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A B S T R A C T 

In this paper, we present observations of two high-resolution transit data sets obtained with ESPRESSO of the bloated sub- 
Saturn planet WASP-131 b. We have simultaneous photometric observations with NGTS and EulerCam. In addition, we utilized 

photometric light curves from TESS , WASP, EulerCam, and TRAPPIST of multiple transits to fit for the planetary parameters 
and update the ephemeris. We spatially resolve the stellar surface of WASP-131 utilizing the Reloaded Rossiter McLaughlin 

technique to search for centre-to-limb conv ectiv e v ariations, stellar dif ferential rotation, and to determine the star–planet obliquity 

for the first time. We find WASP-131 is misaligned on a nearly retrograde orbit with a projected obliquity of λ = 162 . 4 

+ 1 . 3 
−1 . 2 

◦

. In addition, we determined a stellar differential rotation shear of α = 0.61 ± 0.06 and disentangled the stellar inclination 

( i ∗ = 40 . 9 

+ 13 . 3 
−8 . 5 

◦
) from the projected rotational velocity, resulting in an equatorial velocity of v eq = 7 . 7 

+ 1 . 5 
−1 . 3 km s −1 . In turn, 

we determined the true 3D obliquity of ψ = 123 . 7 

+ 12 . 8 
−8 . 0 

◦
, meaning the planet is on a perpendicular/polar orbit. Therefore, 

we explored possible mechanisms for the planetary system’s formation and evolution. Finally, we searched for centre-to-limb 

conv ectiv e variations where there was a null detection, indicating that centre-to-limb conv ectiv e variations are not prominent in 

this star or are hidden within red noise. 

Key words: convection – techniques: radial velocities – planets and satellites: fundamental parameters – stars: individual: 
WASP-131 – stars: rotation. 
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 I N T RO D U C T I O N  

o understand the conditions and habitats of exoplanets we need 
o fully understand their stellar hosts. Stellar activity and surface 
henomena (such as flares, spots, granulation, and faculae/plage) 
an cause biases in the calculations of planetary properties and can 
ask/mimic planets in observations. For example, Saar & Donahue 

 1997 ) and Zhao et al. ( 2022 ) show stellar surface phenomena can
lter observed stellar absorption line profiles which may be mistaken 
or Doppler shifts that can mask and mimic the Doppler motion of a
lanetary companion. Furthermore, Oshagh et al. ( 2016 ) show how 
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cculted starspots affect the Rossiter McLaughlin waveform causing 
naccuracies on derived planetary properties. Cegla et al. ( 2016b )
xplore the impact of differential rotation on the projected star–
lanet obliquity and Cegla et al. ( 2016a ) show that if centre-to-limb
onv ectiv e v elocity variations (CLV) are ignored they can bias our
easurements of planetary system geometries, which in turn skews 

ur understanding of planetary formation and evolution. 
When a planet transits a host star, a portion of the starlight

s blocked in the line of sight and a distortion of the velocities
s observed, known as the Rossiter–McLaughlin (RM) effect (see 

cLaughlin 1924 ; Rossiter 1924 , for original studies and Queloz
t al. 2000 , for the first exoplanet case). The Reloaded RM (RRM)
echnique isolates the blocked starlight behind the planet to spatially 
esolve the stellar spectrum (Cegla et al. 2016a ). The isolated starlight
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rom the RRM can be used to derive the projected obliquity, λ (i.e. the
ky-projected angle between the stellar spin axis and planetary orbital
lane). If the planet occults multiple latitudes, we can determine the
tellar inclination (by disentangling it from the projected rotational
 elocity, vsin i ∗). Alternativ ely, we can also use the stellar rotation
eriod (P rot ) in combination with vsin i ∗ to determine the stellar
nclination i ∗. This then helps to measure λ and determine the
D obliquity, ψ (i.e. the angle between the stellar equator and
lanetary plane). When considering planetary migration/evolution,
 is of great importance as it a v oids introducing biases from only
nowing λ (see Albrecht et al. 2021 ; Albrecht, Dawson & Winn
022 ). 
If we disentangle the stellar inclination from vsin i ∗, then we

an probe the stellar differential rotation (DR) of the star using
he RRM method. Dynamo processes are largely responsible for
he generation of magnetic fields where DR plays a key role (e.g.
itchatinov & Olemsk o y 2011 ; Karak, Tomar & Vashishth 2020 ).
verall, understanding DR across various spectral types is not just

mportant for exoplanet characterization, but for magnetic activity
s a whole. There are several techniques which can be used to
etect DR. For example, Doppler Imaging (Vogt & Penrod 1983 )
an be used to estimate the location of spots on the stellar surface
hrough their effect on spectral line profiles. This is only sufficient
or stars with high rotation rates (see Collier Cameron, Donati &
emel 2002 ) as differential rotation is measured from differences

n the rotation periods of individual spots at different latitudes.
he Fourier transform (FT) method (Reiners & Schmitt 2002 ) is
sed to measure the Doppler shift at different latitudes due to
otation which can be inferred from the FT of the line profiles.
n another method, time series photometry is used to measure the
otal spread of rotation periods resulting from spots at different
atitudes (Reinhold, Reiners & Basri 2013 ). This can be done by
ollowing the variation of rotation period o v er time where different
pots at different latitudes show close multiple periods which can be
sed to determine the differential rotational shear. Finally, transiting
lanets which frequently occult spots at different latitudes can also
e used to probe the differential rotational shear of stars (e.g. Silva-
alio & Lanza 2011 ; Ara ́ujo & Valio 2021 ). Ho we v er, man y of

hese techniques depend on the star being active (i.e. possessing
tarspots) which can reduce the sample of targets a vailable b ut also
an introduce degeneracies within their measurements. The RRM
echnique allows for the measurement of DR on quiet solar-type
tars and can be more direct and precise. 

In addition to modelling for the projected obliquity and DR, we
an also use the isolated starlight to account for any centre-to-limb
LV on the stellar surf ace. Sun-lik e stars which possess a conv ectiv e
nv elope hav e surfaces co v ered in granules, bubbles of hot plasma
hich rise to the surface (blueshift), before cooling and falling back

nto intergranular lanes (redshift). The net conv ectiv e v elocity shift
aused by these granules changes as a function of limb angle (i.e.
rom the centre to the limb of the star) due to line-of-sight changes
nd the corrugated surface of the star. Ov erall, these v elocity shifts
or changes in the contrast of the spectra) can impact the RM effect
hich is used to determine the projected obliquity (Cegla et al. 2016b ;
ourrier et al. 2017 ) and ignoring these effects can bias or skew our
nderstanding of the formation and evolution of planetary systems. 
In this study, we focus on WASP-131 b which is a transiting

loated sub-Saturn planet, disco v ered by Hellier et al. ( 2017 ) with
 p = 0.27 ± 0.02 M Jup and R p = 1.22 ± 0.05 R Jup . WASP-131 is

 G0 main-sequence star with V = 10.1 and T eff = 5950 ± 100 K.
t has an inflated radius of R ∗ = 1.53 ± 0.05 R � and mass M ∗
 1.04 ± 0.04 M � and when placed on its evolutionary track it has
NRAS 522, 4499–4514 (2023) 
n age in the range 4.5–10 Gyr (Hellier et al. 2017 ). This system
as disco v ered by WASP-South and followed up by CORALIE with
 total of 23 RVs (see Hellier et al. 2017 , for full details). In Bohn
t al. ( 2020 ), they detected a relatively faint ( � K = 2.8 ± 0.2),
ery close in companion at a separation of ∼0.19 arcsec ( ∼38 au)
sing imaging from the VLT/SPHERE/IRDIS, where the probability
f it being a background object is < 0.1 per cent. Therefore, it is
ikely a gravitationally bound companion with a derived a mass of
.62 ± 0.05 M �. In a follow-up study, Southworth et al. ( 2020 ) used
heoretical spectra to propagate the observed K -band light ratios
nto the optical passbands used to observe WASP-131 and applied
 method to correct the velocity amplitudes of the host stars for
he presence of contaminating light. In doing this combined with
ESS data from Sector 11, they fit for the planetary parameters
nding M p = 0.27 ± 0.02 M Jup and R p = 1.20 ± 0.06 R Jup , which
re in excellent agreement with Hellier et al. ( 2017 ). Overall, for
ASP-131 they found the contaminating star is sufficiently faint

nd makes an insignificant difference to the derived physical stellar
nd planetary properties. 

In this paper, we apply the RRM technique on newly acquired
SPRESSO observations of the WASP-131 b system. We look to
haracterize stellar DR, centre-to-limb convection-induced varia-
ions, and to determine the star–planet obliquity. In Section 2 , we
etail all of the photometric and spectroscopic observations used in
his study. In Section 3 , we obtain updated stellar parameters from
 fitting of the spectral energy distribution (SED). Section 4 then
etails the transit and orbital analysis of TESS sector 11 and new
e xt-Generation Transit Surv e y (NGTS) and Euler photometric light

urves where the transit parameters of the system are derived. Finally,
e discuss the RRM analysis and results in Section 5 followed by

he discussion and conclusions in Section 6 . 

 OBSERVATI ONS  

e used photometric data from TESS , NGTS, WASP, TRAPPIST,
nd EulerCam as well as spectroscopic data from ESPRESSO
o analyse the WASP-131 system. In this section, we detail the
bservations and data reduction where a summary can be found
n Table 1 . 

.1 Photometric data 

or WASP-131 b, we utilized four TESS , two NGTS, four Euler, 23
ASP, and three TRAPPIST photometric transits to determine the

ransit planet properties. 

.1.1 TESS photometry 

ASP-131 was observed by the Transiting Exoplanet Surv e y Satel-
ite ( TESS : Ricker et al. 2014 ) in 2-min cadence capturing a total of
our transits during Sector 11 between the 2019 April 22 and 2019

ay 20, see Fig. 1 . We accessed the 2-min light curves produced by
he TESS Science Processing Operations Centre (SPOC) pipeline
Jenkins et al. 2016 ) and used the PDCSAP FLUX time series
or our analysis. A visual inspection of the light curve showed no
vidence for a stellar rotation period; however, we also ran a Lomb–
cargle analysis which yielded no significant periodic signals. There

s some low level variability which could be either astrophysical or
nstrumental. Therefore, we remo v ed this variability before fitting
he transits by flattening the light curve using a spline fit, masking
ut the in-transit data points to a v oid the spline affecting the transit
hapes and applying to all data. 
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Table 1. Summary of the ESPRESSO, TESS, NGTS, EulerCam, WASP, and TRAPPIST data used in this work. 

ESPRESSO 

Run Night N obs t exp γ a SNR 

b σRV 
c 

(s) (km s −1 ) (550 nm) (cm s −1 ) 

A 2021 Mar 8 73 130 −19.6906 45 214 
B 2021 Mar 24 92 130 −19.6801 49 165 

CORALIE 

Date N obs t exp SNR 

b σRV 
c 

(s) (550 nm) (cm s −1 ) 
2014 Feb–2016 Mar 23 1800 50 610 

TESS 
Sector Date N obs t exp σ residual 

(s) (ppm per 2 min) 
11 2019 Apr 26–May 20 13 887 120 447 

NGTS 
No. cameras Date N obs t exp σ residual 

(s) (ppm per 2 min) 
5 2021 Mar 8 8436 10 1127 
5 2021 Mar 24 10 813 10 777 

EulerCam 

Wavelength filter Date N obs t exp σ residual 

(s) (ppm per 2 min) 
Gunn r (RG) filter 2014 Apr 22 313 47 1075 
I c filter 2015 Mar 2 272 62 770 
I c filter 2015 Apr 3 408 38 1583 
Gunn r (RG) filter 2021 Mar 24 609 30 611 

WASP 

Date N obs t exp σ residual 

(s) (ppm per 2 min) 
2007 Feb–2012 Jun 23 328 30 4329 

TRAPPIST 
Wavelength filter Date N obs t exp σ residual 

(s) (ppm per 2 min) 
z band 2014 Apr 22 1107 10 4798 
z band 2015 Apr 19 1200 10 3846 
z 

′ 
band 2015 June 6 13 61 10 5892 

Note. a The error on the systemic velocity, γ , is ∼0.015 km s −1 for each run. b The SNR per-pixel was computed as the average SNR 

for order 112 of all observations where 550 nm falls on. c σ stands for the average uncertainty of the disc integrated RVs. Run B was 
affected by an atmospheric dispersion issue discussed in Section 2.2 . 
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.1.2 NGTS photometry 

he NGTS (Wheatley et al. 2018 ) is a photometric facility consisting
f 12 independently operated robotic telescopes at ESO’s Paranal 
bservatory in Chile. This is the same location as ESPRESSO 

herefore both instruments experience the same weather conditions. 
ach NGTS telescope has a 20 cm diameter aperture and observes 
sing a custom NGTS filter (520–890 nm). 
We observed WASP-131 using NGTS simultaneously with the 

SPRESSO transit observations on the nights of 2021 March 8 and 
021 March 24 (see Fig. 1 ). For both NGTS observations, we utilized
ve NGTS telescopes simultaneously to observe the transit event in 

he multitelescope observing mode described in Smith et al. ( 2020 )
nd Bryant et al. ( 2020 ). For both nights, an exposure time of 10 s
as used and the star was observed at airmass < 2. On the night
f 2021 March 8 a total of 8436 images were taken across the
ve telescopes, and 10 813 were taken on the night of 2021 March
4. 
The NGTS images were reduced using a version of the standard 

GTS photometry pipeline, described in Wheatley et al. ( 2018 ), 
hich has been adapted for targeted single star observations. In short,

tandard aperture photometry routines are performed on the images 
sing the SEP Python library (Bertin & Arnouts 1996 ; Barbary 2016 ).
or the WASP-131 observations presented in this work, we used 
ircular apertures with a radius of five pixels (25 arcsec). During
his reduction comparison stars which were similar in magnitude 
nd CCD position to the target star were automatically identified 
sing the Gaia DR2 (Gaia Collaboration 2016 , 2018 ) and parameters
ound in the TESS input catalogue (v8; Stassun et al. 2019 ). Each
omparison star selected was also checked to ensure it is isolated
rom other stars. 

.1.3 Euler photometry 

ulerCam (Lendl et al. 2012 ) is an e 2 v 4k × 4k back-illuminated
eep-depletion silicon CCD detector installed in 2010 at the 
assegrain focus of the 1.2-m Euler-Swiss telescope located at La 
illa in Chile. The total field of view is 15.68 × 15.73 arcmin, with
 resolution of 0.23 arcsec per pixel. WASP-131 b was observed
our times by EulerCam on the 2014 April 22 ( Gunn r 

′ 
filter), 2015

arch 2 ( I c filter), 2015 April 3 ( I c filter), and simultaneously with
SPRESSO on 2020 March 24 ( Gunn r 

′ 
filter). All four light curves

an be seen in Fig. 1 along with the transit fitting. 
MNRAS 522, 4499–4514 (2023) 
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Figure 1. All light curves of WASP-131 from WASP, EulerCam, TRAPPIST, 
TESS , and NGTS together with the fitted transit model using properties from 

Table 2 . All data are binned to 10 min with the exception of the WASP 
data which are binned to 30 min. The WASP, EulerCam IC, TRAPPIST, 
and TESS light curves all contain multiple phase folded transits, whereas the 
NGTS EulerCam RG and EulerCam are single transits. The bottom three plots 
are the NGTS and EulerCam data observations which were simultaneous to 
the ESPRESSO transits. 
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.1.4 TRAPPIST photometry 

he TRAnsiting Planets and PlanetesImals Small Telescope (TRAP-
IST: Gillon et al. 2011a , b ) is a 60-cm robotic telescope at La Silla in
hile. Its thermoelectrically cooled camera is equipped with a 2k ×
k Fairchild 3041 CCD. This provides a field of view of 22 × 22
rcmin with a 0.65 arcsec scale pix el. TRAPPIST observ ed three
ransits of WASP-131 b on 2014 April 22 ( z band), 2015 April 19
 z band), and 2015 June 6 ( z 

′ 
band). All light curves can be seen in

ig. 1 along with the transit fitting. 

.1.5 WASP photometry 

he WASP surv e y w as operated from tw o sites with one in each hemi-
phere. The data here were collected by WASP-South based in the
utherland Station of the South African Astronomical Observatory
SAAO). Each site consists of eight commercial 11-cm ( f = 200 mm)
anon lenses backed by 2k × 2k Peltier-cooled CCDs on a single
ount. This provides a field of 7.8 ◦ × 7.8 ◦ with a typical cadence

f 10 min. Full details of the WASP surv e y and the photometric
eduction can be found in Pollacco et al. ( 2006 ) and Collier Cameron
t al. ( 2007 ). WASP-131 was observed between 2007 February and
012 June from WASP-South obtaining a total of 23 328 data points.
he phase folded and binned WASP light curve can be seen in
ig. 1 . 
NRAS 522, 4499–4514 (2023) 
.2 Spectroscopic data 

wo transits of WASP-131 b were observed on the nights of 2021
arch 8 (run A) and 2021 March 24 (run B) using the ESPRESSO

Pepe et al. 2014 , 2021 ) spectrograph (380–788 nm) mounted on the
ery Large Telescope (VLT) at the ESO Paranal Observatory in Chile

ID: 106.21EM, PI: H.M. Cegla). The ESPRESSO observations were
arried out using UT3 for the first night and UT1 for the second
nder good conditions, with airmass varying between 1.0–2.4 and
.0–2.2 arcsec for each run A and run B, respectively, in the high-
esolution mode ( R ∼138 000) using 2 × 1 binning. Exposure times
ere fixed at 130 s for each night to reach a signal-to-noise ratio

SNR) near 50 at 550 nm (to be photon noise dominated) and
o ensure a good temporal cadence, with a 45 s readout time per
 xposure. Each run, respectiv ely, co v ered a duration of 6h 54m and
h 59m of uninterrupted sequences co v ering the full transit duration
nd includes ∼1 h pre- and ∼1 h post-baseline. A summary of the
SPRESSO observations can be found in Table 1 . 
The spectra were reduced with version 2.2.8 of the ESPRESSO

ata reduction software 1 ( DRS , Pepe et al. 2021 ), using an F9 binary
ask (F9 is the closest to G0 of all spectral types available) to cross-

orrelate the observed spectra to generate high SNR cross-correlation
unctions (CCFs) which we used for our analysis. Additionally, the
RS also outputs the relative depth (contrast), full width at half-
aximum (FWHM), and radial velocity centroid of each CCF. In

un A the SNR can be seen to increase o v er the duration of the night
hich correlates with the decreasing airmass as observing conditions

mpro v e. In run B the SNR increases sharply at the beginning of the
ight where it then remains relatively stable throughout the transit
bservation. Furthermore, the FWHM and contrast remain steady
uring both runs and are dispersed around the mean. Overall, the
v erage inte grated radial v elocity uncertainties for run A and run B
re 2.14 and 1.65 m s −1 , respectively. 

During run B (night of 2021 March 24) ESPRESSO was affected
y lo w-le vel software issues, at the le vel of communication with
he Programmable Logic Controller which did not trigger any error
r warning. This resulted in the Atmospheric Dispersion Corrector
ADC) being non-responsi ve pre venting the correction of the atmo-
pheric dispersion, which in turn introduced a wavelength-dependent
ight loss at the fibre interface. A comparison by ESO of RVs taken
ith the ADC operating in and out of range (i.e. correcting all atmo-

pheric dispersion or leaving uncorrected atmospheric dispersion),
especti vely, sho ws that the latter data set is affected by an additional
catter of the order of ∼1 m s −1 (note this is not target specific).
verall, we do not notice a difference between the behaviour of the

wo nights therefore we do not foresee this as an issue on our analysis
r results. 

 STELLAR  PA R A M E T E R S  

e used ARIADNE 2 (Vines & Jenkins 2022 ) to obtain stellar param-
ters by fitting the SED of WASP-131, as sampled by catalogue
hotometry, with stellar atmosphere models. We placed Gaussian
riors on the stellar parameters, using the values from Hellier et al.
 2017 ), and on stellar distance, using the estimate from Gaia eDR3
Bailer-Jones et al. 2021 ). We placed uniform priors on stellar radius
0.5 to 20 R �) and on extinction (0 to 0.138; Schlegel, Finkbeiner &

arc 1998 ; Schlafly & Finkbeiner 2011 ). We applied Bayesian
odel averaging to the results obtained when using the following

art/stad1240_f1.eps
https://www.eso.org/sci/software/pipelines/espresso/
https://github.com/jvines/astroARIADNE
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Figure 2. Top: The best-fitting SED (black line) for WASP-131 to catalogue 
photometry (cyan points). The bandpass widths are indicated by horizontal 
error bars. The purple diamonds show the synthetic fluxes at the wavelengths 
of the photometric data. Bottom: The residuals after subtracting the best- 
fitting model. 
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Table 2. System parameters for WASP-131. 

Parameter (unit) Value 

Stellar parameters from 

ARIADNE 

T eff (K) 5990 ± 50 
[Fe/H] −0.20 ± 0.07 
log g ∗ 3.89 ± 0.08 
A V 0.05 ± 0.03 
M ∗ ( M �) 1.06 ± 0.06 
R ∗ ( R �) 1.68 ± 0.02 
Age (Gyr) 7 ± 1 

MCMC proposal parameters 
T 0 (BJD) 2458282.25880 ± 0.00019 
P orb (d) 5.3220125 ± 0.0000010 
T dur (h) 3.845 ± 0.020 
( R p / R ∗) 2 0.006517 ± 0.000061 
b 0.735 ± 0.011 
K (m s −1 ) 30.5 ± 1.7 
γ (m s −1 ) −19 661 . 5 ± 1 . 3 
e 0 (adopted) 

MCMC deri v ed parameters 
a / R ∗ 8.37 ± 0.15 
i p ( ◦) 84.96 ± 0.17 
M ∗ ( M �) 1.060 ± 0.068 
R ∗ (R �) 1.561 ± 0.043 
log g ∗ (cgs) 4.075 ± 0.018 
ρ∗ ( ρ�) 0.278 ± 0.016 
M p ( M �) 0.273 ± 0.019 
R p (R �) 1.226 ± 0.037 
log g p (cgs) 2.619 ± 0.031 
ρp ( ρJup ) 0.148 ± 0.013 
a (au) 0.0608 ± 0.0013 

Limb-darkening coefficients: 
WASP/Euler (RG)/NGTS c1 = 0.607, c2 = −0.115, 

c3 = 0.562, c4 = −0.318 
Euler ( I c )/TESS c1 = 0.683, c2 = −0.380, 

c3 = 0.723, c4 = −0.363 
TRAPPIST( z band) c1 = 0.580, c2 = −0.171, 

c3 = 0.450, c4 = −0.258 
u 1 0 . 449 + 0 . 009 

−0 . 009 

u 2 0 . 230 + 0 . 013 
−0 . 013 

Note. The limb-darkening coefficients u 1 and u 2 were obtained in 
the ESPRESSO passband (380–788 nm) by inputting the WASP-131 
stellar parameters into the ExoCTK calculator (Bourque et al. 2021 ). 
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our stellar atmosphere models: Phoenix V2 (Husser et al. 2013 ), BT-
ettl (Allard, Homeier & Freytag 2012 ), Castelli & Kurucz ( 2003 ),
nd Kurucz ( 1993 ). The SED of WASP-131 in shown in Fig. 2 and
he values of key parameters are given in Table 2 . 

 TR A N SIT  A N D  O R B I TA L  ANALYSIS  

o fit the transit light curves we follow the method of Hellier et al.
 2017 ) who originally determined the properties of the WASP-131 
ystem. Since their study, there has been new TESS data released 
long with the simultaneous light curves to ESPRESSO obtained by 
GTS and EulerCam. Southworth et al. ( 2020 ) used the TESS data

o correct for contaminating light from the companion star and found 
t to be sufficiently faint to make little difference to measurements 
f WASP-131 b’s physical properties. Therefore, we combined the 
ew light curves from TESS , NGTS, and EulerCam along with the
riginal data sets to obtain updated planetary parameters using the 
ethod of Hellier et al. ( 2017 ), including the most precise ephemeris

ossible. 
The WASP, EulerCam, TESS , NGTS, and TRAPPIST photometry 

ere combined with the CORALIE radial velocity measurements 
rom Hellier et al. ( 2017 ) in a simultaneous Markov Chain Monte
arlo (MCMC) analysis to determine the planetary parameters. Full 
etails of this method can be found in Cameron et al. ( 2007 ). We inter-
olated the tabulations of Claret ( 2000 ) and Claret ( 2004 ) to obtain
oefficients for the four-parameter, non-linear limb-darkening law 

T able 2 ). W e also determined quadratic limb-darkening parameters 
n the ESPRESSO passband (380–788 nm) by inputting the WASP- 
31 stellar parameters into the ExoCTK calculator (Bourque et al. 
021 ) using Top Hat which assumes 100 per cent throughput at all
 avelengths. These determined limb-dark ening parameters within 

he ESPRESSO bandpass are used for the model light curve which 
cales the CCF before the direct subtraction between in-transit and 
ut-of-transit observations. 
The fitted transit parameters were T 0 , P orb , R 

2 
p /R 

2 
∗ , T dur , b =

 cos i p / R ∗, where T 0 is the epoch of mid-transit, P orb is the orbital
eriod, R 

2 
p /R 

2 
∗ is the planet-to-star radius ratio squared, T dur is the

otal transit duration (from first to fourth contact), b is the impact
arameter in the case of a circular orbit, a is the semimajor axis,
nd i p is the orbital inclination. The eccentric Keplerian orbit was 
arametrized by the stellar reflex velocity semi-amplitude K 1 , the 
ystemic velocity γ , and 
√ 

e cos ω and 
√ 

e sin ω, where e is orbital
ccentricity and ω is the argument of periastron. 

We tested whether the RV data are best described by a circular or
ccentric orbital model. The log-evidence is larger for the circular 
odel than the eccentric model ( � ln Z ∼ 3; odds ratio ∼ 20), with the

ccentric model fa v ouring a small eccentricity consistent with zero
 e = 0 . 04 + 0 . 04 

−0 . 03 ). Therefore, we followed Hellier et al. ( 2017 ) and
ssumed a circular orbit. We placed a Gaussian prior on stellar mass
sing the value obtained from the ARIADNE analysis. The fitted and
erived parameters, along with their 1 σ errors, are listed in Table 2 . 

 RELOADED  RO SSITER  M C L AU G H L I N  

e utilized the RRM technique to isolate the starlight of WASP-
31 behind the planet during its transit. A detailed comprehensive 
escription of the technique can be found in Cegla et al. ( 2016a ) and
oyle et al. ( 2022 ). From here on we will use the term local CCF
MNRAS 522, 4499–4514 (2023) 
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M

Figure 3. Top: The local CCFs (out-of-transit – in-transit) in the stellar rest 
frame of the star behind WASP-131 b. The light grey are the out-of-transit 
observations and the orange lines are the in-transit observations. The changing 
gradient of the orange lines represents the changing centroid position where 
the darker orange is more redshifted. The dashed orange lines are observations 
which have a stellar disc position 〈 μ〉 < 0.20 and are not used in the analysis. 
Bottom: A top view of the top plot showing a map of the local CCFs colour- 
coded by the local flux. A dotted line at phase zero and 0 km s −1 in both plots 
is included to guide the eye. 
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CCF loc ) to refer to the occulted light emitted behind the planet and
he term disc-integrated CCF (CCF DI ) to refer to the light emitted by
he entire stellar disc. 

To begin, the ESPRESSO CCFs DI are shifted and re-binned in
elocity space to correct for the Keplerian motions of the star induced
y WASP-131 b (using the orbital properties in Table 2 ). A single
aster-out CCF DI was created for each run by summing all out-of-

ransit CCFs DI and normalizing the continuum to unity which was
hen fitted by a Gaussian profile to determine the systemic velocity,
, see Table 1 . All CCFs DI were shifted to the stellar rest frame
y subtracting γ for each corresponding night. Each CCF DI was
ormalized by their individual continuum value and scaled using a
uadratic limb darkened transit model from the fitted parameters in
able 2 . Finally, the CCFs loc were obtained by subtracting the now
caled in-transit CCFs DI from the master-out CCF DI for each night,
ee Fig. 3 . 

The stellar velocity of the occulted starlight was determined
y fitting Gaussian profiles using curve fit from the Python
cipy package (Virtanen et al. 2020 ) to each of the CCFs loc . Overall,

here are a total of four Gaussian parameters in our fit including the
ffset (i.e. continuum), amplitude, centroid, and FWHM. The flux
rrors assigned to each CCF loc were propagated from the errors on
ach CCF DI as determined from the version 2.2.8 of the ESPRESSO
RS and included in our Gaussian fit. Fig. 4 shows the resulting local
Vs of the planet occulted starlight, plotted as a function of both
hase and stellar disc position behind the planet. We remo v ed CCFs
ith limb angle μ < 0.20 (i.e. the distance from the centre to the
NRAS 522, 4499–4514 (2023) 
imb of the star where μ = cos θ ) from our analysis, resulting in 12
CFs being remo v ed from the observations. This was due to profiles
lose to the limb being very noisy and when comparing the depth to
he noise the signal was not significant to enable a Gaussian fit, see
ig. 3 where they are shown as dashed lines. 
We fitted the local RVs in Fig. 4 using the model and coordinate

ystem described in Cegla et al. ( 2016a ). This fitting depends on
he position of the transiting planet centre with respect to the stellar
isc, projected obliquity ( λ), stellar inclination ( i ∗), the equatorial
otational velocity ( v eq ), the differential rotational shear ( α, ratio be-
ween the equatorial and polar stellar rotational velocities), quadratic
tellar limb darkening (u 1 and u 2 ), and CLV of the star ( v conv ). For
ASP-131, we fitted for different scenarios depending on whether

r not we account for DR and CLV. 

.1 Results 

n Fig. 4 , the measured local RVs decrease with orbital phase from
pproximately + 4 km s −1 to −2 km s −1 as the planet transits the
tellar disc. There is a lack of symmetry within the velocities, where
he planet spends more time crossing the red-shifted regions than the
lue-shifted re gions. Ov erall, this suggests the WASP-131 system
s likely misaligned. In this section, we discuss the various stellar
otation scenarios we fitted to the local RVs along with any potential
etections of CLV. 

.2 Solid body stellar rotation 

irstly, we fit a solid body (SB) stellar rotation model as it is
he simplest of models with the least free parameters. The two
ree parameters for this model are λ, and v eq sin i ∗. By fitting both
SPRESSO runs together we find v eq sin i ∗ = 3.03 ± 0.09 km s −1 and
= 163.2 ± 0.8 ◦. The projected stellar velocity is consistent with

hat of Hellier et al. ( 2017 ) where they find v eq sin i ∗ = 3.00 ± 0.9 km
 

−1 and in addition to this, we find the projected obliquity is largely
isaligned. 
We are also interested in how the net conv ectiv e blueshift (CB)

aries across the stellar disc. To model these CLV we fit the local
Vs for both SB and CLV at the same time. Since we do not know

he shape of the trend of the CLV, we test a linear, quadratic, or cubic
olynomial as a function of limb angle following the formula: 

 clv = 

i= n ∑ 

i= 0 

c i 〈 μ〉 i , (1) 

where n represents the polynomial order and 〈 μ〉 represents the
rightness weighted average value occulted by the planet. The
onstant offset ( c 0 ) in equation ( 1 ) is the brightness weighted net
onv ectiv e blueshift inte grated o v er the stellar disc and is remo v ed
s we subtract the nightly net out-of-transit conv ectiv e v elocity shift.
ull details of this can be found in Cegla et al. ( 2016a ). 
The results for the CLV model fits can be found in Table 3 , along

ith the Bayesian Information Criterion (BIC) for each of the models.
 difference in BIC of ∼6 between models signifies strong evidence
f the lower BIC model being the better fit to the data (Raftery 1995 ;
orah & Womack 2019 ). According to the BICs between the SB
odels, the best fit to the data is the SB plus a linear CLV which

as a lower BIC by ∼8, see Fig. 5 . This model gives v eq sin i ∗ =
.05 ± 0.09 km s −1 (which is still consistent with Hellier et al.
017 ), λ = 167.8 ± 1.2 ◦ and c 1 = −1.5 ± 0.3 km s −1 . 
To check the consistency of our results we fit both runs individually

or the SB plus linear CLV model. Overall, we find that all fitted
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Figure 4. The top panel shows the local RVs determined from the local CCFs of the regions occulted by the planet as a function of phase. The data points are 
colour coded by the stellar disc position behind the planet in units of brightness weighted 〈 μ〉 (where μ = cos θ ). The best-fitting model for differential rotation 
(DR: red line) is shown, along with the solid body (blue) and SB plus centre-to-limb linear (green) models. The bottom panel shows the residuals (local RVs –
model) for all models with colours corresponding to the top panel model lines, with a horizontal line at 0 to guide the eye. 

p
w  

a
v
w  

a  

S  

b  

w
t
t
g

5

I  

d  

p
3
p  

r  

e  

p

v

w  

t  

o
t  

w  

W  

s  

W  

s
i  

c

q  

3 x ⊥ can be determined by rotating our coordinate system in the plane of the 
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arameters for both runs are consistent to within 1 σ . Additionally, 
e run an SB fit including a white noise term ( σ ) to check for

dditional variability present in the data. Overall, there is a small σ
alue which could potentially be picking up on p-mode oscillations 
ithin the local RVs. As a result, we investigated binning the data as
 way to ef fecti v ely av erage out the p modes, see Section 5.4 . In the
B plus σ fit, the χ2 

ν value is less than one indicating the model is
eing o v erfit to the data causing the σ term to be inflated. Therefore,
e would not trust this as our best-fitting model. Additionally, the σ

erm also suggests there may be other contributing noise sources in 
he data such as magneto convection in the form of granulation/super 
ranulation and/or unaccounted for instrumental effects. 

.3 Stellar differential rotation 

n the next scenario we fit a model to the local RVs assuming
ifferential rotation (DR) for the star. If DR is present and the
lanet crosses multiple stellar latitudes, we can determine the true 
D obliquity through disentangling v eq sin i ∗. Therefore, the model 
arameters are α, λ, v eq , and i ∗ where we assume a differential
otation la w deriv ed from the Sun following equation (8) of Cegla
t al. ( 2016a ). Therefore, the stellar rotation velocity at a given
osition can be expressed as 

 stel = x ⊥ 

v eq sin i ∗(1 − αy 
′ 
⊥ 

2 ) , (2) 

here v eq is the equatorial stellar velocity, α is the differential rota-
ional shear, i ∗ is the stellar inclination, and x ⊥ 

and y ′ ⊥ 

represent the
rthogonal distances from the stellar spin-axis and equator, respec- 
iv ely. 3 F or full details of the coordinate system and equations used
e refer the reader to fig. 3 and section 2.2.1 of Cegla et al. ( 2016a ).
e successfully disentangled v eq from i ∗ with results of 7 . 7 + 1 . 5 

−1 . 3 km
 

−1 and 162.4 + 1 . 3 
−1 . 2 

◦, see Table 3 . Furthermore, we determined that
ASP-131 b crosses a range of latitudes separated by ∼60 ◦ on the

tellar surface. Since the projected rotational velocity was determined 
n the literature from line broadening, it is more appropriate to
ompare the median product v eq sin i ∗(1 − αy 

′ 
⊥ 

2 ) to the v eq sin i ∗
uoted for WASP-131. We find v eq sin i ∗(1 − αy 

′ 
⊥ 

2 ) = 2 . 8 + 0 . 9 
−0 . 6 km
MNRAS 522, 4499–4514 (2023) 
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SB Models

Linear

Quadratic

Cubic

Figure 5. The net conv ectiv e shifts determined by subtracting the solid body 
model fit (which changes slightly when adding in CLV) from the local RVs of 
the in-transit local CCFs, plotted as a function of stellar disc position behind 
the planet (brightness weighted 〈 μ〉 ). Model fits to the velocities are plotted 
as linear (top) and quadratic (middle), and cubic (bottom). The horizontal 
grey dashed lines are plotted at y = 0 to guide the eye. 
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fit, whereas the grey shaded region represents the errors. The dashed blue line 
is the SB model subtracted from the DR model, with errors represented as 
the shaded blue region. Finally, the residuals of the SB model are plotted as 
red triangles with their corresponding error bars. 
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−1 which is in agreement with the value of v eq sin i ∗ = 3.00 ± 0.9 km
 

−1 quoted by Hellier et al. ( 2017 ). 
We checked the consistency of our results by fitting both runs

ndividually for the DR alone model. Again, we find the parameters 
or each of the runs individually are within 1 σ . Similar to the SB
odel, we ran a DR fit including a white noise term ( σ ). For the SB

ase we found the model was being o v erfit to the data, causing an
nflation of the σ term. For the DR plus σ case, we find a similar
ituation were the χ2 

ν value is less than one indicating o v erfitting
f the data. This is precisely what we found for the SB plus σ fit
herefore we would not trust this as our best-fitting model despite the
ow BIC value. 

Similar to the SB models, we also accounted for CLV and fit
he local RVs for both DR and CLV at the same time. This is import
ecause the rotational shear could be on the same order of magnitude
s the limb dependant conv ectiv e variations. F or this we tested a
inear, quadratic and cubic polynomial as a function of limb angle 
long with α, λ, v eq , and i ∗ for DR rotation where the results can be
ound in Table 3 . For all DR plus CLV model fits, the BIC and χ2 are
igher; hence, we concluded the best fit is DR alone. Furthermore, all
f the derived polynomial coefficients for the CLV fits are consistent 
ith zero. 
In Roguet-Kern, Cegla & Bourrier ( 2022 ) they investigated the 

ptimal parameter space to use the RRM technique to detect DR and
LV on a HD 189733-like system (i.e. a hot Jupiter in a circular orbit
round a K-dwarf). To do this they used simulations to explore all
ossible ranges of λ, i ∗ and b , producing maps of optimal regions.
y placing WASP-131 b with λ ∼ 162 ◦, i ∗ ∼ 40 ◦ (from DR alone
odel) and b = 0.7 (from Table 2 ) on the heat maps in their fig. 11
e can see that given these conditions we may expect to detect DR

nd CLV. Ho we ver, this is with α = 0.2 which is less than a third of
hat we find for WASP-131 so, a higher α means a better chance at
etecting DR. 
Since SB plus linear CLV was the best fit amongst the SB models

nd DR alone was the best fit amongst all models, we wanted to make
ure we did not confuse CLV and DR. Therefore, we took the SB plus
inear CLV model (seen in Fig. 4 ) and added Gaussian noise, at the
evel of the errors, to simulate local R Vs. W e then fitted the simulated
ata using an MCMC (as before) testing both an SB plus linear CLV
nd a DR alone model, finding that the best fit to the data was the SB
lus linear CLV model which had a smaller BIC. This then informed
s that we are indeed not confusing CLV and DR. Further to this, in
ig. 6 we looked at comparing the linear CLV from the SB fit and

he differential shear contribution of the local RVs in the un-binned
ata. Overall, we find the shape of the SB residuals is similar to
oth a linear CLV contribution and differential shear contribution. 
o we ver, there are a few points at ingress and egress (i.e. at the

tellar limb) along with several around phase zero which are within
he errors and are fa v ourable towards the DR model. Therefore, this
xplains why the DR model is fa v oured amongst all models and with
ore precision in the data it may be possible to pick out DR plus a
LV contribution, especially if more observations are sampled at the 

imbs of the star. 
Overall, the best-fitting model to the data is DR alone which has

he lowest BIC amongst both the SB and DR models (excluding
hose models with the jitter term, where the model o v erfits the data).
herefore, the final parameters of the system are v eq = 7 . 7 + 1 . 5 

−1 . 3 km
 

−1 , i ∗ = 40 . 9 + 13 . 3 
−8 . 5 

◦
, α = 0.61 ± 0.06, and λ = 162 . 4 + 1 . 3 

−1 . 2 
◦. Using

he relationship, ψ = cos (sin i ∗cos λsin i p + cos i ∗cos i p ) −1 , we
alculated the true 3D obliquity of the WASP-131 system. We find
hat ψ = 123 . 73 + 12 . 82 

−8 . 02 
◦ meaning the planet is in a polar orbit, see Fig.

 for a schematic of the system. 
MNRAS 522, 4499–4514 (2023) 
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M

Figure 7. The projection of the WASP-131 system in the plane of sky for 
the best-fitting DR model. The entire stellar disc is colour coded according to 
the radial velocity field. The stellar pole is indicated by a star and the stellar 
equator a solid black line. The stellar spin axis is represented by a black 
line, solid when visible and dashed when hidden from view. The black circle 
represents WASP-131 b to scale where its orbit is a green line. 
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.4 Binned obser v ations 

n both the SB and DR models, there is a small σ value which could
otentially be picking up on p-mode oscillations which are present
ithin the local RVs as a result of stellar variability. In Chaplin et al.

 2019 ) they take stellar luminosity , surface gravity , and ef fecti ve tem-
erature to output the ideal exposure time, binning the observations
o ef fecti v ely av erage out p-mode oscillations. F or WASP-131 this
 ork ed out as 134.6 min to suppress the total observed amplitude to
 0.1 ms −1 level and 87.3 min to correspond to the Earth-analogue
eflex amplitude of the star. Binning our observations to these times
ould result in two to three data points and so is not a feasible option.
herefore, we referred to ESPRESSO Exposure Time Calculator

ETC) to predict the expected RV precision assuming only photon
oise, which is on the 1.5 ms −1 level. To reach this, we binned our
ocal CCFs to an exposure time of ∼12 min, averaging out the p

odes to within the uncertainty of the photon noise. This resulted
n 19 in-transit data points for both ESPRESSO runs, compared
o 39 and 49 for run A and run B, respectively, using un-binned
bservations. 
We refit all SB and DR models to the 12 min binned local RVs,

nding the white noise term ( σ ) dropped but not completely to zero.
his could be a result of remaining correlated red noise, possibly
riginating from magneto convection such as granulation/super
ranulation and or residual p modes. This supports our initial
uspicions of p modes in the un-binned observ ations. Ho we ver, gi ven
e do not want to lose spatial resolution across the transit chord we
o not want to bin the data any further than 12 min. Overall, all of
he fitted parameters for the binned data are consistent with the un-
inned fitted parameters to within 1 σ . Therefore, we focus on using
he fitted parameters from the un-binned data as our final values and
iscuss these for the remainder of the paper. 

.5 Changes within the CCF profile shape 

ince we fit the local CCFs to extract the stellar velocity behind
he planet, we used this fitting to investigate shape changes within
NRAS 522, 4499–4514 (2023) 
he local CCFs. To do this, we analysed the equi v alent width (EW),
WHM, and contrast as they represent a measure of changes in

he area, width, and height of the profile. We fit both a linear and
uadratic relationship to each as a function of limb angle and derived
he R 

2 and p-value as a measure of the goodness of fit. The R 

2 

easures the degree to which the data are explained by the model,
here a higher value towards 1 indicates a better fit. The p-value then

ndicates if there is enough evidence that the model explains the data
etter than a null model (i.e. if the p-value is < 0.05, we can reject
he null hypothesis). Overall, we found no trend in the EW, FWHM,
nd contrast when fitting both nights of the ESPRESSO observations
imultaneously where the distribution is evenly spread about the
ean. Similarly for FWHM, fitting each night separately yielded the

ame result. Ho we ver, for EW fitting each night separately resulted
n a trend being found for run A and nothing for run B. For contrast
 trend was found in run B and not run A when fitting each night
eparately. 

For the EW of run A, R 

2 = 0.21 and p-value = 0.004 for a linear
t as a function of μ and R 

2 = 0.29 and p-value = 0.002 for a
uadratic fit, where a quadratic is the better fit to the data. Ho we ver,
nly 21 per cent of the variation in the data is explained by the model.
n Doyle et al. ( 2022 ), we investigated shape changes using EW and
WHM within the local CCFs of WASP-166, an F9 main-sequence
warf with an ef fecti ve temperature of T eff = 6050 K. For WASP-
66, we found a quadratic trend was observed in EW and there was
 limb-dependent change of ∼1 km s −1 . For WASP-131, in EW we
bserved a variation of ∼2 km s −1 where there is more of a spread in
he data compared to WASP-166. Overall, an increase in EW could
e attributed to be a result of the Fe I lines being stronger due to
he increasing temperature of the lower photosphere with respect to
ptical depth (Beeck et al. 2013 ). For the contrast of run B, R 

2 =
.21 and p-value = 0.004 for a quadratic fit as a function of μ,
here this equates to 7 per cent of the variation in the data being

xplained by the model. Overall, this fit is primarily driven by two
utliers towards the limb. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e have utilized two ESPRESSO transit observations of WASP-
31 b to determine, for the first time, the obliquity and conduct a
tudy into stellar surface variability. In addition, we used a number
f photometric transit light curves from TESS , NGTS, EulerCam,
ASP, and TRAPPIST to update the system properties, including

he ephemeris (see T able 2 ). T o determine the obliquity and study
tellar surface variability we utilized the RRM technique to determine
he local velocities behind WASP-131 b. We then fit the local RVs
ith various models to account for stellar rotation (solid body and
if ferential) and convecti ve centre-to-limb contributions, see Table 3 .
ur best-fitting model to the RVs indicates a detection of stellar

urface DR, where we found WASP-131 has a projected obliquity of
= 162 . 4 + 1 . 3 

−1 . 2 
◦, equatorial velocity of v eq = 7 . 7 + 1 . 5 

−1 . 3 km s −1 , stellar
nclination of i ∗ = 40 . 9 + 13 . 3 

−8 . 5 
◦
, and DR shear of α = 0.61 ± 0.06.

hese values are consistent with WASP-131 b being a misaligned
ystem on a nearly retrograde orbit. 

Furthermore, we were able to determine the true 3D obliquity of
he WASP-131 system which is on a polar orbit with ψ = 123 . 7 + 12 . 8 

−8 . 0 
◦.

his combined with the high projected obliquity means WASP-131
oins a group of misaligned systems which show a preference for
olar orbits. In Albrecht et al. ( 2021 ) they determined true 3D
bliquity measurements for 57 systems taken from the TEPCAT
atalogue (Southworth 2011 ), spanning a stellar temperature range
f 2500–8500 K (see fig. 3 of the paper for full sample properties),

art/stad1240_f7.eps
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y disentangling v eq sin i ∗ using stellar rotation periods. They found 
isaligned systems do not span the full range of obliquities but show
 preference for nearly perpendicular (or polar) orbits with ψ in 
he range 80–125 ◦. There are four theoretical scenarios to explain 
D obliquities near 90 ◦: (i) tidal dissipation, (ii) Von Zeipel–Kozai–
ido v c ycles, (iii) Secular resonance crossing, and (iv) Magnetic 
arping. We will now look at each of these scenarios and discuss
hether they could be the cause behind the polar orbit of WASP-131

. 
In Lai ( 2012 ) they showed tidal dissipation can cause the obliquity

o remain at 90 ◦ rather than damping to 0 ◦. This happens as a result
f damping being dominated by the dissipation of inertial waves 
riven in the convective zone by Coriolis forces. WASP-131 has a 
tellar rotation period which is not greater than double the planetary 
rbital period for preventing tidal orbital decay. Furthermore, WASP- 
31 b is considered to have a circular orbit and typically, Von
eipel–Kozai–Lido v c ycles are often used to e xplain hot Jupiters in
ighly eccentric orbits. Ho we ver, tidal dissipation or Von Zeipel–
ozai–Lido v c ycles could play a role as the driv ers behind the
erpendicular/polar orbit of WASP-131 b especially considering the 
uter companion. 
Considering the outer companion of WASP-131, Petrovich et al. 

 2020 ) proposed secular resonance crossing where a resonance 
etween the transiting planet and an outer companion occurs as 
he disc decreases in mass. This resonance can excite the inclination 
f the inner planet where if the general relativistic procession rate 
s fast enough, the obliquity is pushed up to 90 ◦. A very close in
ompanion, which is predicted to be gravitationally bound with a 
ass 0.62 + 0 . 05 

−0 . 04 M �and separation of ∼38 au, was detected by Bohn
t al. ( 2020 ) in the WASP-131 system making this scenario entirely
ossible. Ho we v er, Petro vich et al. ( 2020 ) showed this mechanism
s more ef fecti ve for lo wer mass, close-orbiting planets, and lo w-

ass, slowly rotating stars which may rule this mechanism out for
ASP-131. 
Finally, magnetic warping can tilt young proto-planetary discs 

owards a perpendicular orientation, but other mechanisms can 
ounteract this effect so it may not be the leading cause. It is worth
emembering that while one of these scenarios may explain our 
ndings, it could be a combination of several mechanisms. However, 
ombining our findings with the literature, it is possible tidal 
issipation, Von Zeipel–Kozai–Lidov cycles, and Secular resonance 
rossing are among the main drivers. With the presence of an outer
ompanion it is highly likely to be one of these three scenarios
esponsible for the architecture of the WASP-131 system. Dynamical 
odelling of the WASP-131 system would help to shed some light 

n which of these three mechanisms are at play. 
We determined a DR shear of α = 0.61 ± 0.06 ◦ for WASP- 

31. As a result of this, the equator of WASP-131 has a velocity
f v eq = 7 . 7 + 1 . 5 

−1 . 3 km s −1 , where the poles rotate 60 per cent slower
han the equator. In Balona & Abedigamba ( 2016 ), they proposed
 relation between DR and the stellar ef fecti ve temperature along
ith stellar rotation period. For G and F stars, the shear increases

or shorter stellar rotation periods therefore the fast stellar rotation 
eriod ( P rot = 11 d: calculated from v eq = 7.7 km s −1 and R ∗
 1.68 R � from ARIADNE) of WASP-131 could explain the high 

erived DR shear. In Reinhold et al. ( 2013 ) they conducted a study
nto rotation periods of thousands of Kepler targets spanning a wide 
ange in temperature to search for DR. They found the differential 
otational shear weakly depends on temperature for cool stars (3000–
000 K) but abo v e 6000 K, α increases with temperature and the
tars in their sample showed no systematic trend and were randomly 
istributed. WASP-131 has a surface temperature of 5950 ± 100 K, 
hich combined with the stellar rotation period means this is likely
nother driver of the high derived DR shear. 

The Fourier transform method to detect DR shear (e.g. see 
einers & Schmitt 2003 ) is sensitive to α > 0.1 and has been used

o detect surface shears as large as 50 per cent for some A and F
tars. In the method by Reinhold et al. ( 2013 ) they detected DR
p to α < 0.5, meaning a high solar DR is possible in other stars.
urthermore, they also agreed with Balona & Abedigamba ( 2016 )
nding α increases with rotation period for F-G stars also. Overall, 
R plays an important role in the generation of magnetic fields within 

tellar convection zones, and is key for stellar dynamos. Given the
igh differential rotational shear of WASP-131, it is expected that the
tar will possess a dynamo mechanism where α will be a key driver
n the magnetic field and stellar activity of the star. 

In addition to fitting for SB and DR rotation, we also accounted
or centre-to-limb CLV. The net conv ectiv e v elocity from the centre
f the star out to the limb changes due to the conv ectiv e cells being
iewed at different angles from changes in line of sight. In both
he SB and DR scenarios, we account for CLV by fitting a linear,
uadratic and cubic relation as a function of limb angle. Amongst the
B models, the SB plus linear CLV model was preferred where the
LV increases by ∼1 km s −1 from the centre of the star to the limb

inearly (see Fig. 5 ), altering the resulting projected obliquity by ∼4
eg when accounted for. Ho we ver, amongst the DR models, none of
he CLV fits were preferred with each of the coefficients effectively
ero. 

Finally, we also investigated potential shape changes of the CCFs
sing EW and FWHM. Overall, there is no trend present in FWHM
or either of the observing runs but for EW there is a tentative
uadratic trend in run A. This EW trend is similar to that found
n Doyle et al. ( 2022 ) of WASP-166 which further solidifies the
ndings of Beeck et al. ( 2013 ), Dravins et al. ( 2017 ), and Dravins,
ustavsson & Ludwig ( 2018 ) who found similar results in simulated

ine profiles from state-of-the-art 3D HD simulations. 
In Doyle et al. ( 2022 ) we performed a similar analysis on the
ASP-166 system where we found SB plus cubic CLV was the best

t to the data. By accounting for CLV we were able to tentatively pull
ut a DR detection and disentangle v eq and i ∗ putting limits based
n if the star is pointing away or towards us. WASP-166 is a bright,
 = 9.36, F9 main-sequence dwarf with an ef fecti ve temperature of
 eff = 6050 K, an age of 2.1 ± 0.9 Gyr, surface gravity of log(g)
 4.5, and λ = −15 . 5 + 2 . 9 

−2 . 8 
◦. As a reminder, WASP-131 is a G0 main-

equence star with V = 10.1, T eff = 5950 K, an inflated radius of
 ∗ = 1.70 ± 0.05 M �, age in the range 4.5–10 Gyr, log(g) = 3.9,
nd λ = 162 . 4 + 1 . 3 

−1 . 2 
◦. Both stars have p modes present in the local

Vs, for WASP-166 we were able to ef fecti vely bin these out as
hey were on a shorter time-scale compared to WASP-131. Both of
hese stars possess similar stellar properties and so we might expect
imilar results with regards to the CLV. Ho we ver, in our best-fitting
odel we do not account for CLV. The net conv ectiv e shifts vary

etween + 0.5 and −0.5 km s −1 where no trend can be identified.
his is in stark contrast to the findings of WASP-166 where CLV

s characterized by a cubic fit to the net conv ectiv e v elocities which
ave a velocity of ∼ −1 to −2 km s −1 at the limb. There are potential
egeneracies with the alignment of WASP-131 (which can be seen 
n the corner plots in Appendix B ) which could be causing a null
etection of CLV. Furthermore, since SB plus CLV was the best fit
mongst the SB models, it may be possible to detect DR plus CLV
f we had more precision. 

Overall, we determined the differential rotational shear of WASP- 
31 and the true 3D obliquitiy of this system for the first time.
ASP-131 b joins a group of polar orbiting misaligned planets 
MNRAS 522, 4499–4514 (2023) 
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arw
ick user on 27 June 2023
see Albrecht et al. 2021 ) which will help shed some light on
he processes responsible for their formation and evolution. Dy-
amical modelling of this system would be interesting to further
xplore it’s formation and evolution especially considering the polar
rbit, outer companion, and location near the Neptunian desert.
dditionally, future observations such as spectropolarimetry or
eeman Doppler Imaging could be potential ways to investigate

he magnetic field and spot activity of WASP-131. This paper
orms part of a series where we will use the same ESPRESSO
bservations to search for various species such as H 2 O, Na,
i, and K in the planetary atmosphere using transmission spec-

roscopy. 
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UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

upplementary lightcur v es.zip 

upplementary plots.zip 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the 

orresponding author for the article. 
Table A1. Example table of the NGTS photometry of WASP-131 
obtained for this study on the nights 2021 March 8 and 2021 March 
24. The full table is available online. 

BJD (TDB) Flux Flux error Cam 

( −2450000) 

9282.61449637 1.000652 0.006871 1 
9282.61461299 0.977412 0.007051 1 
9282.61461935 1.003720 0.007317 1 
9282.61464684 0.995525 0.006870 1 
9282.61470646 1.022015 0.006940 1 
9282.61476346 1.021926 0.007167 1 

PPENDI X  A :  P H OTO M E T R I C  DATA  

he photometry used in this paper was uploaded as supplementary 
aterial online where an example of the contents for the NGTS

imultaneous transits can be seen in Table A1 . 

PPENDI X  B:  M C M C  POSTERI OR  

R  O B  ABILITY  DI STRI BU TI ONS  

ere, we provide a selection of the corner plots for the MCMC runs
howing the one- and two-dimensional projections of the posterior 
robability distribution for the parameters. These are for SB (Fig. 
1 ), SB and linear centre-to-limb CLV (Fig. B2 ), and DR (Fig. B3 )
odels, all fitted to the un-binned observations. 
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Figure B1. The corner plot of the solid body MCMC showing the one- and two-dimensional projections of the posterior probability distribution for the 
parameters. The vertical dashed lines represent the 2.5th, 16th, 50th, 84th, and 97.5th percentiles of each parameter. 
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Figure B2. The corner plot of the solid body and linear CLV MCMC showing the one- and two-dimensional projections of the posterior probability distribution 
for the parameters. The vertical dashed lines represent the 2.5th, 16th, 50th, 84th, and 97.5th percentiles of each parameter. 
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Figure B3. The corner plot of the differential rotation MCMC showing the one- and two-dimensional projections of the posterior probability distribution for 
the parameters. The vertical dashed lines represent the 2.5th, 16th, 50th, 84th, and 97.5th percentiles of each parameter. There was a boundary placed on i ∗ at 
90 ◦ due to a low likelihood of a small cluster of outlying points. 
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