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in 2010 and 2012. The WASP-South data reduction methods
described by Collier Cameron et al.(2006) and selected
(Collier Cameron et al.2007) as valuable candidates showing
possible transits of short-period(� 5.4, 1.6, and 2.3 days)
planetary sized bodies(Figure1).

2.2. Follow-up Photometry

2.2.1. TRAPPIST-North

TRAPPIST-North is a new robotic telescope that is 60 cm in
diameter and was installed in 2016 June at the Oukaimeden

Table 1
The Parameters of the WASP-161, WASP-163, and WASP-170 Planetary Systems(Values+ 1� Error Bars), As Deduced from Our Data Analysis Presented in

Section3

General Star Information

WASP-161 WASP-163 WASP-170
2MASS08252108–1130035 2MASS17060901–1024467 2MASS09013992–2043133

GaiaId 5751177091580191360 GaiaId 4334991786994866304 GaiaId 5656184406542140032

R.A. (J200) 08h25m21 09 17h06m08 98 09h01m39 93
Decl. (J200) Š11°30�03 6 Š10°24�47 0 Š20°43�13 6
Vmag [UCAC4] 10.98 12.54 12.65
Jmag[2MASS] 10.09 10.67 11.13
Gmag[Gaia-DR1] 10.84 12.13 12.36
Parallax[mas] [Gaia-DR2] 2.8864�± �0.0345 3.7981�± �0.0525 3.2439�± �0.0390

Stellar parameters from spectroscopic analysis

Teff (K) 6400�± �100 5500�± �200 5600�± �150
glog �ƒ [cgs] 4.5�± �0.15 4.0�± �0.3 4.0�± �0.2

[Fe/ H] + 0.16�± �0.09 Š0.34�± �0.21 + 0.22�± �0.09
Spectral type F6 G8 G1
V isin [Km/ s] 18�± �0.8 < 5 5.6�± �1

A Lilog ( ) No Lithium seen < 1.6 1.52�± �0.09

Parameters from MCMC analysis

MCMC Jump Parameters

(Rp/ Rå)
2 [%] 0.45092�± �0.00023 1.417�± �0.067 1.382�± �0.001

Impact parameterb [Rå] 0.14 0.10
0.15

��
�� 0.45 0.06

0.09
��
�� 0.689�± �0.021

Transit durationW [day] 0.2137�± �0.0022 0.093�± �0.001 0.085�± �0.001
MidtransitT0 [HJD] 7416.5289�± �0.0011 7918.4620�± �0.0004 7802.3915�± �0.0002
Orbital periodP [day] 5.4060425�± �0.0000048 1.6096884�± �0.0000015 2.34478022�± �0.0000036
RV K2 [m sŠ1d1/ 3] 405�± �20 386.69�± �16 340�± �20
Effective temperatureTeff [K] 6406�± �100 5499�± �200 5593�± �150
Metallicity [Fe/ H] 0.16�± �0.09 Š0.34�± �0.21 0.21�± �0.19

Deduced Stellar Parameters from MCMC

Mean density� å [� e ] 0.282 0.027
0.013

��
�� 0.92 0.10

0.13
��
�� 1.121 0.076

0.093
��
��

Stellar surface gravity glog �ƒ [cgs] 4.111 0.033
0.023

��
�� 4.411 0.040

0.042
��
�� 4.466�± �0.031

Stellar massMå [Me ] 1.39�± �0.14 0.97�± �0.15 0.93�± �0.15
Stellar radiusRå [Re ] 1.712 0.072

0.083
��
�� 1.015 0.074

0.071
��
�� 0.938 0.061

0.056
��
��

LuminosityLå [Le ] 4.44 0.48
0.56

��
�� 0.84 0.17

0.20
��
�� 0.77�± �0.14

Deduced Planet Parameters from MCMC WASP-161 b WASP-163 b WASP-170 b

RV K [msŠ1] 230�± �12 329�± �14 255�± �15
Planet/ star radius ratioRp/ Rå 0.0671�± �0.0017 0.119�± �0.003 0.1175�± �0.0041
Impact parameterb [Rå] 0.14 0.10

0.15
��
�� 0.448 0.094

0.063
��
�� 0.689�± �0.021

Semimajor axisa/ Rå 8.49 0.28
0.13

��
�� 5.62 0.21

0.26
��
�� 7.71 0.18

0.21
��
��

Orbital semimajor axisa [au] 0.0673�± �0.0023 0.0266�± �0.0014 0.0337�± �0.0018
Inclination ip [deg] 89.01 1.0

0.69
��
�� 85.42 0.85

1.10
��
�� 84.87�± �0.28

Density� p [� Jup] 1.66�± �0.22 1.07 0.17
0.23

��
�� 1.21 0.19

0.24
��
��

Surface gravity glog p [cgs] 3.69 0.42
0.37

��
�� 3.52�± �0.05 3.54�± �0.05

MassMp [MJup] 2.49�± �0.21 1.87�± �0.21 1.6�± �0.2
RadiusRp [RJup] 1.143 0.058

0.065
��
�� 1.202�± �0.097 1.096�± �0.085

Roche limitaR [au] 0.011010.00068
0.00075

��
�� 0.011�± �0.001 0.011�± �0.001

a/ aR 6.12 0.28
0.25

��
�� 2.35 0.13

0.16
��
�� 3.15�± �0.19

Equilibrium temperatureTeq [K] 1557 29
34
�� 1638�± �68 1422�± �42

Irradiation[erg sŠ1 cmŠ2] 1.35 100.26
0.34 9�q��

�� 1.63�± �0.45�× �109 9.3 102.5
2.3 8�q��

��
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Observatory(Morocco). It was installed by the University of
Liège (Belgium) and in collaboration with the Cadi Ayyad
University of Marrakech(Morocco). TRAPPIST-North extends
the TRAPPIST project to the northern hemisphere, and, like its
southern twin TRAPPIST-South, aims to detect and character-
ize transiting exoplanets and to study comets and other small
bodies (e.g., asteroids) in the solar system. The exoplanet
program of TRAPPIST(75% of its observational time) is
dedicated to several programs: participating in the SPEC-
ULOOS project that aims to explore the nearest ultracool dwarf
stars for transiting terrestrial planets(Burdanov et al.2017;
Gillon et al.2017; Delrez et al.2018; Gillon 2018); the search
for the transit of planets previously detected by radial velocity
(Bon� ls et al.2011); the follow-up of transiting planets of high
interest(e.g., Gillon et al.2012); and the follow-up of transiting
planet candidates identi� ed by wide-� eld transit surveys like
WASP(e.g., Delrez et al.2014). TRAPPIST-North has an F/ 8
Ritchey–Chretien optical design and is protected by a 4.2 m
diameter dome equipped with a weather station and indepen-
dent rain and light sensors. The telescope is equipped with a
thermoelectrically cooled 2048�× �2048 deep-depletion Andor
IKONL BEX2 DD CCD camera that has a pixel scale of 060
that translates into an FOV of 198�× �19 8. It is coupled with a
direct-drive mount of German equatorial design. For more
technical details and performances of the TRAPPIST tele-
scopes, see Jehin et al.(2011).

TRAPPIST-North observed two partial transits of WASP-
161 b in the Sloan-z� � lter (2017 December 20 and 2018
February 12), two partial transits and one full transit of WASP-
163 b in theI�+ �z � lter (2017 April 24, May 2, and June 13),
and three partial transits of WASP-170 b in theI�+ �z (2017
April 19 and 2018 January 11) and V (2017 February 17)
� lters. The reduction and photometric analysis of the data were
performed as described in Gillon et al.(2013). The resulting
light curves are shown in Figures2–4.

2.2.2. TRAPPIST-South

We used the 60 cm robotic telescope TRAPPIST-South
(TRansiting Planets and PlanetesImals Small Telescope; Gillon
et al.2011; Jehin et al.2011) at La Silla(Chile) to observe a
partial transit of WASP-161 b in the Sloan-z� � lter on 2016

January 28, two partial transits of WASP-163 b in a broad
I�+ �z � lter on 2014 September 6 and 2016 July 5, and two
transits(one full + one partial) of WASP-170 b inI�+ �z on
2015 December 25 and 2017 February 26. TRAPPIST-South is
equipped with a thermoelectrically cooled 2 K�× �2 K CCD
with the pixel scale of 065 that translates into a 22��× �22� of
FOV. Standard calibration of the images,� uxes extraction, and
differential photometry were then performed as described in
Gillon et al. (2013). The resulting light curves are shown in
Figures2–4.

2.2.3. EulerCam

We used the EulerCam camera(Lendl et al.2012) on the
1.2 m Euler-Swiss telescope at La Silla Observatory in Chile to
observe a transit of WASP-163 b on 2016 July 27 in the RG
� lter, and also a transit of WASP-170 b on 2016 December 20 in
the broad NGTS� lter (� NGTS= [500–900 nm]; Wheatley et al.
2018). The calibration and photometric reduction(aperture+
differential photometry) of the images were performed as
described by Lendl et al.(2012). The resulting light curves are
shown in Figures3 and4.

2.2.4. NITES

We use 0.4 m NITES(Near-Infrared Transiting ExoplanetS
Telescope, McCormac et al.2014) robotic telescope at La Palma
(Canary Islands) to observe two transits of WASP-163 b. The
� rst transit was full and observed inR-band on 2016 June 27,
while the second was only partial and observed inI-band on
2016 July 10. NITES is equipped with a 1024�× �1024 CCD
camera that has a pixel scale of 066 that translates into an
FOV of 11 3�× �11 3. The standard calibration of the science
images,� uxes extraction, and differential photometry were then
performed as described in Craig et al.(2015), Barbary(2016),
Bertin & Arnouts (1996), and McCormac et al.(2013). The
resulting light curves are shown in Figure3.

2.2.5. SPECULOOS-South

We use 1 m robotic SSO-Europa telescope, one of the four
telescopes of the SPECULOOS-South facility,(more details
found in Delrez et al.2018; Gillon 2018; Burdanov et al.2017)
to observe one full-transit of WASP-161�b on 2018 January 5
in the Sloan-z� � lter. Each 1 m robotic telescope is equipped
with a 2 K�× �2 K CCD camera, with good sensitivity in the
very-near-infrared up to 1� m. The calibration and photometric
reduction of the data were performed as described in Gillon
et al. (2013). The resulting light curve is shown in Figure2.

2.3. Follow-up Spectroscopy

We gathered a series of spectra of the three stars with the
CORALIE spectrograph(Queloz et al.2000) mounted on the
1.2 m Euler-Swiss telescope at ESO La Silla Observatory in
Chile. An exposure time of 30 minutes was used for each of
these spectroscopic observations. We measured 24 spectra of
WASP-161 between 2014 December and 2017 January; 25
spectra of WASP-163 between 2015 June and 2017 May; and
20 spectra of WASP-170 between 2015 February and 2017
May. We applied the cross-correlation technique described in
Baranne et al.(1996) on the spectra of each star to measure the
radial velocities(RVs) presented in Table6. The resulting RV
time-series shows clear sinusoidal signals with periods and

Figure 1. Light curves of WASP-161(top), WASP-163(middle), and WASP-
170 (bottom) (binned�= �10 minutes) folded on the transit ephemeris from the
transit search algorithm described in Collier Cameron et al.(2006).

3

The Astronomical Journal, 157:43(10pp), 2019 February Barkaoui et al.



phases in good agreement with those deduced from the WASP
transit detections(Figures2–4).

For each star, the bisector spans(BSs; Queloz et al.2001) of
the cross-correlation functions(CCF) have standard deviations
close to their average errors(122 versus 80 msŠ1, 116 versus
125 msŠ1, and 87 versus 97 msŠ1 for WASP-161, WASP-163,
and WASP-170 respectively). Furthermore, a linear regression
analysis does not show any signi� cant correlation between these
BSs and the corresponding RVs, the computed slopes being
Š0.02�± �0.16, 0.07�± �0.09, and 0.01�± �0.11 for, respectively,
WASP-161, WASP-163, and WASP-170(Figures2–4). This
absence of correlation enables us to discard the scenario of a
blended eclipsing binary(BEB). Indeed, if the orbital signal of a
BEB was causing a clear periodic wobble of the sum of its CCF
(s) and that of the target, then it should also create a signi� cant
periodic distortion of its shape, resulting in variations of the BS
in phase with those of the RV, and with the same order of
magnitude(Torres et al.2004).

3. Data Analysis

3.1. Spectroscopic Analysis

For each host star, we coadded the CORALIE spectra to
produce a combined spectrum with an averageS/ N per pixel

between 50 and 100. We analyzed each combined spectrum
with the technique described by Doyle et al.(2013) to
determine the following stellar atmospheric parameters: the
effective temperatureTeff, the surface gravity glog , the lithium
abundance Alog (Li), the metallicity[Fe/ H], and the projected
rotational velocityv isin . v isin was constrained using the
calibration of Doyle et al.(2014), assuming macroturbulence
values of 5.31 km sŠ1, 3.59 km sŠ1, and 3.74 km sŠ1 for
WASP-161, WASP-163, and WASP-170 respectively. The
results of this spectral analysis are shown in Table1.

3.2. RVs+ Light-curves Analysis

We performed a global analysis of the RVs(Table 6) and
transit light curves(Table 3) with the MCMC (Markov chain
Monte Carlo) algorithm described by Gillon et al.(2012) to
determine the parameters of each planetary system. While the
CORALIE RVs were modeled with a classical Keplerian model
(e.g., Murray & Correia2010), the transit light curves were
represented by the transit model of Mandel & Agol(2002),
assuming a quadratic limb-darkening law, multiplied by a
baseline model consisting of a polynomial function of one or
several external parameters(time, background, airmass, etc.; see
Table3). The selection of the model used for each time-series

Figure 2. Right panel: individual follow-up transit light curves for WASP-161 binned per 0.005 day(7.2 minutes). The solid red lines are the best-� t transit models.
We shifted the light curves along they axis for clarity. Left panel, top: CORALIE RVs for WASP-161 with the best-� t Keplerian model in red. Left panel, bottom:
bisector spans(BIS) vs. RVs diagram.
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was based on the minimization of the Bayesian Information
Criterium(BIC, Schwarz1978).

TRAPPIST-North and TRAPPIST-South telescopes are
equipped with German equatorial mounts that have to rotate
180° at meridian, resulting in different positions of the stars’
images on the detector after the� ip, translating into an offset of
the � uxes in the light curves. For the corresponding light
curves, a normalization offset at the time of the� ip was thus
added to the assumed model(Table3).

For each system, the“ jump” parameters of the Markov
Chains, i.e., the parameters perturbed at each step of the chains,
were the transit duration, depth, and impact parameter(W, dF,
andb, respectively), the orbital periodP, the midtransit timeT0,
the parameterse cos�Xand e sin�X(with � the argument of
periastron ande the orbital eccentricity), the parameter
K K e P2 1 2 1 3� � � �(with K is the RV semiamplitude), and
the stellar metallicity[Fe/ H] and effective temperatureTeff. In
addition, for each� lter, the combinations,c1�= �2�× �u1�+ �u2

and c2�= �u1�Š�2�× �u2 were also jump parameters,u1 and u2

being the linear and quadratic limb-darkening coef� cients.
Normal prior probability distribution functions(PDFs) based
on the theoretical tables of Claret(2000) were assumed foru1

andu2 (Table5). ForTeff and[Fe/ H], Gaussian PDFs based on
the values+ errors derived from our spectral analysis(Table1)
were used. For the other jump parameters, uniform prior PDFs
were assumed(e.g.,e� 0, b � 0).

Each global analysis was composed of three Markov chains
of 105 steps whose convergence was checked using the
statistical test presented by Gelman & Rubin(1992). The
correlation of the noise present in the light curves was taken
into account by rescaling the errors as described by Gillon et al.
(2012). For the RVs, the quadratic difference between the mean
error of the measurements and the standard deviation of the
best-� t residuals were computed as 32.6 m sŠ1, 54.1 m sŠ1, and
42.8 m sŠ1 for WASP-161, WASP-163, and WASP-170,
respectively. These“ jitter” noises were added quadratically to
the errors.

At each step of the Markov chains, a value for the stellar
density � * was computed fromdF, b, W, P, e cos�X, and

e sin�X(see, e.g., Winn2010). This value of� * was then used
in combination with the values forTeff and[Fe/ H] to compute
a value for the stellar massM* from the empirical calibration
of Enoch et al.(2010). Two MCMC analyses were performed
for each system, one assuming an eccentric orbit and
one assuming a circular one. The Bayes factors, computed as
exp BIC 2���%( ), were largely(> 1000) in favor of a circular
model for the three systems, and we thus adopted the circular
solution for all of them. These solutions are presented in
Table1. The noncircular solutions enable us to estimate the 3�
upper limits on the orbital eccentricity as 0.43, 0.13, and 0.23
for, respectively, WASP-161 b, WASP-163 b, and WASP-
170 b.

Figure 3. Same as Figure2 but for WASP-163.
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