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ABSTRACT

We announce the discovery of the transiting hot Jupiter WASP-157b in a 3.95-d orbit around a
V = 12.9 G2 main-sequence star. This moderately inflated planet has a Saturn-like density with
a mass of 0.57 ± 0.10 MJup and a radius of 1.06 ± 0.05 RJup. We do not detect any rotational or
phase-curve modulations, nor the secondary eclipse, with conservative semi-amplitude upper limits of
250 and 20 ppm, respectively.
Keywords: planets and satellites: detection – planets and satellites: individual (WASP-157b) – stars:

individual (WASP-157)

1. INTRODUCTION

The K2 mission (Howell et al. 2014) observes fields
along the ecliptic. Some of those fields contain planets
discovered by the WASP transit search (Pollacco et al.
2006) and so K2 is also observing some of the current
WASP candidates. K2’s high-precision photometry has
allowed the detection of two additional close-in transiting
exoplanets in the WASP-47 system (Becker et al. 2015)
and the detection of starspot occultations in WASP-85
(Močnik et al. 2016), with several more WASP planets
either recently observed or scheduled for future K2 cam-
paigns.

The current planet formation and migration theories
predict that hot Jupiters could not have formed in situ
and instead must have formed at larger distances from
their host stars and migrated inwards after they were
formed (Lin et al. 1996). One of the tracers of hot
Jupiters’ migration processes is an obliquity, i.e. a mis-
alignment angle between stellar rotation and planet’s or-
bital axis. The aligned systems could result from a disk
migration mechanism, whereas planet-planet scattering,
Kozai mechanism and tidal dissipation are believed to
play an additional role in shaping misaligned orbits of
hot Jupiters (e.g. Triaud et al. (2010)). Obliquity can
be measured in two ways: a) spectroscopically by mea-
suring the Rossiter-McLaughlin effect if the host star is
bright enough (Gaudi & Winn 2007), and b) photometri-
cally by tracing the recurring starspot occultation events
if the host star is photometrically active (Sanchis-Ojeda
& Winn 2011).

As of time of writing, the Transiting Extrasolar Planets
Catalogue (TEPCat)1 (Southworth 2011) lists 95 plan-
etary systems with known obliquities. A large portion
of these, 75, are transiting hot Jupiters (defined here as

t.mocnik@keele.ac.uk
1 http://www.astro.keele.ac.uk/jkt/tepcat/tepcat.html

planets with orbital periods less than 10 days and masses
between 0.3 and 13 MJup) orbiting stars brighter than
V = 13. To try to fully understand how planets migrate
it is crucial to expand the currently modest sample of
planets with known obliquities by discovering and char-
acterising additional nearby transiting hot Jupiters.

Many hot Jupiters exhibit radii well in excess of the
predictions of the standard model of planets’ cooling and
contraction. This radius anomaly has been found to be
negatively correlated with the planets’ age (Leconte et al.
2009). Several mechanisms have been proposed to ac-
count for the inflated radii, and are grouped into inci-
dent flux-driven mechanisms, tidal mechanisms and de-
layed contraction (Weiss et al. 2013). However, none of
the mechanisms has yet received a consensus. The ra-
dius anomaly currently remains unexplained and would
benefit from extending a sample of known hot Jupiters.

Here we present the discovery of an inflated transiting
hot Jupiter WASP-157b orbiting a fairly bright and pho-
tometrically inactive host star. In Section 2 we introduce
the photometric and spectroscopic datasets. Basic prop-
erties of the host star are listed in Section 3, in Section 4
we discuss lightcurve modulations. Description of the
spectrophotometric analysis and a list of system param-
eters are shown in Section 5, and a stellar age estimate
is provided in Section 6.

2. OBSERVATIONS

WASP-157b was identified as an exoplanet candi-
date from observations with both WASP-South and
SuperWASP-North over 2008–2010 (see Table 1). For
a detailed description of the WASP telescopes, observ-
ing strategy, data reduction, and candidate identification
and selection procedures, see Pollacco et al. (2006, 2008)
and Collier Cameron et al. (2007b). A transit was then
observed with the TRAPPIST photometer (Jehin et al.
2011; Gillon et al. 2011) on 2016 February 05.
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Table 1
Log of observations (texp is the effective exposure time, Ndata the

number of non-quality-flagged data points).

Instrument Dates Filter or texp [s] Ndata

wavelength

WASP 2008 May 04– Rc 30 42528
2010 Jul 12

K2 2015 Jul 13– Kepler 1625a 3381
2015 Sep 30

TRAPPIST 2016 Feb 05 I + z’ 15 529
CORALIE 2015 Jun 18– 390 – 680 nm 1800 8

2016 Mar 14
HARPS 2016 Mar 01– 383 – 693 nm 1000 4

2016 Mar 04
a Long-cadence K2 images are downlinked as a median of 270

frames of 6.02 s exposure and 0.52 s readout each, resulting in a
final effective exposure time of 27.1 min obtained with a cadence
of 29.4 min.

WASP-157 (EPIC 212697709) was also observed with
K2 in the long-cadence observing mode during Campaign
6 (from 2015 July 13 to 2015 September 30). Since
the failure of the second out of four of Kepler ’s reac-
tion wheels the spacecraft is no longer able to point as
stably and the extracted photometry exhibits drift arte-
facts. Vanderburg & Johnson (2014) presented a self-flat-
fielding (SFF) correction procedure which corrects the
drift artefacts by correlating the measured flux with the
arclength of the spacecraft’s drift. We retrieved the pub-
licly available extracted and SFF-corrected lightcurve file
provided by the K2 High Level Science Product K2SFF,
accessible through Mikulski Archive for Space Telescopes
(MAST). The applied SFF correction improved the me-
dian 6-hour photometric precision from 450 parts per
million (ppm) to 26 ppm, which is comparable to original
Kepler precision for a similarly bright star. We normal-
ized the downloaded K2SFF lightcurve using a KEPFLAT-

TEN command which is part of the PyRAF tools for Ke-
pler (PyKE) version 2.6.2 (Still & Barclay 2012). We
used a low-order polynomial fit with a window and step
size of 3 and 0.3 days, respectively. The reduced and
normalized K2 lightcurve is shown in Figure 1.

Spectroscopic radial velocity (RV) follow-up was per-
formed using the fibre-fed CORALIE spectrograph at the
1.2-m Swiss Euler Telescope at La Silla (Queloz et al.
2000). One spectrum was obtained in 2015 June and a
further seven in 2016 February and March. We also ob-
tained spectra on four consecutive nights in 2016 March
with the HARPS spectrograph mounted at ESO 3.6-m
telescope (Mayor et al. 2003), also at La Silla observa-
tory (see Table 1). The spectroscopic data have been re-
duced with the standard HARPS and CORALIE reduc-
tion pipelines. The RVs were extracted with the weighted
cross-correlation of each spectrum with a G2 mask and
the simultaneous Th-Ar wavelength calibration reference
(see Pepe et al. (2002) for details). The resulting RVs and
bisector spans (BS) are given in Table 2.

3. SPECTRAL ANALYSIS

We analysed the spectroscopic properties of the host
star from a co-added HARPS spectrum with a final
signal-to-noise ratio of 38. The analysis methods are de-
scribed in Gillon et al. (2009) and Doyle et al. (2013).
We used the Hα line to estimate the effective tempera-
ture (Teff), and the Na i D and Mg i b lines as diagnostics

Table 2
CORALIE and HARPS radial velocities and bisector spans.

BJD − 2450000 RV [km s−1] BS [km s−1]

CORALIE
7191.64114 −22.041 ± 0.040 −0.073 ± 0.079
7430.78206 −21.905 ± 0.024 −0.033 ± 0.048
7431.74596 −21.968 ± 0.019 −0.060 ± 0.038
7432.85793 −21.991 ± 0.017 −0.048 ± 0.034
7433.78781 −21.940 ± 0.020 0.026 ± 0.040
7434.79450 −21.877 ± 0.020 −0.043 ± 0.039
7455.85032 −22.016 ± 0.020 −0.036 ± 0.041
7461.77389 −21.909 ± 0.014 −0.038 ± 0.028

HARPS
7448.73724 −21.9940 ± 0.0063 −0.019 ± 0.012
7449.89571 −21.8974 ± 0.0052 −0.030 ± 0.010
7450.70282 −21.8708 ± 0.0127 −0.002 ± 0.025
7451.78908 −21.9657 ± 0.0037 −0.018 ± 0.007

Table 3
Host star parameters derived from our spectroscopic analysis.
The J2000 coordinates can be found in the 1SWASP identifier.

V -magnitude is taken from Høg et al. (2000).

Parameter Value

Identifiers WASP-157
1SWASP J132637.24–081903.2
2MASS J13263727–0819033
EPIC 212697709
TYC 5544-596-1

Spectral type G2V
V 12.91
Teff 5840 ± 140 K
log g 4.5 ± 0.2 cm s−2

v sin I 1.0 ± 0.9 km s−1

vmac 3.4 ± 0.7 km s−1

[Fe/H] +0.34 ± 0.09

logR
′
HK −4.8 ± 0.2

log A(Li) <0.9

of the surface gravity (log g). The projected rotational
velocity (v sin I) was determined by fitting the profiles
of the Fe i lines after convolving with the HARPS in-
strumental resolution (R = 120 000) and a macrotur-
bulent velocity adopted from the calibration of Doyle
et al. (2014). The iron abundances were determined from
equivalent width measurements of several clean and un-
blended Fe i lines and are given relative to the solar value
presented in Asplund et al. (2009). The [Fe/H] abun-
dance error includes that given by the uncertainties in
Teff and log g, as well as the scatter due to measurement
and atomic data uncertainties. We calculated the chro-
mospheric activity index logR

′

HK using the emission in
the cores of the Ca ii H and K lines following Noyes et al.
(1984). The resulting parameters are listed in Table 3.
Only an upper limit is given for Li abundance since we do
not detect the Li line at 6707.79 Å, with an upper limit
of 2 mÅ.

4. LIGHTCURVE MODULATIONS

We searched for any rotational modulation of WASP-
157 using 2.2 yr of WASP lightcurves, following the pro-
cedure of Maxted et al. (2011). We found no modulations
with semi-amplitudes above 2 mmag, which suggests that
the host star is inactive. We also exclude any coherent
rotational modulations above 250 ppm in the 79-d K2
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Figure 1. Normalized K2 lightcurve of WASP-157. The observing Campaign 6 covers a total of 20 transits of WASP-157b. Note, however,
that only 19 transits are visible because the data points obtained during the sixth transit were quality-flagged by the K2 preprocessing
pipeline as a detector anomaly and were thus removed from the final lightcurve. The flux excursions in the final lightcurve are of instrumental
origin, such as cosmic rays that have not been properly flagged by the preprocessing pipeline.

fluxed lightcurve.
We also searched the phase-folded and binned K2

lightcurve for any phase-curve modulations including a
secondary eclipse. For this task, we normalized the K2
lightcurve using larger values for the KEPFLATTEN win-
dow and step size of 5 and 1 day, respectively. These
settings were a best compromise between minimizing the
removal of the phase-curve modulations while still effec-
tively removing the low-frequency incoherent lightcurve
modulations. To check what portion of a potential phase-
curve modulation gets removed using this normalization
procedure, we injected various phase-curve modulation
signals in the pre-normalized lightcurve, performed the
normalization with the above mentioned settings, and
found that we could recover injected signals from the
normalized lightcurve at 75% of their initial amplitudes.
Based on χ2 statistics we could exclude phase-curve mod-
ulations with semi-amplitudes above 6 ppm at 95% con-
fidence level, after taking into account the 75% through-
put of the normalization procedure. However, the χ2-
based upper limit does not account for the red noise,
which is expected to be present in the binned phase-
curve. Therefore, we provide a more conservative esti-
mate of the phase-curve semi-amplitude upper limit of
20 ppm. Figure 2 shows the K2 lightcurve folded on the
orbital period along with a reflection modulation model.

To look for any additional transiting planets we ex-
amined the periodogram obtained with PyKE tool KEP-

BLS which searches for periodic transits by utilizing
the box least square fitting algorithm by Kovács et al.
(2002). After removing WASP-157b’s transits from the
K2 lightcurve by replacing the measured normalized flux
values around transits with unity, we do not find any
significant residual peaks in the period region between
0.5 and 30 d. The upper limit for additional transits is

Figure 2. Measured phase-curve of WASP-157, binned to 200
bins, (shown in black) and a simulated reflection phase-curve mod-
ulation with a semi-amplitude of 15 ppm (red). One representative
error bar is shown on the left. The absence of any visible reflection
modulation or secondary eclipse in the measured phase-curve of
similar amplitude as shown in the simulated phase-curve suggests
that the actual reflection semi-amplitude is lower than 20 ppm af-
ter taking into account the potential 25% amplitude reduction due
to the normalization procedure.

250 ppm.
Transit-timing variations (TTVs) and transit-duration

variations (TDVs) can also reveal additional planets in
the system (e.g. Mazeh et al. (2013) and references
therein). However, due to the K2 long-cadence observing
mode, TTV and TDV sinusoidal semi-amplitude upper
limits are only weakly constrained to 1 and 5 minutes for
periods up to 80 days, respectively.

5. SYSTEM PARAMETERS

To obtain stellar and planetary parameters we carried
out a simultaneous analysis of the photometric and spec-
troscopic datasets. For analysing the transit shape we
used primarily the K2 data, which have the best photo-
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metric precision, although with a 30-min cadence.
Since the effective exposure time of K2 long-cadence

observations is significant compared to the time-scale at
which the transit features occur, we performed the anal-
ysis where the transit model was computed with a sam-
pling of 3 min, and integrated to the 30-min K2 sampling,
to avoid any systematic errors on the transit parame-
ters due to the “smearing” effect. The system parame-
ters were fitted using Levenberg-Marquardt minimisation
procedure and error bars computed with the Monte Carlo
technique around the best-fit parameters. The analysis
was performed with publicly available software JKTEBOP

2

(Southworth et al. 2004). JKTEBOP is based on the earlier
EBOP code by Popper & Etzel (1981), and has been mod-
ified, among many improvements and enhancements, to
allow for a simultaneous fit of photometric data and RV
measurements (Southworth 2013). The smearing correc-
tion can be seen by comparing the numerically integrated
JKTEBOP fit (blue line) with the unintegrated fit (red line)
in Figure 3. Quadratic limb-darkening was used in the
JKTEBOP analysis.

Since JKTEBOP does not provide all the relevant system
parameters, such as stellar and planetary mass, we pro-
duced a separate Markov chain Monte Carlo (MCMC)
analysis using the code presented in Collier Cameron
et al. (2007a) and further described in Pollacco et al.
(2008) and Anderson et al. (2015). We accounted for
limb-darkening by interpolating within tables of four-
parameter limb-darkening coefficients from Claret (2000,
2004) and Sing (2010), as appropriate for different filters
used among the three photometric datasets (see Table 1).
To avoid any bias because of the K2 smearing effect, we
only included WASP and TRAPPIST photometry along
with both spectroscopic datasets to obtain the remain-
ing system parameters. We checked the compatibility
between the JKTEBOP analysis using the K2 data, and
the MCMC analysis of the ground-based observations
alone, and found that the resulting parameters are fully
consistent. For determining the epoch and period with
the smallest uncertainty possible we ran another MCMC
analysis using all the available datasets, which extended
the photometric baseline from 79 d for K2 photometry
to 7.8 yr and reduced the uncertainty on the period by a
factor of 3.

For all the system parameters analysis we imposed a
circular orbit since hot Jupiters are expected to circu-
larise on a time-scale less than their age, and so adopting
a circular orbit gives the most likely parameters (e.g. An-
derson et al. (2012)). To estimate the upper limit on ec-
centricity, we ran a separate MCMC analysis with eccen-
tricity being fitted as a free parameter and checked the
eccentricity distribution in the resulting MCMC chain.

We present the system parameters in Table 4 and su-
perimpose the corresponding transit model on the mea-
sured lightcurves and RVs in Figure 3 and Figure 4, re-
spectively.

The bottom panel of Figure 4 shows the measured bi-
sector span (BS) for each spectrum, which characterises
the asymmetry in the stellar line profiles (Queloz et al.
2001). A significant correlation between BS and RV may
indicate a transit mimic, such as a blended eclipsing bi-
nary (Queloz et al. 2001). We, however, do not measure

2 http://www.astro.keele.ac.uk/jkt/codes/jktebop.html

Figure 3. Phase-folded lightcurves near the transit with best-fit
transit models superimposed. The phase-folded WASP lightcurve
and the TRAPPIST transit lightcurve have been binned by factors
of 100 and 10, respectively. The K2 lightcurve was fitted using
JKTEBOP with numerical integration (blue line) to correct for the
smearing effect caused by the long effective exposure time. The
corresponding JKTEBOP model without numerical integration is
shown in red.

any statistically significant correlation between RVs and
BSs.

6. STELLAR AGE

An age constraint can be evaluated through a compar-
ison to theoretical stellar models. As in Maxted et al.
(2016) we compare ρ? and T eff to isochrones and evalu-
ate the age of the star using the Bayesian mass and age
estimator BAGEMASS by Maxted et al. (2015). The stel-
lar evolution models used in BAGEMASS were calculated
using the GARSTEC code (Weiss & Schlattl 2008). The
best-fit stellar evolution track is shown in Figure 5 and
provides an age estimate of 1.6+2.5

−0.8 Gyr.
Another age estimator is the chromospheric activity

index logR
′

HK. Using the measured value from Table 3
and the relation between stellar age and activity for solar
type stars from Mamajek & Hillenbrand (2008) we derive
an age estimate of 3.2+3.4

−2.1 Gyr.
The measured Li abundance upper limit of log A(Li) <

0.9 (see Table 3) constrains the age of this Li-poor star
only very weakly as being several Gyr old (Sestito &
Randich 2005; Baumann et al. 2010).

7. CONCLUSIONS

WASP-157b is very much a typical hot Jupiter. The
orbital period of 3.95 d is typical, while the moderately
inflated size (1.1 RJup for 0.57 MJup) is also characteristic
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Table 4
System parameters for WASP-157b and its host star

Parameter Symbol Value Unit

Transit epocha t0 2457257.803194 ± 0.000088 BJD
Orbital perioda P 3.9516205 ± 0.0000040 d
Area ratio (Rp/R?)2 0.00891 ± 0.00035 ...
Transit width t14 0.0811 ±0.0043 d
Impact parameter b 0.887+0.015

−0.044 ...

Orbital inclination i 84.93+0.45
−0.21

◦

Orbital eccentricity e 0 (adopted; <0.11 at 2σ) ...
Orbital separation a 0.0529 ± 0.0017 AU
Stellar effective temperature T eff 5838 ± 140 K
Stellar mass M ? 1.26 ± 0.12 M�
Stellar radius R? 1.134 ± 0.051 R�
Stellar density ρ? 0.86 ± 0.14 ρ�
Planet equilibrium temperatureb Tp 1339 ± 93 K
Planet mass M p 0.574 ± 0.093 MJup

Planet radius Rp 1.065 ± 0.047 RJup

Planet density ρp 0.48 ± 0.10 ρJup

System RV γ –21.9522 ± 0.0026 km s−1

RV semi-amplitude K1 0.0616 ± 0.0038 km s−1

RV datasets offset γHAR − γCOR 0.0177 ± 0.0015 km s−1

a Epoch and period derived by fitting the photometric datasets from the K2 and all the
available ground-based observations.

b Planet equilibrium temperature is based on assumptions of zero Bond albedo and complete
redistribution.

Figure 4. Upper panel: Best-fit model of the CORALIE (black)
and HARPS (green) RVs. Note that HARPS RVs have been off-
set by −0.0177 km s−1 (see Table 4). Bottom panel: CORALIE
(black) and HARPS (green) bisector spans.

Figure 5. WASP-157 host star in the ρ? versus T eff plane com-
pared to the best-fit evolution track (dark blue line) and isochrone
of 1.6 Gyr (red line). Two light blue lines correspond to stellar
models at 5 percent higher and lower mass for comparison.

of hot Jupiters. The impact parameter is higher than av-
erage, leading to a shorter, v-shaped transit. WASP-157
is notable for now being one of fewer than 20 hot-Jupiter
hosts with V < 13 to have a Kepler -quality lightcurve.

Our measured and derived stellar parameters from Ta-
bles 3 and 4 agree within about 1σ with the values pro-
vided by the K2 Ecliptic Planet Input Catalogue (EPIC)
(Huber et al. 2016). The only discrepant parameter is
metallicity, which has only been estimated statistically
by the EPIC because no spectroscopic input was pro-
vided for this star.
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