed-
back scheme that compares the newly acquired frame with
a composite of earlier frames and their offset from a recorded
position.

We obtained four transits of WASP-53b, all using an
r’-Gunn filter, and with a slightly defocused telescope to
improve the observing efficiency and PSF sampling. Two of
the transit, on 2011-09-22 and 2012-12-02 were scheduled to
coincide with the radial-velocity time-series obtained using
HARPS (see Sect 4.2). WASP-81 was observed with Euler-
Cam throughout three transits, one of which, on 2013-08-05,
was obtained while HARPS collected a radial-velocity time-
series. Our 2012-06-07 observations were obtained using an
I-Cousins filter, and a focused telescope. The telescope was
defocused slightly for latter two observations, for which a z’-
Gunn (2012-09-24) and an r’-Gunn (2013-08-05) were used.

All EulerCam images were reduced using standard im-
age correction methods and lightcurves were obtained us-
ing differential aperture photometry, with a careful selec-
tion of aperture and reference stars. For further details on
the EulerCam instrument and the associated data reduction
procedures, please refer to Lendl et al. (2012). The times
of observations are provided in JD(UTC), changed later to
BJD(TDB) during the global analysis.

3.1.1 A nearby stellar source

During spectroscopic observations an additional light source
was noticed near WASP-81A on CORALIE’s guiding cam-
era images. On 2014-04-29 we obtained focused images of
the WASP-81 system with EulerCam through Geneva B (6
images), Geneva V (3 images) and r′-Gunn (3 images) fil-
ters (Fig. 2). We used astronomy.net (Lang et al. 2010) to
calculate a precise astrometric solution and performed PSF
fitting on the images using daophot (Stetson 1987). The
results are in Table 1.

Figure 2. A 1.5’x1.5’ field of view centred on WASP-81, obtained

with EulerCam, clearly showing a visual companion to the North.

The pair is most likely unrelated.

Table 1. Observation parameters for the companion source to

WASP-81A

Filter ∆ Mag Mag separation PA

(arcsec) (degrees)

BG 5.64± 0.03 18.78± 0.07 4.34± 0.02 3.5± 0.2

V G 5.16± 0.01 17.61± 0.02 4.33± 0.01 3.5± 0.3
r′ 4.87± 0.01 17.14± 0.04 4.32± 0.01 3.5± 0.3

weighted mean: 4.33± 0.01 3.5± 0.3

We extracted magnitudes for the visual companion rela-
tive to the primary target. Combining with apparent magni-
tudes for WASP-81A (Table 2), and using a E(B−V )=0.05
(Sect. 4), we obtained apparent magnitudes for the visual
companion. We find that the companion has colours consis-
tent with a K3–K4 spectral type. If it is a dwarf, this im-
plies a distance modulus of order 10.2 (1.1 kpc), compared
to 8.0 (400 pc) for WASP-81A; if it were a giant it would
be further away still. If we place the companion on a main-
sequence isochrone (Marigo et al. 2008), and if WASP-81A
were at the same distance, WASP-81A would have to be a
2-Gyr old, 1.4–1.6 M� star, contradicting our spectroscopic
analysis as well as the mean stellar density obtained from
the tranait. If, instead, WASP-81A is on the main sequence,
then the companion has to be below the main sequence to
be at the same distance. The two objects are most therefore
likely unrelated. We placed an HR diagram of the pair into
the appendices.

For future reference we provide here the position of the
visual companion. Gaia will soon produce parallaxes and
proper motions that should confirm our analysis. If instead
they are found at the same distance, implying they are grav-
itationally bound, then the companion must be an M dwarf
with a much redder B − V than the one we measured.

c© 2014 RAS, MNRAS 000, 1–23

http://astrometry.net


4 Amaury H. M. J. Triaud et al.

−2 −1  0  1  2

0.85

0.90

0.95

1.00

Hours, from mid−transit

F
lu

x

 . .

 . .

EulerCam r’ 2011−07−22

EulerCam r’ 2011−09−03

TRAPPIST BB 2011−09−13

EulerCam r’ 2011−09−13

EulerCam r’ 2011−09−23

EFOSC2 r’ 2011−10−26

TRAPPIST BB 2012−07−30

TRAPPIST I+z’ 2012−11−03

−2 −1  0  1  2

0.85

0.90

0.95

1.00

Hours, from mid−transit

F
lu

x

 . .

 . .

EulerCam r’ 2011−07−22

EulerCam r’ 2011−09−03

TRAPPIST BB 2011−09−13

EulerCam r’ 2011−09−13

EulerCam r’ 2011−09−23

EFOSC2 r’ 2011−10−26

TRAPPIST BB 2012−07−30

TRAPPIST I+z’ 2012−11−03

Figure 3. Photometry on WASP-53 at the time of transit, using EulerCam, TRAPPIST and the NTT. Left, we have the detrended

data with, in red, the most likely model. Right, we show the residuals. Raw photometry and full models are available in Fig. C1.

3.2 TRAPPIST

Both WASP systems were observed with the 0.6-m TRAP-
PIST robotic telescope (TRAnsiting Planets and PlanetesI-
mals Small Telescope), also located at La Silla. Three tran-
sits were obtained on WASP-53, and seven on WASP-81.
TRAPPIST is equipped with a thermoelectrically-cooled
2K×2K CCD, which has a pixel scale of 0.6” that trans-
lates into a 22’×22’ field of view. For details of TRAPPIST,
see Gillon et al. (2011) and Jehin et al. (2011). Two filters
were used: a blue-blocking filter that has a transmittance of
> 90% from 500 nm to beyond 1000 nm, and an“I + z′”
filter that has a transmittance of > 90% from 750 nm to
beyond 1100 nm. During the runs the positions of the stars
on the chip were maintained to within a few pixels thanks to
a“software guiding” system that regularly derives an astro-
metric solution for the most recently acquired image and
sends pointing corrections to the mount if needed. After
a standard pre-reduction (bias, dark, and flatfield correc-
tion), the stellar fluxes were extracted from the images using

the iraf/daophot2 aperture photometry software (Stetson
1987). For each light curve we tested several sets of reduc-
tion parameters and kept the one giving the most precise
photometry for the stars of similar brightness as the target.
After a careful selection of reference stars the transit light
curves were finally obtained using differential photometry.
Some light curves were affected by a meridian flip; that is,
the 180◦ rotation that the German equatorial mount tele-
scope has to undergo when the meridian is reached. This
movement results in different positions of the stellar images
on the detector before and after the flip, and thus in a pos-
sible jump of the differential photometry at the time of the
flip. We have accounted for this in our light curve analysis
by including a normalization offset in our model at the time
of the flip (see Fig. C1 & C2 as well as Table C1). More
details on data acquisition and data reduction can be found

2 IRAF is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for

Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.

c© 2014 RAS, MNRAS 000, 1–23
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Figure 4. Photometry on WASP-81 at the time of transit, using EulerCam and TRAPPIST. Left, we show the detrended data with, in

red, the most likely model. Right, we show the residuals. Raw photometry and full models are available in Fig. C2.

in Gillon et al. (2013) and Delrez et al. (2014), whose proce-
dures were followed here as well. The times of observations
are provided in JD(UTC), changed later to BJD(TDB) dur-
ing the global analysis.

3.3 New Technology Telescope

One transit of WASP-53 was observed using the EFOSC2
instrument on the NTT at ESO’s observation of La Silla
(ProgID 088.C-0204, PI Tregloan-Reed; see Tregloan-Reed
& Southworth (2013) for further details of this observ-
ing run). The instrument has a 2K×2K CCD covering a
4.1’×4.1’ field of view, and a pixel scale of 0.12”. Observa-
tions were curtailed shortly after the end of the transit due
to the onset of daytime. We observed through a Gunn r fil-
ter (ESO filter #784) with heavy defocussing and exposure
times of 150s.

The data were reduced using the defot pipeline
(Southworth et al. 2009), which utilises an aperture-
photometry routine aper.pro ported from daophot (Stet-
son 1987). The radius of the inner aperture was 45 pixels

and the sky annulus extended from 60 to 100 pixels. Debi-
assing and flat-fielding the data did not make a significant
difference to the results, so we neglected these calibrations.

A differential-photometry light curve was obtained for
WASP-53 versus an ensemble comparison star. Due to the
small field of view of NTT/EFOSC2, we were able to use
only three comparison stars, all of which were at least
two magnitudes fainter than WASP-53 in the r-band. The
weights of the comparison stars, used in summing their
fluxes to create the ensemble comparison star, were op-
timised to minimise the scatter in the data outside tran-
sit. Finally, the timestamps were moved to the BJD(TDB)
timescale using routines from Eastman, Siverd & Gaudi
(2010).

4 SPECTROSCOPIC OBSERVATIONS

We collected 98 CORALIE spectra on WASP-53 between
the dates of 2010-12-04 and 2016-11-21, as well as
83 HARPS spectra between the date of 2011-08-28 and
2014-09-28. On WASP-81, we acquired 67 spectra with

c© 2014 RAS, MNRAS 000, 1–23
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CORALIE from 2011-09-28 to 2015-07-08, and 32 using
HARPS between 2013-04-20 and 2016-10-21.

4.1 Spectral analysis

The analysis was performed on the standard pipeline re-
duction products, using the methods given in Doyle et al.
(2013). The Hα line was used to give an initial estimate of
the effective temperature (Teff). The surface gravity (log g?)
was determined from the Ca i line at 6439Å, along with the
Na i D lines. Additional Teff and log g? diagnotics were per-
formed using the Fe lines. An ionisation balance between
Fe i and Fe ii was required, along with a null dependence
of the abundance on either equivalent width or excitation
potential. This null dependence was also required to de-
termine the microturbulence (ξt). The parameters obtained
from the analysis are listed in Table 2. Some of those pa-
rameters will later be employed as priors to compute the
most likely physical parameters of each system. The ele-
mental abundances were determined from equivalent width
measurements of several clean and unblended lines, and ad-
ditional least squares fitting of lines was performed when
required. The quoted error estimates include that given by
the uncertainties in Teff , log g?, and ξt, as well as the scatter
due to measurement and atomic data uncertainties.

The individual HARPS spectra of WASP-53 were co-
added to produce a single spectrum with an average S/N
in excess of 100:1. The macroturbulence was assumed to be
zero, since for mid-K stars it is expected to be lower than
that of thermal broadening (Gray 2008). The projected stel-
lar rotation velocity (v sin i?) was determined by fitting the
profiles of several unblended lines, yielding an upper limit
of 2.7 ± 0.3 km s−1 for WASP-53. . There is no significant
detection of lithium in WASP-53. The equivalent width up-
per limit of 13mÅ, correspond to an abundance upper limit
of logA(Li) < 0.32 ± 0.16. This implies an age of at least
several hundreds Myr (Sestito & Randich 2005).

Similarly, the combination of the HARPS spectra ob-
tained on WASP-81 produced a combined spectrum with an
average S/N of 60:1. Here, we used a macroturbulent value
of 3.84±0.73 km s−1 after a relation from Doyle et al. (2014).
v sin i? was found to be 1.20± 0.69 km s−1.

4.2 Radial velocities

The spectra were reduced using the standard CORALIE
and HARPS reduction software. They have been shown to
reach remarkable precision and accuracy, reaching below
1 m s−1 (e.g. Lovis et al. (2006); Marmier et al. (2013);
López-Morales et al. (2014)). We extracted the radial veloc-
ities for both stars by cross-correlating each spectrum with
a binary mask. For WASP-53A we used a mask correspond-
ing to a K5 spectral type, and for WASP-81A we employed
a G2 mask. We fit the corresponding cross-correlation func-
tion with a Gaussian, whose mean provides us with the ra-
dial velocity (Baranne et al. 1996). The corresponding values
are displayed in the Journal of Observations (Appendix B),
along with observational data such as the individual expo-
sure times. The observations are graphically presented in
Fig. 5a for WASP-53 and in Fig. 5b for WASP-81.

Table 2. Stellar parameters of WASP-53A and WASP-81A

Parameter WASP-53A WASP-81A

α 02h07′38.22′′ 20h16′49.89′′

δ −20◦39′43.0′′ +03◦17′38.7′′

mB 17.46± 0.30 a 13.14± 0.30 a

mV 12.19± 0.30 b 12.29± 0.10 b

mR 11.85± 0.30 a 12.67± 0.30 a

mr′ 12.29± 0.30 c 12.36± 0.30 c

mI 11.653± 0.020 d 11.326± 0.053 b

mJ 10.959± 0.026 e 11.263± 0.027 e

mH 10.474± 0.022 e 10.913± 0.024 e

mK 10.390± 0.023 e 10.892± 0.026 e

Teff(K) 4950± 60 5890± 120

log g? (km s−1) 4.40± 0.20 4.27± 0.09
ξt(km s−1) 0.60± 0.25 0.94± 0.15

v sin i? (km s−1) < 2.7± 0.3 1.20± 0.73

[Fe/H] 0.22± 0.11 −0.36± 0.14

[Ca/H] 0.16± 0.15 −0.25± 0.09

[Sc/H] 0.19± 0.11 −0.18± 0.18
[Ti/H] 0.26± 0.15 −0.14± 0.11

[V/H] 0.44± 0.20 −0.29± 0.12

[Cr/H] 0.22± 0.11 −0.40± 0.11
[Mn/H] 0.29± 0.20 −0.55± 0.09

[Co/H] 0.24± 0.11 −0.36± 0.14

[Ni/H] 0.20± 0.12 −0.34± 0.15
logA(Li) < 0.32± 0.16 1.21± 0.10

Mass (M�) 0.87± 0.08 1.04± 0.09
Radius (R�) 0.96± 0.24 1.24± 0.15

Spectral Type K3 G1
Distance (pc) 235± 55 410± 70

Note: Mass and Radius estimate using the Torres, Andersen &
Giménez (2010) calibration. Spectral Type estimated from Teff

using the table in Gray (2008). Abundances are relative to the

solar values obtained by Asplund et al. (2009).
references a) NOMAD; (Zacharias et al. 2004) b) TASS; (Droege

et al. 2006) c) CMC14; ViZier I/304/out d) DENIS; (DENIS Con-

sortium 2005) e) 2MASS; Skrutskie et al. (2006)

4.2.1 WASP-53

We first started to monitor WASP-53A with CORALIE,
on 2010-12-05 targeting the orbital phase 0.75. The second
spectrum was obtained 28 nights later, close to phase 0.25,
and revealed a blue-shifted movement of nearly 400 m s−1,
compatible with a planetary object. The star was immedi-
ately flagged for intense follow-up, with the third spectrum
acquired two nights after the second. The star was moving
rapidly, and there was no sign of a change in the line width
(FWHM), nor of its shape (span of the bisector slope), as
can be visually inspected in Figs. 5 and 6. However, despite
being obtained at phase 0.81, the star’s velocity was puz-
zling, being red-shifted by 300 m s−1 compared to the first
epoch. Our strategy has always been to follow any radial-
velocity movement and identify its origin, planetary or not.
Observations were continued.

Before the observing season was over, we had confirmed
a radial-velocity oscillation at a period matching the WASP
signal (caused by WASP-53b), plus a rapid rise in the ra-
dial velocity. The following season we observed with both
HARPS and CORALIE. WASP-53b’s motion was quickly

c© 2014 RAS, MNRAS 000, 1–23
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Figure 5. Radial velocities and models for WASP-53 (left) and WASP-81 (right). HARPS points are represented by discs, CORALIE
is shown as triangles, pointed upwards prior to the upgrade and downwards for data acquired since. top: Radial velocity timeseries with

the preferred two-planet model adjusted to the data. middle: same as on top, minus the inner planet. Ten alternative models, sampled

randomly from the posterior are displayed in pink. Rossiter–McLaughlin sequences were removed from these plots; they can be found in
Fig. 7. Residuals are shown below the main plots. Further down, in order, we have the variation in the slope of the bisector span, and

the variation in the FWHM of the cross-correlation function.

recovered and found to be in phase. Our monitoring con-
tinued and we observed the velocity of the star rise until
it plateaued, indicating that an additional, massive, highly
eccentric object had just finished passing through perias-
tron. Our observations are on-going and, to this day, the
velocity of the star has yet to decrease to the level ob-
served at our first spectrum. In total we present 98 spec-
tra with CORALIE, including 25 since an upgrade that
saw the installation of new, octagonal, fibres (Nov 2014),
and of a Fabry-Pérot (Apr 2015) for the wavelength cal-
ibration throughout the night. We also gathered 83 spec-
tra with HARPS, which include three timeseries obtained

during transit, in order to capture the Rossiter–McLaughlin
effect.

The CORALIE data were divided into two independent
datasets in order to account for any offset between before
and after the upgrade. The HARPS set was divided into four
sets, one for each Rossiter–McLaughlin effect (plus the mea-
surement obtained the night before and after transit), and
one set containing all the rest of the data. We obtained sim-
ilar results by analysing the HARPS data as one set, how-
ever the division mitigates against any activity effect, such
as done in Triaud et al. (2009). The Journal of Observations
(Appendix B) is separated in several tables according to the
various sub-samples of radial-velocities.

c© 2014 RAS, MNRAS 000, 1–23
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4.2.2 WASP-81

CORALIE acquired our first spectrum on the WASP-81
system on 2011-09-29. The following night another was ob-
served at the opposite phase. Its radial velocity revealed a
variation and the target was placed in high priority. Within
a month we had confirmed a variation at the WASP photo-
metric period, and the star had set. The following season,
we intended to monitor just enough to confirm that the os-
cillation was still in phase and to start routine long-term
monitoring, as in the case of WASP-47 (Neveu-VanMalle
et al. 2016). The first measurement had a value clearly be-
low expectations so we resumed an intense follow-up. As
with WASP-53 we requested observing time on HARPS and
monitored the system in parallel with CORALIE. On the
third season, as we had predicted, the velocity reached a
minimum and started rising. HARPS was the first instru-
ment on sky for the fourth season. We had anticipated that
the system would have returned to a similar velocity as in
the first points. We were surprised to find that the star
was nearly 2 km s−1 higher than in the previous season.
Shortly after, velocities started to drop and the outer orbit
closed earlier this year. In total 67 spectra were collected
with CORALIE, 14 of which were after the upgrade. With
HARPS we gathered 32 measurements, of which 19 were
obtained during a single night as an attempt to detect the
Rossiter–McLaughlin effect.

As with WASP-53 we separate the CORALIE data into
two sets, before and after upgrade. Since we do not detect
the R–M effect, all of the HARPS points are analysed as
part of the same set. Refer to the Journal of Observations
(Appendix B) for further details.

5 GLOBAL ANALYSIS

We analysed all of the photometric data and all of the radial
velocity data together. We estimated the observed and phys-
ical parameters of the system using an MCMC algorithm,
as detailed in Gillon et al. (2012). Our modus operandi is
similar with the difference described below.

The photometric lightcurves were modelled using the
formalism of Mandel & Agol (2002) for a transiting planet.
The TRAPPIST and EulerCam lightcurves timestamps
were transformed into BJD(TDB) from JD(UTC). The limb
darkening was included in the form of a quadratic law, and
its parameters were allowed to float, within the constraints
of priors. The priors were computed by interpolating the
data tabulated by Claret (2004), consistent with the stel-
lar parameters of Table 2. In addition, on each photomet-
ric timeseries, we allowed for a quadratic polynomial as a
function of time in order to adjust for differential extinc-
tion relative to the ensemble of comparison stars. After this
treatment some lightcurves still contained a significant resid-
ual scatter. For these we tried a number of other detrend-
ing functions, selecting them on the basis of a reduction in
the global Bayesian Information Criterion (BIC thereafter;
Schwarz (1978)). Those comparisons were performed by sys-
tematically using the same starting seed for the random ele-
ments. Details about which functions were selected and ap-
plied can be found in Appendix C. For those lightcurves
where any new degree of complexity led to a worsened BIC,

but where nevertheless the overall χ2 implied a poor fit,
we scaled3. our error bars so as to approach a general re-
duced χ2

r = 1. The uncertainty increase ensures that our
confidence intervals are not under-estimated. Those correc-
tion factors are available in Table C1. A similar approach
is used for the radial-velocities, by quadratically adding a
jitter term to some sequences. Two of the nine sequences
required a jitter of order 1.5-2 m s−1.

Individual detrended lightcurves and their transit
model can be visually inspected in Fig. 3 & 4. Residuals and
fully modelled lightcurves are presented in Appendix C.

The radial velocities around the orbit were adjusted
with two eccentric Keplerian functions (as in Hilditch
(2001)), neglecting Newtonian effects. Since we cover less
than an orbital period for WASP-53c and barely one for
WASP-81c, we did not include a long term trend. Its inclu-
sion leads to higher BIC values and its slope is mostly un-
constrained. The Rossiter–McLaughlin effect was computed
using the code written by Giménez (2006), following the
formalism of Kopal (1942). For WASP-81b the effect was
not detected and the final fit does not include it. For both
systems we find the inner planets’ orbits to be consistent
with circular. Although allowing for eccentricity adds two
parameters and increases the BIC, we nevertheless let these
parameters float so as to include their uncertainties when
marginalising the other parameters.

The MCMC’s jump parameters are mostly set to match
observables, which are then converted to physical parame-
ters to compute the relevant models. D is the transit depth,
b the impact parameter, W the transit width. T0 is the mid-
transit time and P the orbital period. We combine, the
eccentricity e and the angle of periastron ω into the pair√
e cosω,

√
e sinω which helps when exploring small eccen-

tricities (Triaud et al. 2011). Similarly we also construct the
pair

√
v sin I? cosβ,

√
v sin I? sinβ to model the Rossiter–

McLaughlin effect. β is the projected spin–orbit angle, and
v sin I? the measure of the projected rotation velocity of the
star, which in principle should match v sin i? from the spec-
tral analysis. Instead of the semi-amplitude K we use the
jump parameter K2 such that K2 = K

√
1− e2P 1/3. This

helps reduce some correlation between the parameters (Ford
2006) helping with the exploration of parameter space. For
similar reasons we combine the limb-darkening coefficients
into c1 = 2u1 + u2, and c2 = u1 − 2u2 following the recom-
mendation of Holman et al. (2006). In the case of two Euler
lightcurves for WASP-53 we also fit a sine function through
the data, with a period P and a T0. Additional subscript
indicate which lightcurves those are for.

All jump parameters are well constrained within one
scale. Except for Pc and K2,c, we sample our parame-
ters’ posteriors using Gaussian priors, whose variance is
set with an initial Gibbs sampler. As an improvement over
Gillon et al. (2012) Pc and K2,c were sampled using non-
informative priors in log space, otherwise known as Jeffrey
priors. However their values remained largely within one er-
ror bar, and the application of Gaussian steps does not lead
to qualitatively different results. The metallicity [Fe/H], and

3 we realise that this approach is not self-consistent, but our

method is sufficient for small re-adjustements of the uncertainties
and unambiguous detections.

c© 2014 RAS, MNRAS 000, 1–23
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Figure 6. Radial velocity measurements phased with the orbit of the inner planet, after subtracting the variation due to the outer
object. The preferred model is drawn in thick red, with another ten alternate models randomly picked from the posterior shown in pink.

Residuals are shown below the main plots. Further down we have the variation in the slope of the bisector span, and the variation in the
FWHM of the cross-correlation function. The symbols are as in Fig. 5.
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Figure 7. As for Fig. 6 but zoomed around transit time to show the Rossiter–McLaughlin effect.
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Table 3. Median and 1σ confidence regions for the jump param-
eters that evolve in our MCMC chains. Errors on the last two

digits of each parameters are given in brackets. Parameters not

dependent on information contained within the adjusted data are
highlighted with asterisks

Parameters (Units) WASP-53 WASP-81

the star

[Fe/H] (dex) 0.22
(+0.11)

(−0.11)
−0.36

(+0.14)

(−0.14)
*

Teff (K) 4953
(+59)

(−60)
5870

(+120)

(−120)
*

c1,JR – 0.918
(+33)

(−33)
*

c2,JR – −0.280
(+23)

(−23)
*

c1,BB 1.069
(+37)

(−38)
0.772

(+57)

(−57)
*

c2,BB 0.031
(+31)

(−30)
−0.321

(+37)

(−38)
*

c1,I+z 0.995
(+62)

(−61)
0.807

(+55)

(−57)
*

c2,I+z −0.020
(+37)

(−37)
−0.297

(+30)

(−32)
*

c1,r′ 1.316
(+29)

(−29)
– *

c2,r′ 0.272
(+28)

(−28)
– *

inner planet

Db 0.01831
(+33)

(−34)
0.01254

(+27)

(−26)

bb (R�) 0.562
(+20)

(−22)
0.15

(+0.10)

(−0.10)

Wb (d) 0.09469
(+65)

(−64)
0.14501

(+73)

(−64)

T0,b (BJD -2 450 000) 5943.56695
(+11)

(−12)
6195.57462

(+20)

(−20)

Pb (d) 3.3098443
(+20)

(−20)
2.7164762

(+23)

(−23)√
eb cosωb −0.070

(+24)

(−21)
−0.026

(+83)

(−76)√
eb sinωb −0.085

(+46)

(−33)
−0.00

(+0.12)

(−0.12)

K2,b (ms−1d1/3) 485.9
(+2.7)

(−2.7)
140.7

(+4.7)

(−4.6)√
v sin I? cosβb 0.91

(+0.11)

(−0.13)
–

√
v sin I? sinβb −0.07

(+0.19)

(−0.19)
–

outer planet

T0,c (BJD -2 450 000) 5456
(+11)

(−13)
6936.5

(+2.6)

(−2.5)

Pc (day) 2840
(+170)

(−130)
1297.2

(+8.1)

(−7.8)√
ec cosωc −0.867

(+12)

(−12)
0.5871

(+40)

(−42)√
ec sinωc −0.292

(+30)

(−30)
−0.4609

(+61)

(−61)

K2,c (ms−1d1/3) 3685
(+110)

(−89)
10 557

(+51)

(−50)

jump parameters: 23 21

effective temperature Teff complete this list of jump param-
eters. They are controlled by priors obtained from Table 2
and used to compute at every MCMC step a stellar mass
and a stellar radius produced in a fashion similar to Torres,
Andersen & Giménez (2010).

For our final analysis we set 10 chains of 100 000 steps,
starting from different seeds. All converged to similar BIC
values. The first 20 000 steps were systematically removed
(to allow for burn-in), and the remainder were analysed
leading to our results. For each of our 10 chains we extract
the median value for each parameter and compare them to
one another. They are usually of order 0.1% different from
one another, except for the jump parameters responsible for
modelling WASP-53c, which can vary as much as 60%. This
is because the orbit is not closed. We discuss this further in
the next section.

Table 4. Final estimates for the median and 1σ confidence re-
gions, for various interesting parameters of the WASP-53 and

WASP-81 systems. They were estimated from the posteriors of

the jump parameters outlined in Table 3. Errors on the last two
digits of each parameters are given in brackets. Upper limits are

for 3σ confidence. Parameters not dependent on information con-

tained within the adjusted data are highlighted with asterisks

Physical Parameters WASP-53 WASP-81

the star

M? (M�) 0.839
(+54)

(−54)
1.080

(+59)

(−58)
*

R? (R�) 0.798
(+23)

(−23)
1.283

(+40)

(−37)

ρ? (ρ�) 1.648
(+91)

(−85)
0.513

(+30)

(−37)

L? (L�) 0.344
(+23)

(−23)
1.76

(+0.20)

(−0.18)

Teff (K) 4953
(+60)

(−60)
5870

(+120)

(−120)
*

log g? (cgs) 4.553
(+19)

(−20)
4.258

(+22)

(−27)
*

[Fe/H] (dex) 0.22
(+0.11)

(−0.11)
−0.36

(+0.14)

(−0.14)
*

v sin I? (km s−1) 0.86
(+0.21)

(−0.21)
–

inner planet

Pb (day) 3.3098443
(+20)

(−20)
2.7164762

(+23)

(−23)

T0,b (BJD -2 450 000) 5943.56695
(+11)

(−12)
6195.57462

(+23)

(−20)

Kb (m s−1) 326.1
(+1.8)

(−1.8)
100.8

(+3.4)

(−3.3)

Mb (MJup) 2.132
(+92)

(−94)
0.729

(+36)

(−35)

Rb (RJup) 1.074
(+37)

(−37)
1.429

(+51)

(−46)

ρb (ρJup) 1.72
(+0.15)

(−0.13)
0.250

(+23)

(−23)

log gb (cgs) 3.680
(+22)

(−22)
2.967

(+27)

(−30)

ab/R? 11.05
(+0.20)

(−0.19)
6.56

(+0.13)

(−0.16)

Tb,eq (K) 1053
(+16)

(−16)
1623

(+38)

(−37)

ab (AU) 0.04101
(+83)

(−91)
0.03908

(+70)

(−72)

ib (deg) 87.08
(+0.16)

(−0.15)
88.69

(+0.88)

(−0.92)

βb (deg) −4
(+12)

(−12)
–

eb < 0.030 < 0.066

outer planet

Pc (day) > 2840
(+170)

(−130)
1297.2

(+8.1)

(−7.8)

T0,c (BJD -2 450 000) 5456
(+11)

(−13)
6936.5

(+2.6)

(−2.5)

Kc (m s−1) > 475.6
(+8.2)

(−8.0)
1169.3

(+6.9)

(−6.6)

Mc sin ic (MJup) > 16.35
(+0.85)

(−0.82)
56.6

(+2.0)

(−2.0)

ac (AU) > 3.73
(+0.16)

(−0.14)
2.426

(+44)

(−45)

ec 0.8369
(+69)

(−70)
0.5570

(+44)

(−44)

ωc (deg) 198.6
(+2.0)

(−2.0)
321.86

(+0.52)

(−0.51)

The posterior probability distributions have been stored
and can be requested by email to the lead author. We present
the median values and 1σ region of our posteriors in Table 3
for the jump parameters, and in Table 4 for the physical pa-
rameters. The results are discussed in the following section.
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Figure 8. Planetary apastron versus binary periastron (or separation if eccentricity is unknown) in astronomical units for known S-type

planetary systems. The colour of the dots reflects the logarithm of the ratio of the planet-hosting star mass to the mass of its stellar
companion(s) (white = 0.2, black = 18). WASP-53 and WASP-81 are highlighted as a blue and green diamond, respectively. The small

black dots represent four systems containing a gas-giant and a brown dwarf. The dotted line is a 1:1 line, and the plain line is a 3:1 contour.

Above that line systems are usually unstable (Dvorak 1986; Holman & Wiegert 1999). Data collected from openexoplanetcatalogue.com,
from www.univie.ac.at/adg/schwarz/multiple.html, and from exoplanet.eu.

6 RESULTS

6.1 WASP-53

WASP-53 is a system composed of a star and two orbiting
objects. WASP-53b is a hot Jupiter with a mass Mb = 2.1±
0.1MJup, with a radius Rb = 1.07 ± 0.04RJup. We find the
inner orbit to be consistent with zero eccentricity, placing
a 99% confidence limit of 0.03. The Rossiter–McLaughlin
effect is weakly detected. We find a lower amplitude than we
anticipated, likely because v sin i? is over-estimated owing to
an under-estimation of macroturbulence, as already noted
for a number of late-type dwarfs (e.g. Triaud et al. (2011,
2015)). We find the spin–orbit angle β = −4◦ ± 12. The
planet appears to be coplanar.

The orbit of WASP-53c does not close within the span
of our observations, which affects the various chains we
launched. The median values on individual jump parame-
ters values can vary by as much as 50%, which is reflected
in the large errors in Table 3 and 4. This means that while
we provide median values and their 1σ confidence ranges,
those are in fact more akin to lower limits on Mc, ec, Pc etc.
WASP-53c is at least 16MJup, with a period likely longer
than 2500 days. The eccentricity of its orbit is high with our
data being most consistent with 0.84± 0.01.

We were lucky to observe the system during the final
phases of WASP-53c’s periastron passage (but unlucky to
miss the first half). If removing the first season of CORALIE
data, we only detect a quadratic drift with a weak curvature
and would never have guessed the presence of such a massive
companion within the system.

6.2 WASP-81

WASP-81 is a system composed of a star and two orbiting
objects. WASP-81b is a hot Jupiter whose mass is Mb =

Table 5. Dates on which WASP-53c and WASP-81c may transit.
Numbers are calendar dates and Barycentric Julian Dates (BJD)

– 2 450 000.

WASP-53c WASP-81c

passed dates

– 3044.9+24
−24 (2004-02-09)

– 4342.1+16
−16 (2007-08-29)

2616.0+170
−130 (2002-12-07) 5639.3+8.5

−8.2 (2011-03-18)

5455.5+11
−13 (2010-09-16) 6936.5+2.6

−2.5 (2014-10-06)

future dates

8295.1+170
−130 (2018-06-25) 8233.8+8.5

−8.2 (2018-04-25)

– 9531.0+16
−16 (2021-11-12)

0.73±0.04MJup and radius Rb = 1.43±0.05RJup. Its orbit is
consistent with being circular and we place a 99%-confidence
upper limit at 0.07. The Rossiter–McLaughlin effect is not
detected. Its amplitude is projected to be less than 10 m s−1.
The low impact parameter means that the spin–orbit angle
will be degenerate with v sin I? as in Triaud et al. (2011).

WASP-81c has a minimum mass Mc = 57 ± 2MJup, a
period Pc = 1297± 8 days and an eccentricity of order 0.56.

7 DISCUSSION

We have discovered two hot Jupiters orbiting the primary
star of two tight binary systems. WASP-53b is super-Jupiter
in mass, while WASP-81b is sub-Jupiter. Both occupy or-
bits that are typical for hot Jupiters (eg. Santerne et al.
2016). Those two planets are both accompanied by brown-
dwarf-mass objects, on highly eccentric orbits of a few AU.
In Fig. 8, we plot other known planetary systems orbiting

c© 2014 RAS, MNRAS 000, 1–23
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(a) WASP-53 (b) WASP-81

Figure 9. MEGNO maps showing regions of stability in green, and chaos in red, showing where planets with the masses of WASP-53b

and WASP-81b could exist. Any value in excess of 4 has the same colour. All regions on the left-hand side of the graphs are stable, and

all regions on the right-hand side are unstable (within the outer orbit). Maps computed by integrating for 5× 104 years

(a) WASP-53 (b) WASP-81

Figure 10. MEGNO maps showing regions of stability in green, and chaos in red, for mass-less particles between the positions of
the inner and outer objects in the WASP-53 and WASP-81 systems. Any value in excess of 4 has the same colour. Maps computed by

integrating for 5× 104 years

one star of a multiple stellar system, showing how atypical
WASP-53 and WASP-81 are within the current exoplanet
population. Only four other systems have a stellar compan-
ion with periastra closer than 10 AU: Kepler-444 (Dupuy
et al. 2016), KOI-1257 (Santerne et al. 2014), HD 59686 (Or-
tiz et al. 2016) and the astonishing, maybe retrograde, ν Oct
(Ramm 2015) (the leftmost red dot, above the plain line).
In addition, four gas giants have outer brown-dwarf com-
panions: HAT-P-13 (Knutson et al. 2014), HIP 5158 (Feroz,
Balan & Hobson 2011), HD 168443 (Sahlmann et al. 2011),
and HD 38529 (Benedict et al. 2010), in architectures similar
to WASP-53 and WASP-81.

We now review the elements that make those systems
stand out. We speculate about their origin, and propose
some observational tests to verify some of our scenarios.

We use the stability criterion numerically determined
by Holman & Wiegert (1999) to compute the widest orbital

separation that each of the hot Jupiters could have occupied.
In the case of WASP-53 we obtain a critical semi-major axis
acrit = 0.16±0.15 AU, and for WASP-81, acrit = 0.38±0.06
AU. This criterion was numerically determined for a mass
ratio µ = m2/(m1 + m2) > 0.1, which is not satisfied for
either of our systems, and likely explains the large uncer-
tainty for WASP-53. We therefore proceed with a stability
criterion devised by Petrovich (2015b) for hierarchical plan-
etary system. We find that unstable orbit start emerging
for 0.14 < ab < 0.17 for WASP-53, and 0.30 < ab < 0.38 for
WASP-81, in good agreement with the previous approach.

We further verify this with the method proposed by
Cincotta, Giordano & Simó (2003), which uses a marker
called the MEGNO (the Mean Exponential Growth fac-
tor of Nearby Orbits), as implemented in rebound by Rein
& Tamayo (2015). The MEGNO is a good tracker of or-
bital chaos, meaning that infinitesimal changes in initial pa-

c© 2014 RAS, MNRAS 000, 1–23
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rameters lead to diverging solutions. For quasi-periodic or-
bits, thus those showing no chaotic behaviour, the MEGNO
reaches a value of 2 (Hinse et al. 2010). Larger values of
the MEGNO, typically > 4, indicate significant changes in
the orbital parameters, a sign of chaos. Although this does
not necessarily translate by unstable orbits (e.g. Deck et al.
2012), it often tracks them as we saw above. For our case
the MEGNO outlines where nearly closed orbits exist and
therefore informs us on where any disc material may have
been stable, or where additional planets may exist.

We used the parameters provided in Tab. 4 for the
outer companions, assumed coplanarity between the inner
and outer orbits, and computed the MEGNO for a particle
with a mass and separation for WASP-53b and WASP-81b.
We integrated each system for 5 × 106 years and obtained
values of 2.0062 and 1.9999 respectively, indicating stability.
We expanded those simulation and explore the (a, e) param-
eter space. To compute the maps presented in Fig. 9 we in-
tegrated each of the pixels over 5 × 104 years. We observe
from those results that wide regions of chaos exist, which is
consistent with the work of Holman & Wiegert (1999) and
Petrovich (2015b). Both WASP-53 and WASP-81 appear
stable over long periods of time. In the case of WASP-53
we observe that only regions closer in than 0.15 AU retain
stable orbits. For WASP-81 there is slightly more space with
orbits within 0.3 AU being generally stable.

We also investigated whether other planets could exist
between objects b and c by adding a third massless par-
ticle. The results are displayed in Fig. 10, which show a
range of stable orbits (in green). While this suggests that
other planets could still be identified within our systems, we
think it unlikely since hot Jupiters are usually found to be
isolated. Only one hot Jupiter is known to have other plane-
tary companions within an astronomical unit (Becker et al.
2015; Neveu-VanMalle et al. 2016), and a recent analysis of
the Kepler data shows that a lack of nearby companions is
an important aspect that sets hot Jupiters apart from other
gas giants (Huang, Wu & Triaud 2016).

7.1 Determination of the mass and orbital
inclination of WASP-53c and WASP-81c

Gaia (Perryman et al. 2001) is an ESA mission launched in
2013 currently scanning the sky and measuring stellar posi-
tions with a precision of order 30 micro-arcseconds for stars
brighter than optical magnitude 12 (de Bruijne 2012). Sev-
eral studies have investigated Gaia’s potential for detecting
gas giants using astrometry (Casertano et al. 2008; Sozzetti
et al. 2014; Perryman et al. 2014; Sahlmann, Triaud & Mar-
tin 2015), with Neveu et al. (2012) looking into the combi-
nation of radial-velocities with astrometric measurements.

From Perryman et al. (2014), WASP-53c and WASP-
81c will produce an astrometric displacement of their host
stars, α, defined as:

α =
(
Mp

M?

)(
a

1AU

)(
d

1pc

)−1

arcsec (1)

WASP-53 and WASP-81 will move on the sky by α =
260, and 300µas respectively, caused by their outer com-
panions, assuming an orbital inclination ic = 90◦, which
is the poorest scenario possible. We can expect of order

Nobs = 70 astrometric measurements4 with typical uncer-
tainties σ = 40µas (de Bruijne 2012) to be collected on our
two targets. This translates to an astronometric signal-to-
noise, where S/N = α

√
Nobs/σ, in excess of 50 for both

systems. If instead ic = 10◦, we obtain α = 1500, and
1700µas respectively5. The amplitude of the orbital motion
alone should inform us of the mutual inclination between
the inner and outer planet. For astrometric signal-to-noise
values of > 20 the orbital inclination will typically be es-
timated with a precision of < 10◦ (Sahlmann, Triaud &
Martin 2015).

7.2 Transit timing variations

Using rebound (Rein & Spiegel 2015) we integrated the
system over a few orbital periods of the outer companion
and recorded when transits of the inner planet happened.
For WASP-53b we expect total transit-timing variations,
caused by the perturbing effect of the outer companion, to
be of order 35s. However, most of the variation happens dur-
ing periastron, which means that during nearly 100 transit
epochs we covered for WASP-53b, we expect no variation
to be measurable). We expect a detectable signal to appear
within the next two years if our solution for the outer com-
panion is correct. After WASP-53c swings again via peri-
astron, the ephemeris for WASP-53b will become offset by
approximately 35s. This offset remains constant until the
following periastron when it will offset again by the same
amount. We repeated the procedure for WASP-81 and find
a similar TTV behaviour for WASP-81b with offset of ap-
proximately 30s compared to the value we produce here.

7.3 Estimating k2

Secular interactions between pairs of orbiting planets usually
excites their orbital eccentricities. In the case of WASP-53
and WASP-81, the innermost planetary orbit will be affected
by tidal forces which tend to damp eccentricity, while the
outer, massive companion occupies a highly eccentric orbit
which will excite the inner planet’s eccentricity. Mardling
(2007) investigated this secular problem and found that the
inner planet will reach an equilibrium eccentricity, called a
fixed-point, with a value dependent on the planet’s internal
density profile, and parametrised by k2, the tidal Love num-
ber (Sterne 1939). The more mass that gets included into the
core of the planet, the larger will be the fixed-point eccen-
tricity (Batygin, Bodenheimer & Laughlin 2009). As such a
measure of the eccentricity of the tidally damped, inner or-
bit can yield the core-mass fraction of exoplanets. Recently,
Buhler et al. (2016) investigated the case of the HAT-P-13
system that presents an architecture similar to WASP-53
and WASP-81, and managed to constrain the core mass of
the transiting hot Jupiter to 11 M⊕ by measuring an eccen-
tricity of 0.007 ± 0.001. We see here how our two systems
compare.

We estimated the inner eccentricity, first assuming

4 78 expected measurements for WASP-53, and 60 for WASP-81
according to the following tool: http://gaia.esac.esa.int/gost/
5 we do not detect a secondary set of lines in either of our spectra.
This is equivalent to a limit of ic > 2◦, and ic > 5◦ respectively.
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no tidal damping, using eq. 36 in Mardling (2007), and
found fixed-point eccentricities of 0.00053 for WASP-53b,
and 0.0027 for WASP-81b (HAT-P-13’s parameters yield
0.0087). Any tidal dissipation will reduce these values by an
amount dependent on the internal composition. Similarly,
any mutual inclination between the outer and inner orbits
will reduce these values. Sadly, because the eccentricities we
expect of WASP-53b and WASP-81b are so small, we find it
unlikely that their internal composition will be determined
soon. If however, the eccentricity is one day measured, we
should expect apsidal alignment or anti-alignment between
the inner and outer orbits. The Love number can also be
extracted from the way a transit lightcurve gets affected by
apsidal precession (Ragozzine & Wolf 2009).

7.4 Possible scenarios for the planets’ formation
and orbital evolution

We here speculate about the sequence of events leading to
systems like WASP-53 and WASP-81, and also to HAT-P-
13b (Bakos et al. 2009), HD 59686Ab (Ortiz et al. 2016) and
others. The presence of both a planet and a brown-dwarf
mass object (one on the planetary side, the other on the
stellar side of the brown-dwarf desert; Grether & Lineweaver
2006; Sahlmann et al. 2011) within the same system possi-
bly suggests that core accretion and gravitational collapse
can both operate within the same disc environment. They
may also be smaller fragments from the nebula that created
WASP-53A and WASP-81A.

Both WASP-53b and WASP-81b could initially have
formed on circumbinary orbits, to be captured by the pri-
mary following a dynamical instability. This sort of scenario
has been investigated by Sutherland & Fabrycky (2016),
and shown to be an unlikely outcome, which, when it does
happen, favours capture of the planet by the secondary in-
stead of the primary. Therefore, WASP-53b and WASP-81b
most likely formed within a disc surrounding WASP-53A
and WASP-81A.

We can think of two alternate scenarios and make an ap-
peal for theorists to investigate them since they could teach
us much about how gas giants form.

WASP-53c and WASP-81c are too massive compared
to the protoplanetary disc to have followed a type-II mi-
gration (Duffell et al. 2014; Dürmann & Kley 2015). If no
or little orbital evolution has happened within the two sys-
tems that we studied, then WASP-53b and WASP-81b must
have formed well within the snow line, on orbits shorter than
0.15 and 0.3 AU respectively. Theoretical work by Batygin,
Bodenheimer & Laughlin (2015) and Lee & Chiang (2015)
suggests that the formation of gas giants within one astro-
nomical unit is feasible. According to Fung, Shi & Chiang
(2014) gas can flow through the gap carved by a planet, par-
ticularly so if it reaches masses near that of a brown dwarf.
The more massive the object, the more perturbations are
produced at the outer gap’s edge, launching streams of gas
that replenish the inner disc to provide enough mass to al-
low the formation of a gas giant. The large eccentricities
of WASP-53c and WASP-81c might have enhanced this ef-
fect. However, Lambrechts, Johansen & Morbidelli (2014)
and Rosotti et al. (2016b) find that planets more massive
than 20–30 Earth masses prevent the flow of dust grains
across the same gap. Accordingly, if WASP-53b and WASP-

81b formed in-situ via core-accretion, they could only have
used solids within about 0.2 AU, before being able to ac-
crete gas. If this scenario is correct, systems like WASP-53
and WASP-81 can inform us about the efficiency of core ac-
cretion, as well the minimum core mass necessary to accrete
significant gas envelopes. This would also leave the planets
poorer in metals than otherwise, something which is pos-
sible to determine via transmission spectroscopy (Seager &
Deming 2010; Madhusudhan et al. 2014)

WASP-53c and WASP-81c are both eccentric. It has
been argued that disc-planet interactions can excite the ec-
centricity of gap-opening planets, but not to the values that
we observe for WASP-53c and WASP-81c (e.g. Goldreich
& Sari 2003; D’Angelo, Lubow & Bate 2006; Rosotti et al.
2016a; Teyssandier & Ogilvie 2016). This might imply that
WASP-53c and WASP-81c reached their current orbital pa-
rameters after disc dispersal, possibly due to dynamical in-
teractions with third, yet unseen companions to WASP-53
and WASP-81. If this is the case then either WASP-53b and
WASP-81b disc-migrated well before WASP-53c and WASP-
81c reached their current orbits, or, WASP-53b and WASP-
81b reached their current orbit following a high-eccentricity
migration produced by the same instability that left their
outer companions on eccentric orbital paths. In either of
those cases, we expect a significant mutual inclination be-
tween the inner and outer orbits, which Gaia should in prin-
ciple be able to measure. Coplanarity would favour the sce-
nario outlined in the previous paragraph.

8 CONCLUDING WORDS

WASP-53 & WASP-81 are peculiar systems composed of
both a planet and a brown dwarf. This orbital set-up is
a relic of its past formation. Investigating them in further
studies, notably with the help of Gaia, will prove invalu-
able for understanding planet formation and the subsequent
orbital evolution, but also the relation between planet for-
mation, brown dwarf formation and stellar formation.

NOTA BENE

Dates are given in the BJD-TDB standard. The radii we
used for Jupiter and the Sun are the volumetric mean radii.

For clarity, we used the subscripts ? for the star, b for
the inner planet, and c for the outer object, all throughout.
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Table A1: Radial velocities of WASP-53 obtained with CORALIE before its recent upgrade. BJD is the barycentric Julian
date – 2 450 000 days. Vrad is the radial velocity obtained by fitting a cross-correlation function with a Gaussian, σRV is the
error on Vrad. FWHM is the full width at half maximum of the cross-correlation function, and contrast is the amplitude.

BJD Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

55535.622498 -4.38964 0.01414 7.76355 37.811 0.00572 1800.679
55563.633734 -4.75981 0.01675 7.83813 38.764 -0.01915 1800.736
55565.620787 -4.10113 0.02222 7.85708 29.332 0.06569 1800.743
55583.571236 -4.53580 0.01833 7.76400 37.735 -0.01908 1800.754
55586.577359 -4.45769 0.01936 7.88629 36.602 0.03945 1800.755
55588.564415 -3.81514 0.02958 7.88939 36.377 0.10109 1800.756
55591.537016 -3.85825 0.01594 7.85784 37.219 0.01104 1800.759
55593.534932 -4.43614 0.02059 7.88560 36.521 0.01531 1800.758
55595.533798 -3.86707 0.02407 7.86921 36.778 0.01591 1800.859
55596.534633 -4.37790 0.01454 7.89625 37.250 0.02008 1800.739
55599.531272 -4.19644 0.02246 7.82083 35.628 0.04899 1800.775
55600.531357 -4.32590 0.02605 7.81524 34.950 0.02073 1800.736
55613.530286 -4.35247 0.03126 7.75947 35.915 0.02255 1800.830
55614.520174 -3.80772 0.03751 7.98353 12.241 0.08784 1800.768
55619.515487 -4.11077 0.03829 7.86610 12.606 0.07253 1800.726
55624.511532 -3.81662 0.04668 7.99027 31.484 0.16010 1800.767
55769.931969 -3.69384 0.03211 7.83406 40.671 -0.01480 1800.816
55770.811670 -3.50787 0.01869 7.84814 40.222 0.05379 1800.797
55772.921899 -3.88919 0.02320 7.76734 20.208 0.03801 1800.748
55777.849432 -3.68608 0.01545 7.81802 39.166 -0.01838 1800.821
55782.883847 -3.89564 0.01539 7.75827 40.337 0.05484 1800.740
55802.854702 -3.81609 0.01659 7.79265 40.844 0.00480 1800.739
55806.876427 -3.49432 0.01352 7.77050 40.390 -0.00408 1800.777
55809.812708 -3.62453 0.01453 7.85935 40.282 -0.03700 1800.739
55810.864649 -3.61455 0.01691 7.82177 40.031 0.00585 1800.798
55811.834443 -4.11173 0.01961 7.82148 39.929 -0.00983 1800.777
55825.779642 -3.93644 0.01342 7.83048 39.001 -0.03320 1800.718
55826.823506 -3.49648 0.02008 7.81726 39.820 -0.10400 1800.818
55834.845196 -4.07174 0.01455 7.82559 40.420 0.02738 1800.758
55852.655157 -3.71694 0.01847 7.89498 39.010 -0.02472 1800.759
55869.776795 -3.46744 0.01511 7.84842 39.370 -0.03676 1800.736
55887.725010 -4.01495 0.01502 7.76766 39.004 0.02644 1800.754
55889.585568 -3.46497 0.01504 7.78976 38.829 -0.01253 1800.755
55910.593618 -3.84547 0.01446 7.80091 39.026 -0.05197 1800.778
55952.575538 -3.44630 0.01294 7.90378 38.024 0.02529 1800.688
55974.534361 -4.02707 0.02632 7.83726 38.734 -0.02393 1800.748
56101.929818 -3.49841 0.02543 7.87117 40.333 -0.02903 1800.799
56108.902853 -3.68569 0.03173 7.87649 39.586 0.02577 1800.940
56130.929240 -3.54201 0.02272 7.82397 39.617 -0.10018 1800.817
56158.920126 -3.87751 0.02491 7.83489 39.943 -0.04714 1800.781
56165.794126 -3.99424 0.02180 7.84562 35.852 -0.00917 1800.759
56166.840915 -3.81564 0.01755 7.86863 39.564 -0.03721 1800.777
56182.742965 -4.11729 0.01762 7.83280 38.786 0.04594 1800.798
56184.735109 -3.50543 0.01419 7.81771 39.385 -0.00971 1800.758
56186.764241 -3.81243 0.01735 7.89344 39.090 0.05377 1800.778
56190.675191 -3.46799 0.02295 7.92760 37.779 0.04893 1800.820
56196.864653 -3.71479 0.01309 7.83567 38.860 -0.02100 2700.667
56235.613045 -4.09012 0.02545 7.83788 37.690 0.01474 1800.777
56245.697375 -4.06430 0.01518 7.90888 37.534 0.00491 1800.756
56264.722841 -3.84938 0.01631 7.88340 39.189 0.03949 1800.749
56309.616625 -3.61756 0.01619 7.91453 40.096 -0.03900 1800.739
56335.551640 -3.93777 0.02599 8.01659 39.469 0.01497 1800.758
56460.921265 -4.08678 0.01861 7.87168 43.357 -0.00289 1800.756
56490.864375 -4.05183 0.02101 7.86144 40.429 -0.05535 1800.755

Table continues next page...
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JDB Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

56505.803479 -3.53226 0.01677 7.88179 41.428 0.04581 1800.799
56516.868634 -4.11013 0.02259 7.86987 41.506 -0.04888 1800.857
56538.754792 -3.46848 0.02937 7.87498 40.897 0.01746 1800.779
56543.888666 -3.98696 0.01538 7.87143 39.824 0.02301 1800.763
56544.693786 -3.50813 0.03240 7.85548 41.040 0.06695 1800.802
56545.715662 -3.63146 0.01620 7.94485 37.812 -0.00368 1800.819
56562.781196 -3.94366 0.01417 7.82567 40.715 -0.00693 1800.786
56563.802018 -3.97705 0.01494 7.91152 40.932 0.00453 1800.836
56565.713332 -3.68586 0.01541 7.84101 40.339 0.00271 1800.777
56567.702293 -3.59801 0.02820 7.86619 41.893 0.03071 1800.775
56591.740189 -3.50574 0.01941 7.79994 39.462 0.00814 1800.719
56603.739663 -3.82508 0.01907 7.84847 40.983 0.01256 1800.779
56644.683453 -3.51463 0.01493 7.76010 38.600 -0.01970 1800.778
56682.557464 -4.10162 0.01957 7.85501 40.062 -0.00216 1800.770
56817.930262 -4.05370 0.02181 7.86074 41.914 0.01356 1602.786
56877.826276 -4.07700 0.01910 7.80224 38.824 0.01261 1800.058
56878.777852 -3.63053 0.03452 7.88373 34.977 0.04216 1800.685
56920.870295 -4.12036 0.01832 7.83603 39.391 -0.03675 1800.677
56961.797598 -3.54257 0.01781 7.78155 38.574 0.05712 1800.601

Table A2: Radial velocities of WASP-53 obtained with CORALIE after its recent upgrade. BJD is the barycentric Julian date
– 2 450 000 days. Vrad is the radial velocity obtained by fitting a cross-correlation function with a Gaussian, σRV is the error
on Vrad. FWHM is the full width at half maximum of the cross-correlation function, and contrast is the amplitude.

BJD Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

56989.740666 -3.92092 0.02509 7.82426 42.096 -0.11250 1800.683
57001.640882 -3.53647 0.02300 7.73609 42.361 0.00145 1800.780
57003.640065 -4.11709 0.01937 7.71262 41.800 -0.01624 1800.075
57004.682396 -3.59763 0.02263 7.74968 41.276 -0.00541 1800.932
57012.592977 -3.75798 0.02566 7.80047 42.030 -0.03335 1800.233
57027.631091 -3.72146 0.03574 7.68990 38.087 0.04302 1800.770
57063.528866 -4.02456 0.05181 7.77355 41.187 -0.02410 1800.102
57065.534295 -3.74442 0.03302 7.76903 41.060 -0.00757 1800.943
57192.938473 -3.84251 0.03767 7.74347 45.120 0.01185 1800.861
57205.925822 -3.96730 0.04649 7.82306 42.941 0.03207 1800.925
57261.823294 -4.14072 0.04184 7.70847 43.479 0.00495 1800.924
57341.740033 -3.88956 0.05660 7.82722 43.813 -0.08024 1800.895
57362.678177 -3.49435 0.01850 7.75263 43.012 -0.00904 2700.715
57367.607494 -4.16776 0.02672 7.72596 43.081 0.00961 2700.804
57381.547386 -3.92186 0.02486 7.66936 41.940 -0.00042 2700.686
57389.610441 -3.61683 0.02988 7.76154 43.413 -0.02558 1800.083
57413.581920 -4.09479 0.03288 7.77853 41.771 0.04996 2700.626
57587.836041 -3.52915 0.02814 7.79372 41.294 -0.06745 1800.382
57616.796911 -3.78390 0.02024 7.67173 42.253 -0.03829 1800.431
57681.574518 -4.02549 0.03158 7.69350 43.049 0.03337 1800.382
57689.706629 -3.71986 0.02108 7.72289 42.465 0.02337 1800.354
57691.675531 -4.13251 0.01765 7.72530 42.658 -0.01465 1800.394
57711.743027 -4.18272 0.03598 7.68311 42.736 -0.03452 1800.352
57713.676572 -3.56151 0.02072 7.80813 42.301 -0.01114 1800.353
57713.698411 -3.54916 0.02373 7.77659 42.830 -0.04693 1800.372
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Table A3: Radial velocities of WASP-53 obtained with HARPS. BJD is the barycentric Julian date – 2 450 000 days. Vrad is
the radial velocity obtained by fitting a cross-correlation function with a Gaussian, σRV is the error on Vrad. FWHM is the
full width at half maximum of the cross-correlation function, and contrast is the amplitude.

BJD Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

55802.804248 -3.87536 0.01428 6.35185 48.819 0.01421 900.000
55802.902737 -3.77124 0.00615 6.44231 49.068 0.01648 900.000
55803.735877 -3.46797 0.00592 6.43227 49.138 0.02630 900.000
55803.876858 -3.49415 0.01413 6.44454 48.445 0.03957 900.000
55825.652716 -4.00995 0.00918 6.43519 50.675 -0.00062 900.006
55825.842017 -3.90801 0.00695 6.40550 50.365 0.03042 900.006
55826.656742 -3.47586 0.00682 6.42903 50.419 0.03065 900.006
55826.837326 -3.44345 0.00407 6.45292 49.300 0.02401 900.006
55827.646391 -3.74232 0.01085 6.42916 48.557 0.03541 600.000
55827.656368 -3.74253 0.00678 6.46451 48.782 0.01240 900.006
55827.669238 -3.75174 0.00631 6.49718 48.731 0.01620 900.006
55827.680986 -3.73814 0.00634 6.46326 48.738 0.05819 900.001
55827.692515 -3.74724 0.00573 6.44915 49.065 0.00441 900.006
55827.703846 -3.77343 0.00561 6.42803 49.040 0.01460 900.006
55827.715374 -3.78034 0.00546 6.47191 48.934 0.01938 900.006
55827.726810 -3.78879 0.00536 6.45148 49.091 0.00973 900.001
55827.738546 -3.79623 0.00512 6.43309 49.178 0.00681 900.006
55827.749681 -3.81542 0.00512 6.43640 49.235 0.01215 900.006
55827.761637 -3.80869 0.00518 6.44554 49.108 0.02622 900.006
55827.773177 -3.80569 0.00438 6.43072 49.362 0.02610 900.006
55827.784612 -3.81191 0.00451 6.43123 49.319 0.01551 900.006
55827.796036 -3.82316 0.00414 6.44297 49.391 0.03097 900.006
55827.807576 -3.83545 0.00448 6.44773 49.167 0.01898 900.006
55827.819324 -3.84303 0.00454 6.43978 49.196 0.03451 900.006
55827.830760 -3.84995 0.00553 6.47049 48.899 0.00391 900.006
55827.842091 -3.84996 0.00523 6.47341 48.922 0.00081 900.006
55828.639175 -4.09963 0.00613 6.47747 48.749 0.01814 900.006
55828.880860 -4.04309 0.00432 6.47502 49.127 0.01328 900.006
55831.640517 -4.07244 0.00490 6.49495 48.903 0.00429 900.006
55831.862305 -4.09707 0.00367 6.44317 49.351 0.03159 900.006
56108.917970 -3.67055 0.01289 6.48511 48.048 0.01989 900.000
56109.931976 -4.08058 0.00352 6.42686 49.455 0.01035 1800.000
56158.807248 -3.82192 0.00781 6.45609 48.928 0.02814 600.000
56159.819284 -4.04984 0.01179 6.43642 49.040 0.01204 600.006
56190.816064 -3.45497 0.00746 6.40310 49.253 0.02240 899.999
56191.702180 -3.70159 0.00717 6.40858 49.055 0.05467 799.999
56191.713245 -3.70009 0.00584 6.40354 49.321 0.02801 900.000
56191.724577 -3.69652 0.00596 6.39529 49.155 0.05629 900.000
56191.736348 -3.72787 0.00617 6.41546 49.184 0.01366 899.999
56191.747992 -3.72226 0.00600 6.41604 49.269 0.01401 900.000
56191.759624 -3.72504 0.00565 6.37832 49.470 0.04169 900.000
56191.771060 -3.72870 0.00555 6.39147 49.478 0.02959 900.000
56191.782391 -3.74305 0.00534 6.39205 49.326 0.01126 900.000
56191.794012 -3.74230 0.00596 6.39070 49.423 0.03308 900.000
56191.805748 -3.74590 0.00535 6.39200 49.398 0.01416 900.006
56191.817172 -3.76612 0.00464 6.40073 49.412 0.00858 899.999
56191.828724 -3.77051 0.00455 6.39737 49.586 0.01365 899.999
56191.840043 -3.79008 0.00529 6.40980 49.416 0.01943 900.000
56191.851583 -3.78008 0.00543 6.41797 49.150 0.03092 900.006
56191.863100 -3.78198 0.00526 6.40679 49.445 0.02901 900.006
56191.874628 -3.79791 0.00667 6.40276 49.074 0.02995 900.006
56191.886168 -3.80101 0.00761 6.47274 48.383 0.02179 900.006
56191.897592 -3.80062 0.00746 6.45821 48.542 0.03297 900.006
56191.909027 -3.82351 0.00717 6.48428 47.642 -0.00093 900.000
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JDB Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

56192.821879 -4.07292 0.00787 6.41754 48.966 0.05738 600.006
56193.794605 -3.56742 0.01278 6.43435 48.521 -0.07894 599.999
56215.823377 -4.10629 0.00762 6.50823 48.183 0.00481 900.000
56221.537217 -3.74752 0.01691 6.51008 49.285 0.02560 899.999
56239.592460 -3.87591 0.00851 6.45703 48.675 -0.00723 600.004
56256.602476 -3.60375 0.01122 6.44653 47.974 0.02296 600.000
56257.580498 -3.53847 0.00792 6.44921 48.513 0.02276 600.008
56264.522496 -3.70152 0.00630 6.42133 48.725 0.02209 700.000
56264.535284 -3.70567 0.00475 6.44658 49.066 0.03476 900.000
56264.547494 -3.71370 0.00443 6.45767 49.036 0.00891 900.001
56264.559264 -3.72208 0.00418 6.43897 49.154 0.01169 900.001
56264.571220 -3.72100 0.00415 6.45931 49.191 0.02381 900.000
56264.583638 -3.72408 0.00410 6.43960 49.306 0.02411 900.001
56264.595350 -3.73021 0.00391 6.43981 49.248 0.00984 900.001
56264.607201 -3.73698 0.00406 6.45517 49.099 0.04027 900.001
56264.619145 -3.74812 0.00392 6.43708 49.233 0.01867 900.000
56264.630926 -3.76424 0.00387 6.43620 49.161 0.01727 900.001
56264.643541 -3.77312 0.00419 6.45208 49.142 0.02687 900.000
56264.655415 -3.78187 0.00454 6.44031 48.969 -0.00318 900.000
56264.667243 -3.77665 0.00507 6.47638 48.785 0.02202 900.001
56264.679106 -3.78417 0.00526 6.45092 48.850 0.02116 900.000
56264.700945 -3.80013 0.00563 6.44897 48.770 -0.00597 900.000
56307.533598 -3.69537 0.00686 6.45089 48.804 0.01119 600.001
56323.548244 -3.45869 0.00931 6.50816 48.367 0.03162 600.001
56460.933662 -4.06790 0.01142 6.50197 48.107 0.02895 600.000
56567.891937 -3.50754 0.00974 6.50537 48.057 0.03808 900.000
56608.727539 -3.69785 0.01233 6.50649 49.948 -0.01752 900.001
56927.722485 -4.07286 0.00838 6.44451 50.116 0.04495 900.001
56928.789883 -3.51368 0.00559 6.43032 49.834 0.02100 900.001

Table A4: Radial velocities of WASP-81 obtained with CORALIE before its recent upgrade. BJD is the barycentric Julian
date - 2 450 000 days. Vrad is the radial velocity obtained by fitting a cross-correlation function with a Gaussian, σRV is the
error on Vrad. FWHM is the full width at half maximum of the cross-correlation function, and contrast is the amplitude.

BJD Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

55833.506244 -60.15011 0.02609 7.87708 28.619 -0.02494 1800.760
55834.511338 -60.31782 0.01861 8.06275 28.959 0.00051 1800.778
55835.513064 -60.23827 0.02606 7.95214 29.089 -0.10707 1800.742
55851.553175 -60.35013 0.02264 7.95814 26.734 -0.00195 1800.720
55852.509304 -60.17890 0.02674 7.99858 27.682 0.01749 1800.738
55856.541346 -60.33501 0.02613 7.94386 25.704 0.08807 1800.760
55859.509870 -60.34664 0.02357 7.88504 28.508 -0.00745 1800.780
55862.507592 -60.34739 0.02726 8.04740 28.210 0.02566 1800.736
56050.916807 -60.48137 0.02097 8.07575 29.178 -0.02474 1800.735
56067.826597 -60.58673 0.02138 8.03943 30.584 0.00355 1800.755
56068.860596 -60.68491 0.02516 8.05512 30.442 0.03245 1800.776
56069.893252 -60.54821 0.03319 8.04313 30.912 -0.07498 1800.735
56075.788615 -60.51078 0.02761 8.02011 30.192 -0.01121 1800.778
56076.818326 -60.73022 0.03529 8.07559 30.163 -0.04915 1800.798
56101.786777 -60.65253 0.02870 7.97893 30.248 -0.05570 1800.841
56103.782366 -60.71255 0.01969 8.04937 30.321 0.05327 1800.796
56108.832891 -60.72716 0.03353 8.05096 30.385 -0.06728 1800.796
56133.765892 -60.75905 0.02643 8.07510 30.056 -0.04689 1800.777
56135.751516 -60.64218 0.03190 8.09815 28.651 -0.14222 1800.753
56147.744152 -60.73914 0.04144 7.95476 26.863 -0.04738 2700.746
56151.718366 -60.56578 0.02640 7.99750 29.524 0.08671 2700.607
56154.664701 -60.64301 0.05536 8.11592 29.581 -0.05746 1800.799
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JDB Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

56158.595576 -60.75601 0.02555 7.92280 30.002 -0.02869 1800.841
56181.617460 -60.64235 0.01367 7.97978 29.506 0.01627 2700.606
56182.616959 -60.80774 0.01615 7.95422 29.259 0.01257 2700.707
56204.525708 -60.82325 0.02655 8.06633 27.984 -0.01402 2700.603
56230.518367 -60.64910 0.02851 7.95769 22.694 -0.00547 2700.696
56431.902050 -60.84674 0.02090 7.98365 30.384 -0.00998 2700.679
56455.806063 -60.72687 0.02870 7.95465 29.802 -0.02273 1800.797
56487.786778 -60.74249 0.02033 7.98515 30.749 0.00328 2700.713
56509.710623 -60.66513 0.01397 7.95360 30.834 -0.02276 2700.732
56511.692477 -60.85952 0.02225 7.94794 30.979 0.01657 1800.741
56518.621811 -60.71971 0.01770 7.97615 30.608 0.00907 1620.506
56531.555446 -60.63273 0.03202 7.97035 29.748 0.00804 2700.637
56547.652096 -60.58724 0.01827 8.03302 30.090 0.02345 2700.599
56548.506904 -60.61018 0.01534 7.99134 28.749 -0.03196 2700.680
56556.531108 -60.54362 0.05433 8.01616 29.137 -0.01045 2700.631
56560.494763 -60.71382 0.03762 7.96320 29.254 0.01284 1800.774
56565.533770 -60.70908 0.01949 7.86719 29.094 -0.02711 2700.712
56573.536534 -60.65052 0.01500 7.97570 29.996 -0.00324 2700.713
56585.548076 -60.46305 0.01694 7.98314 29.017 0.05210 2700.649
56595.517658 -60.51555 0.01739 7.94433 29.102 0.00994 2700.571
56602.513782 -60.25658 0.02280 8.11640 27.697 0.02679 2700.797
56610.522915 -60.19533 0.02343 7.99369 28.294 0.07335 2700.613
56764.896812 -58.50304 0.01351 8.03570 30.083 0.00910 2700.766
56776.887472 -58.68466 0.02343 7.97764 30.796 0.02733 2700.763
56804.815200 -58.96099 0.02049 7.95361 30.061 -0.00476 2700.910
56811.785740 -58.86942 0.01887 8.04819 30.119 0.03930 2700.909
56835.751223 -59.01187 0.03321 8.10950 28.842 -0.03052 2700.800
56856.750436 -59.28657 0.01680 8.01407 29.501 -0.03712 2700.187
56886.668064 -59.46175 0.01926 7.92853 30.839 -0.03399 2700.767
56920.621957 -59.54393 0.02171 8.03739 27.815 -0.01603 2700.428
56954.527818 -59.78127 0.02459 7.99078 24.160 0.00379 2699.955

Table A5: Radial velocities of WASP-81 obtained with CORALIE before its recent upgrade. BJD is the barycentric Julian
date - 2 450 000 days. Vrad is the radial velocity obtained by fitting a cross-correlation function with a Gaussian, σRV is the
error on Vrad. FWHM is the full width at half maximum of the cross-correlation function, and contrast is the amplitude.

BJD Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

57186.791639 -60.24486 0.03042 7.95261 34.569 0.01499 2700.846
57194.736148 -60.23109 0.04093 7.89406 34.000 0.06709 2700.943
57211.722549 -60.44937 0.06100 7.91874 33.627 -0.06934 2700.764
57256.542816 -60.39378 0.04425 7.97087 32.551 -0.07702 2700.014
57271.550777 -60.56686 0.04207 7.93436 32.440 -0.11635 2452.822
57294.561176 -60.47338 0.03198 7.90803 32.325 0.03218 2700.157
57324.515825 -60.41128 0.05112 7.96576 32.327 0.01866 2700.768
57584.816334 -60.83346 0.09427 8.04004 33.592 0.00022 600.528
57595.700710 -60.85481 0.05770 7.87866 32.934 -0.16166 1800.381
57650.537435 -60.75600 0.02171 7.81752 32.403 -0.05037 2700.072
57652.595356 -60.87248 0.01754 7.90775 32.227 -0.03345 2700.069
57661.566328 -60.75291 0.01948 7.98951 32.002 -0.09351 2700.037
57680.545006 -60.81445 0.04449 7.85147 31.815 0.02024 1800.422
57682.504365 -60.89638 0.02700 7.86095 32.269 -0.03440 1800.000
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Table A6: Radial velocities of WASP-81 obtained with HARPS. BJD is the barycentric Julian date – 2 450 000 days. Vrad is
the radial velocity obtained by fitting a cross-correlation function with a Gaussian, σRV is the error on Vrad. FWHM is the
full width at half maximum of the cross-correlation function, and contrast is the amplitude. One datum, which was not used
in the analysis, is highlighted with an asterisk.

BJD Vrad σRV FWHM contrast slope bisector span exposure
(days) (km s−1) (km s−1) (km s−1) (%) (km s−1) (sec)

6403.902377 -60.75558 0.01422 6.77096 36.778 0.00282 600.000
6407.886489 -60.90138 0.01261 6.79512 36.264 0.02080 600.001
6411.902064* -73.15969 0.09454 1.71111 2.286 789.3231 600.000
6438.878243 -60.76828 0.01674 6.81762 37.631 -0.00578 900.000
6454.847018 -60.87117 0.01534 6.72971 36.706 -0.03163 600.001
6457.848776 -60.77664 0.02008 6.77591 36.474 0.00183 600.001
6459.922794 -60.93969 0.01386 6.78047 36.319 -0.02629 600.001
6510.582235 -60.74526 0.01857 6.81107 36.977 0.06192 600.001
6510.591263 -60.70229 0.01341 6.82417 36.599 0.00540 600.001
6510.601795 -60.72294 0.00980 6.75473 36.746 -0.00742 900.002
6510.613242 -60.73820 0.00957 6.85763 36.762 -0.01984 900.001
6510.624769 -60.72645 0.00900 6.77831 36.900 -0.03973 900.000
6510.636309 -60.73310 0.00930 6.79062 36.931 -0.04372 900.001
6510.647628 -60.74584 0.00988 6.77485 36.935 0.00680 900.001
6510.659260 -60.74602 0.00985 6.78777 37.029 0.00791 900.001
6510.670810 -60.75529 0.01062 6.81317 37.005 0.01163 900.001
6510.682546 -60.75335 0.01157 6.77487 37.079 -0.04139 900.000
6510.693877 -60.74670 0.01072 6.78601 36.671 -0.02780 900.002
6510.705324 -60.74468 0.01284 6.76216 36.814 0.02584 900.001
6510.717072 -60.75111 0.01365 6.77729 36.867 0.01253 900.001
6510.728495 -60.75617 0.01286 6.80405 36.945 -0.03819 900.001
6510.740046 -60.78206 0.01203 6.75481 37.010 -0.00396 900.000
6510.751689 -60.77077 0.01090 6.79623 36.943 -0.00076 900.001
6510.763124 -60.75516 0.01073 6.76794 37.020 -0.01169 900.001
6510.774455 -60.75574 0.01039 6.79067 36.959 0.00137 900.001
6510.786527 -60.78525 0.01380 6.74017 36.801 -0.01100 900.000
6511.701655 -60.81984 0.01049 6.77291 36.841 -0.03984 900.001
6564.490867 -60.51083 0.01246 6.78860 36.623 -0.02331 600.001
6565.479782 -60.69072 0.01538 6.75616 35.156 -0.01447 600.000
6736.904747 -58.61384 0.01996 6.74955 37.023 -0.06442 900.001
6761.912737 -58.54571 0.01394 6.80035 37.818 -0.03933 900.001
6801.852737 -58.92484 0.03752 6.73650 39.960 0.02316 900.001
6927.561062 -59.65603 0.01215 6.81727 37.578 -0.01936 900.002
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Figure B1. Hertzsprung–Russell diagram showing the relative
positions of WASP-81A and WASP-81B assuming a similar dis-

tance. The pair is unlikely to be related. Models are from Marigo

et al. (2008).

APPENDIX B: THE VISUAL COMPANION TO
WASP-81

APPENDIX C: MODELS APPLIED TO THE
PHOTOMETRIC DATA

This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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System Date Instrument Filter Texp Np Baseline CF

function

WASP-53 2011-07-22 EulerCAM Gunn r’ 90s 110 p(t2 + xy) 1.3

WASP-53 2011-09-03 EulerCAM Gunn r’ 120s 84 p(t2 + xy) 1.8

WASP-53 2011-09-13 TRAPPIST blue blocking 12s 744 p(t2) + o 1.5

WASP-53 2011-09-13 EulerCAM Gunn r’ 80s 127 p(t2 + xy + sin(P3t + T0,3)) 1.7

WASP-53 2011-09-23 EulerCAM Gunn r’ 180s 77 p(t2 + xy + sin(P4t + T0,4)) 2.3

WASP-53 2011-10-26 EFOSC2 Gunn r’ 150s 54 p(t2) 1.0

WASP-53 2012-07-30 TRAPPIST blue blocking 12s 603 p(t2) 1.5

WASP-53 2012-11-03 TRAPPIST I + z′ 15s 464 p(t2) 1.0

WASP-81 2011-09-26 TRAPPIST I + z′ 12s 287 p(t2) + o 0.9

WASP-81 2012-05-20 TRAPPIST I + z′ 25s 372 p(t2) + o 1.1

WASP-81 2012-05-31 TRAPPIST I + z′ 12s 812 p(t2) + o 1.4

WASP-81 2012-06-19 TRAPPIST blueblocking 8s 644 p(t2) + o 1.5

WASP-81 2012-07-08 EulerCAM Gunn r’ 120s 116 p(t2) 1.9

WASP-81 2012-07-19 TRAPPIST I + z′ 20s 501 p(t2) + o 1.6

WASP-81 2012-09-24 EulerCAM Gunn r’ 120s 132 p(t2) 1.4

WASP-81 2013-07-07 TRAPPIST blue blocking 10s 917 p(t2) + o 1.9

WASP-81 2013-08-06 EulerCAM Gunn r’ 80s 248 p(t2) 1.4

WASP-81 2013-08-06 TRAPPIST blue blocking 10s 1082 p(t2) + o 1.3

Table C1. Photometric time-series used in this work. For each light curve this table shows the date of acquisition, the instrument and

filter used, the exposure time Texp, the number of data points, the baseline function selected for our global analysis (see Sec. 5), and
the error correction factor CF used in our global analysis. For the baseline function, p(εN ) denotes, respectively, a N -order polynomial

function of time (ε = t), x and y positions (ε = xy); o denotes an offset at the time of a meridian flip of TRAPPIST (see Gillon et al.

2012). On two instances we also fit a sinusoidal baseline of the form sin(Pt+ T0) where P is the period, and T0 is the phase.
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(h) TRAPPIST I + z′ 2012-07-30
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Figure C1. Flux as a function of time, centred around mid-transit time of WASP-53b. The red line shows the full model, including the

detrending.
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(a) TRAPPIST I + z′ 2011-09-26
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(i) EulerCam r′ 2013-08-06

0.99

1.00

−3 −2 −1  0  1  2  3

0.000

flu
x

O
 −

 C

time (hours)

 . .

 . .

(j) TRAPPIST BB 2013-08-06

0.98

1.00

−2 −1  0  1  2  3

0.00

flu
x

O
 −

 C

time (hours)

 . .

 . .

 . .

 . .

 . .

 . .

Figure C2. Flux as a function of time, centred around mid-transit time of WASP-81b. The red line shows the full model, including the

detrending.
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