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Optical phase curve of the ultra-hot Jupiter WASP-121b?

V. Bourrier1, D. Kitzmann2, T. Kuntzer1, V. Nascimbeni3, M. Lendl1, B. Lavie1, H. J. Hoeijmakers1,2, L. Pino4,
D. Ehrenreich1, K. Heng2, R. Allart1, H. M. Cegla1, X. Dumusque1, C. Melo5, N. Astudillo-Defru6, D. A. Caldwell7,8,

M. Cretignier1, H. Giles1, C. E. Henze8, J. Jenkins8, C. Lovis1, F. Murgas9,10, F. Pepe1, G. R. Ricker11,
M. E. Rose8, S. Seager11,12,13, D. Segransan1, A. Suárez-Mascareño9, S. Udry1,

R. Vanderspek11, and A. Wyttenbach14

1 Observatoire de l’Université de Genève, 51 chemin des Maillettes, 1290 Versoix, Switzerland
e-mail: vincent.bourrier@unige.ch

2 Center for Space and Habitability, Universität Bern, Gesellschaftsstrasse 6, 3012 Bern, Switzerland
3 INAF – Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 35122 Padova, Italy
4 Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
5 European Southern Observatory, Alonso de Córdova 3107, Vitacura, Región Metropolitana, Chile
6 Departamento de Matemática y Física Aplicadas, Universidad Católica de la Santísima Concepción, Alonso de Rivera 2850,

Concepción, Chile
7 SETI Institute, Mountain View, CA 94043, USA
8 NASA Ames Research Center, Moffett Field, CA 94035, USA
9 Instituto de Astrofísica de Canarias (IAC), 38205 La Laguna, Tenerife, Spain

10 Departamento de Astrofísica, Universidad de La Laguna (ULL), 38206 La Laguna, Tenerife, Spain
11 Department of Physics and Kavli Institute for Astrophysics and Space Research, MIT, Cambridge, MA 02139, USA
12 Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
13 Department of Aeronautics and Astronautics, MIT, 77 Massachusetts Avenue, Cambridge, MA 02139, USA
14 Leiden Observatory, Leiden University, Postbus 9513, 2300 RA Leiden, The Netherlands

Received 6 September 2019 / Accepted 13 February 2020

ABSTRACT

We present the analysis of TESS optical photometry of WASP-121b, which reveals the phase curve of this transiting ultra-hot Jupiter. Its
hotspot is located at the sub-stellar point, showing inefficient heat transport from the dayside (2870± 50 K) to the nightside (<2500 K
at 3σ) at the altitudes probed by TESS. The TESS eclipse depth, measured at the shortest wavelength to date for WASP-121b, confirms
the strong deviation from blackbody planetary emission. Our atmospheric retrieval on the complete emission spectrum supports the
presence of a temperature inversion, which can be explained by the presence of VO and possibly TiO and FeH. The strong planetary
emission at short wavelengths could arise from an H− continuum.

Key words. planetary systems – planets and satellites: individual: WASP-121b – planets and satellites: atmospheres –
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1. Introduction

The discovery of hot Jupiters opened a window into planetary
atmospheres shaped by extreme irradiation conditions not found
in the solar system. Some of these giant planets are on such close
orbits around their star that their dayside temperature is raised to
more than 2000 K (Parmentier et al. 2018), facilitating the mea-
surement of their thermal emission (e.g., Arcangeli et al. 2018)
and simplifying their atmospheric chemistry (Lothringer et al.
2018).

The ultra-hot Jupiter WASP-121b (Delrez et al. 2016) is a
good candidate for atmospheric studies. This super-inflated gas
giant transits a bright F6-type star (V = 10.4, J = 9.6), favor-
ing optical and infrared emission spectroscopy measurements.
Infrared spectroscopy with the Hubble Space Telescope has
revealed the presence of a thermal inversion via the resolved
? The reduced light curve of WASP-121, phase-folded at the planet

orbital period and binned (Fig. 2) is available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/637/A36

emission signature of water in the planet dayside (Evans et al.
2017). High-altitude absorbers like vanadium and titanium oxy-
des have been proposed to explain the formation of this strato-
sphere (Evans et al. 2017). Additional single-band measurements
of the WASP-121b secondary eclipse (Delrez et al. 2016, Kovács
& Kovács 2019) hint at the departure of the planetary dayside
emission from an isothermal blackbody, and provide further
constraints on the atmospheric composition. Transmission spec-
troscopy at optical and infrared wavelengths further show the
signature of water in absorption at the atmospheric limb, and
the possible presence of vanadium oxide and iron hydride,
with no titanium oxide (Evans et al. 2016, 2018). Alternative
species could, however, explain features in the emission and
transmission spectra (e.g., Parmentier et al. 2018, Gandhi &
Madhusudhan 2019).

In the present study we aim to extend our understanding of
the thermal emission and atmospheric structure of WASP-121b.
We present the analysis of TESS photometry of WASP-121 in
Sect. 2, along with the interpretation of the planetary phase
curve, primary transit, and secondary eclipse. In Sect. 3 we

Article published by EDP Sciences A36, page 1 of 11

https://www.aanda.org
https://doi.org/10.1051/0004-6361/201936647
mailto:vincent.bourrier@unige.ch
http://cdsarc.u-strasbg.fr
ftp://130.79.128.5
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/637/A36
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/637/A36
http://www.edpsciences.org


A&A 637, A36 (2020)

0.980

0.985

0.990

0.995

1.000

1.005

N
or

m
al

iz
ed

 fl
ux

TESS PDC-corrected SAP photometry

0.001

0.000

0.001

N
or

m
al

iz
ed

 fl
ux

Median correction

1495 1500 1505 1510 1515
Epoch (BJDTDB - 2457000)

0.980

0.985

0.990

0.995

1.000

1.005

N
or

m
al

iz
ed

 fl
ux

Corrected flux

Fig. 1. Top panel: normalized TESS PDC-corrected photometry of WASP-121, with error bars, obtained over TESS orbits 21 and 22. Middle
panel: median correction per orbital period of WASP-121b. Bottom panel: median-normalized PDC flux, after removing ramp-like systematics at
the start of each TESS orbit (see text for details). We used this time series for the analysis.

characterize the atmospheric structure of the planet on the day-
side via the analysis of its emission spectrum. We conclude the
study in Sect. 4.

2. TESS photometry of the WASP-121 system

2.1. Preprocessing

WASP-121 (also known as TIC 22529346) was observed by the
TESS (Ricker et al. 2015) mission in sector 7, camera 3. Short-
cadence data (two minutes) were acquired over two TESS orbits
(21 and 22) between 08 January and 01 February 2019, spanning
24.5 days and covering 18 primary transits of WASP-121b. We
retrieved the photometry generated by the TESS Science Pro-
cessing Operation Center (SPOC), which provides the simple
aperture photometry (SAP) and a presearch data conditioning
(PDC) flux (Jenkins et al. 2016). The latter algorithm works
in a similar way to the Kepler PDC algorithm (Stumpe et al.
2012; Smith et al. 2012), which corrects the SAP photometry for
instrumental effects. The median-normalized PDC photometry
is presented in the upper panel of Fig. 1. The baseline flux shows
a ramp-like decrease at the start of each TESS orbit, as expected
from previous TESS observations (e.g., Shporer et al. 2019). We
thus excluded the measurements obtained before 1491.92 (BJD
− 2 457 000) in orbit 21 and before 1505.00 in orbit 22. We then
applied a median-detrending algorithm, with a window size of
one orbital period of WASP-121b, to remove remaining system-
atics while keeping variability at the planetary period intact. The
corrected photometry used in our analysis is shown in the lower
panel of Fig. 1.

The light curve of WASP-121 generated a TESS alert
identified as TOI-495. The automated alert pipeline detected
WASP-121b (TOI-495.01), but also a candidate second planet
(TOI-495.02) via two drops in flux separated by 19.09 days. We
excluded these events to perform our analysis of WASP-121b.
After correcting the photometry for the best-fit model signal of
WASP-121b, and phase-folding the data at the period of the can-
didate second planet, we indeed found that the flux drops could
not be fitted with a transit-like signal. Furthermore, there are no
indications for a planet with this period in Delrez et al. (2016).
Additional photometry and RV data with adequate sampling are
required to assess the nature of TOI-495.02.

2.2. Model

Transits of WASP-121b were previously measured from the near-
ultraviolet to the near-infrared by Delrez et al. (2016), Evans
et al. (2016, 2017, 2018), and Salz et al. (2019). Secondary
eclipses were further revealed in WASP-121 optical and near-
infrared photometry by Delrez et al. (2016), Evans et al. (2017);
Mikal-Evans et al. (2019), Kovács & Kovács (2019), and Garhart
et al. 2020. A by-eye inspection of our corrected TESS pho-
tometry, folded at the orbital period of WASP-121 b and binned
(Fig. 2), clearly shows the primary transit and secondary eclipse.
It further reveals the phase curve of this planet.

We fitted a global model to the TESS light curve to recover
the properties of WASP-121b and its star. The Python packages
batman (Kreidberg 2015) and spiderman (Louden & Kreidberg
2018) were combined to respectively model the transit and the
phase curve modulation with the secondary eclipse. The light
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