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1 INTRODUCTION

Eclipse observations made as an exoplanet passes through supe-
rior conjunction allow the emission from the planetary dayside
hemisphere to be inferred. Dozens of eclipse measurements have

E-mail: tmevans@mit.edu

ABSTRACT

WASP-121b is a transiting gas giant exoplanet orbiting close to its Roche limit, with an
inflated radius nearly double that of Jupiter and a dayside temperature comparable to a late
M dwarf photosphere. Secondary eclipse observations covering the 1.1-1.6 pm wavelength
range have revealed an atmospheric thermal inversion on the dayside hemisphere, likely
caused by high-altitude absorption at optical wavelengths. Here we present secondary eclipse
observations made with the Hubble Space Telescope Wide Field Camera 3 spectrograph that
extend the wavelength coverage from 1.1 um down to 0.8 um. To determine the atmospheric
properties from the measured eclipse spectrum, we performed a retrieval analysis assuming
chemical equilibrium, with the effects of thermal dissociation and ionization included. Our
best-fitting model provides a good fit to the data with reduced x2 = 1.04. The data diverge
from a blackbody spectrum and instead exhibit emission due to H™ shortward of 1.1 pum.
The best-fitting model does not reproduce a previously reported bump in the spectrum at
1.25 um, possibly indicating this feature is a statistical fluctuation in the data rather than a
VO emission band as had been tentatively suggested. We estimate an atmospheric metallicity
of [M/H] = 1.09t8;2§, and fit for the carbon and oxygen abundances separately, obtaining
[C/H] = —0.297352 and [O/H] = 0.18758&. The corresponding carbon-to-oxygen ratio is
C/O = 0.497553, which encompasses the solar value of 0.54, but has a large uncertainty.

Key words: techniques: spectroscopic — planets and satellites: atmospheres.

been published for broad photometric passbands, most notably
from the Kepler space mission (e.g. Borucki et al. 2009; Kipping
& Spiegel 2011; Faigler et al. 2013; Angerhausen, DeLarme &
Morse 2015; Esteves, De Mooij & Jayawardhana 2015), the Spitzer
Space Telescope Infrared Array Camera (IRAC) (e.g. Charbonneau
et al. 2005; Knutson, Howard & Isaacson 2010; Stevenson et al.
2010; Blecic et al. 2014; Garhart et al. 2019), Infrared Spectrograph
(IRS) (Stevenson et al. 2012; Cubillos et al. 2014), and Multiband
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Imaging Photometer (Deming et al. 2005; Charbonneau et al. 2008;
Crossfield et al. 2012), as well as ground-based telescopes (e.g.
Sing & Lopez-Morales 2009; Gibson et al. 2010; de Mooij et al.
2011; Kovacs & Kovacs 2019; Mallonn et al. 2019). A smaller
number of spectroscopic eclipse measurements have also been
published, including two with the Spitzer IRS (Richardson et al.
2007; Grillmair et al. 2007, 2008), two with the Hubble Space
Telescope (HST) Near-Infrared Camera Multi-Object Spectrometer
(Swain et al. 2009a,b), and fourteen with the HST Wide Field
Camera 3 (WFC3) infrared spectrograph (Crouzet et al. 2014;
Kreidberg et al. 2014, 2018; Ranjan et al. 2014; Stevenson et al.
2014a,b; Wilkins et al. 2014; Haynes et al. 2015; Line et al.
2016; Beatty et al. 2017; Evans et al. 2017; Sheppard et al. 2017;
Arcangeli et al. 2018; Mansfield et al. 2018; Nikolov et al. 2018b).
Spectroscopic observations are of particular value by allowing
opacity bands to be resolved, which in turn encode information
about chemical abundances and the vertical temperature profile of
the atmosphere.

The WFC3 instrument offers two grisms for infrared spec-
troscopy: G102 covering wavelengths 0.8-1.1 pum and G141 cover-
ing wavelengths 1.1-1.6 um. All of the exoplanet emission spectra
published to date have used the G141 grism for two main reasons: (i)
The longer wavelength coverage provides a more favourable planet-
to-star brightness ratio and (ii) the G141 passhand provides access
to stronger opacity bands than the G102 passband, in particular the
1.4 um H,0 band. The observations made with WFC3 G141 have
resulted in detections of H,O absorption for WASP-43b (Kreidberg
et al. 2014; Stevenson et al. 2014b), HD 189733b (Crouzet et al.
2014), HD 209458b (Line et al. 2016), and Kepler-13Ab (Beatty
et al. 2017) and H,O emission for WASP-121b (Evans et al.
2017). Other spectral features reported include TiO emission for
WASP-33b (Haynes et al. 2015) and CO absorption for WASP-
18b (Sheppard et al. 2017). The remaining seven spectra do not
exhibit significant spectral features and typically appear blackbody-
like (Ranjan et al. 2014; Wilkins et al. 2014; Kreidberg et al.
2018; Mansfield et al. 2018; Nikolov et al. 2018b), while the CO
absorption feature claimed for WASP-18b has been challenged
(Arcangeli et al. 2018). Recent studies (Arcangeli et al. 2018;
Kreidberg et al. 2018; Lothringer, Barman & Koskinen 2018;
Parmentier et al. 2018) have suggested that continuum opacity due
to H™ and thermal dissociation of H,O itself can explain the lack of
spectral features observed for the ultrahot Jupiters, such as WASP-
18b, HAT-P-7b, and WASP-103b, which have dayside temperatures
well in excess of 2000 K.

Another such ultrahot Jupiter, WASP-121b, is the subject of
this study. Discovered by Delrez et al. (2016), WASP-121b has
an exceptionally inflated radius (1.8R;) and a dayside photospheric
temperature of approximately 2700 K (Evans et al. 2017). The high
temperature results from WASP-121b orbiting at a distance of only
0.025au from its F6V host star, where it is subjected to strong
tidal forces and may be undergoing atmospheric escape via Roche
lobe overflow (Delrez et al. 2016). Observational support for this
picture has recently been provided by near-ultraviolet (NUV) transit
measurements made with Swift UVOT that are significantly deeper
than those measured at optical wavelengths (Salz et al. 2019). This
could be explained by an extended atmosphere filling the Roche
lobe, which is relatively opaque at NUV wavelengths due, for
instance, to heavy metal absorption lines.

At near-infrared wavelengths, the HST WFC3 spectrograph has
been used to measure both the transmission spectrum (Evans et al.
2016) and the emission spectrum (Evans et al. 2017) of WASP-
121b. Absorption due to the 1.4 um H,O band is observed in the
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transmission spectrum, while this same band is seen in emission
at secondary eclipse, revealing a thermal inversion on the dayside
hemisphere. The latter indicates significant absorption of incident
stellar radiation at NUV-optical wavelengths for pressures less than

100 mbar on the dayside hemisphere (e.g. Guillot 2010). This
is consistent with the low geometric albedo of A; = 0.16 + 0.11
inferred by Mallonn et al. (2019) from the z secondary eclipse
measurement of Delrez et al. (2016). Possible absorbers include
TiO and VO, both of which have strong opacity bands throughout
the optical (Hubeny, Burrows & Sudarsky 2003; Fortney etal. 2008).
Indeed, the optical transmission spectrum measured using the HST
Space Telescope Imaging Spectrograph (STIS) does show evidence
for VO absorption at the day—night limb, although TiO is not seen
(Evans et al. 2018). A steep rise towards NUV wavelengths is
also recovered in the STIS transmission spectrum, which may be
caused by the same absorber/s responsible for the deep Swift UVOT
transit. One candidate proposed in Evans et al. (2018) is SH, which
has been predicted as a product of non-equilibrium chemistry in
hot Jupiter atmospheres by Zahnle et al. (2009), and, if present
on the dayside hemisphere, could potentially produce the thermal
inversion. As alluded to above, absorption by heavy metals such
as Fe and Mg might also simultaneously explain the deep NUV
transits and dayside thermal inversion. At optical wavelengths, other
candidate absorbers that could play a role in generating the thermal
inversion include H™ ions and molecules such as NaH, MgH, FeH,
SiO, AlO, and CaO (Lothringer et al. 2018; Parmentier et al. 2018;
Gandhi & Madhusudhan 2019), although no compelling evidence
has been claimed for any of these species based on the published
transmission spectrum (Evans et al. 2016, 2018).

Unlike the transmission spectrum — which probes a region of the
atmosphere very different to the ultrahot dayside of WASP-121b —
a detection of one or more strong optical absorbers in the emission
spectrum would provide a definitive link between the radiatively
active species present and the thermal inversion. Motivated by this,
we acquired secondary eclipse observations of WASP-121b with the
G102 grism of WFC3, extending the wavelength coverage into the
red optical where emission bands due to species such as TiO, VO,
and FeH may be detectable, as well as H™ continuum opacity. We
describe these observations and our data reduction in Section 2. Our
analyses of the white and spectroscopic light curves are presented in
Sections 3 and 4, respectively. The results are discussed in Section 5
and we conclude in Section 6.

2 OBSERVATIONS AND DATA REDUCTION

We observed two secondary eclipses of WASP-121b with
HST/WFC3 using the G102 grism, which covers a wavelength range
of approximately 0.8-1.1 um with a spectral resolving power of
R 200 at A =1pm (G.O. 15135; P.I. Mikal-Evans). The first
visit was made on 2017 November 6 and the second visit was
made on 2017 December 9. We refer to these two visits as the
G102v1 and G102v2 data sets, respectively. For both visits, the
target was observed for 6.9 h over five consecutive HST orbits with
identical observing set-ups. The relative timing of the two visits was
designed to provide full phase coverage of the eclipse, using the
previously determined ephemerides of WASP-121b. Observations
were made in spectroscopic mode with a forward scanning rate
of 0.062arcsecs™ along the cross-dispersion axis. To reduce
overheads, only the 512 x 512 pixel subarray of the detector
containing the target spectrum was read out for each exposure. We
adopted the SPARS10 sampling sequence with 15 non-destructive
reads per exposure (NSAMP = 15) resulting in total integration
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Figure 1. Extracted time series for the flux, dispersion drift (x), cross-dispersion drift (y), and background level of both data sets. In all panels, coloured
symbols indicate data points that were included in the analysis and grey crosses indicate those that were excluded for reasons explained in the main text.

times of 103 s and scans across approximately 50 pixel rows of the
cross-dispersion axis. With this set-up, we obtained 14 exposures in
the first HST orbit following acquisition and 16 exposures in each
subsequent HST orbit. Typical peak frame counts were 32000
electrons pixel™ for both visits. This translates to 13 000 data
numbers (DNs) per pixel given the detector gain of 2.5 electrons
per DN, which is well within the linear regime of the WFC3 detector
(see fig. 1 of Hilbert 2008).

Spectra were extracted from the raw data frames using a custom-
built PYTHON pipeline, which has been described previously (Evans
et al. 2016, 2017). We started with the IMA files produced by
the cALWrF3 pipeline version 3.4.1, which already have basic
calibrations such as flat-fielding, bias subtraction, and non-linearity
correction applied. The target flux was extracted from each exposure
by taking the difference between successive non-destructive reads.
To do this, we first estimated and subtracted the background flux for
each read, by taking the median pixel count within a 10 < 170 pixel
box that was chosen to be as large as possible while avoiding
sources within the field and the detector edges. Typical background
levels integrated over the full 103 s exposures were approximately
70-80 electrons pixel™, rising to over 100 electrons pixel™ at
the end of each HST orbit (Fig. 1). For each read-difference
frame, we then determined the flux-weighted centre of the scanned
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spectrum along the cross-dispersion axis. All pixel values located
more than 30 pixels above and below this row were set to zero,
effectively removing flux contributions from nearby contaminant
stars and cosmic-ray strikes outside a rectangular aperture. Final
reconstructed frames were produced by adding together the read
differences produced in this manner. During this process, we also
estimated how the spectrum drifted across detector over the course
of the observations. For both visits, we measure a drift of 0.1-
0.2 pixel along the dispersion axis and 0.6 pixel along the cross-
dispersion axis (Fig. 1).

The target spectrum was then extracted from each frame by
summing the flux within a rectangular aperture spanning the full
dispersion axis and 80 pixels along the cross-dispersion axis, centred
on the central cross-dispersion row of the scan. The wavelength
solution was determined by cross-correlating each of these extracted
spectra against a model spectrum for the WASP-121 host star
modulated by the throughput of the G102 grism, as in Evans et al.
(2016, 2017). In addition to the G102 data, a single secondary
eclipse of WASP-121b was observed on 2016 November 10 with
the G141 grism (G.O. 14767; P.l.s Sing and Lopez-Morales).
This data set was originally published in Evans et al. (2017), to
which the reader is referred for further details. Example G102 and
G141 spectra are shown in Fig. 2. Together, both grisms provide
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Figure 2. Example spectra for the WFC3 G102 and G141 grisms. Dark
and light vertical bands indicate the wavelength channels adopted for the
spectroscopic light curves.

Table 1. MCMC results for the joint fit to the G102v1 and G102v2 white
light curves. Quoted values are the posterior medians and uncertainties give
the 34 per cent credible intervals about the median. Values adopted for
fixed parameters are reported at the bottom of the table.

Free G102v1 G102v2

D (ppm) 682713

Tmid (MJD) 58063.76247 0005 58096.9047+90024
B 1.21+558 115758

o (ppm) 878 838

Fixed Value Reference

P (d) 1.2749255 Delrez et al. (2016)
alR 3.86 Evans et al. (2018)
i(%) 89.1 Evans et al. (2018)
b 0.06 Evans et al. (2018)

continuous wavelength coverage between  0.8pum and 1.6 pum.

3 WHITE LIGHT CURVE ANALYSES

White light curves were produced for both visits by integrating each
spectrum across the full dispersion axis (Fig. 1). The light curves
are affected by the well-known hook systematic that correlates with
HST orbital phase and is understood to be caused by charge trapping
in the WFC3 detector (Zhou et al. 2017). The baseline flux level
also exhibits a longer term drift, which is approximately linear in
time for both light curves.

Prior to light curve fitting, we chose to discard the first HST orbit
of each visit, as these exhibit much stronger hooks than subsequent
orbits. Although methods exist to correct the WFC3 first-orbit
systematics (e.g. Zhou et al. 2017; de Wit et al. 2018), we opted for
this approach to be consistent with our previous analyses (Evans
etal. 2016, 2017) and to avoid modelling the baseline trend over the
full five-orbit visits, which is less likely to be well approximated as
linear. The resulting four-orbit white light curves were fitted using
a similar methodology to that described in Evans et al. (2017),
in which the systematics are treated as a Gaussian process (GP).
In this study, we modelled the eclipse signal using the BATMAN
software package (Kreidberg 2015), allowing the eclipse depth
(D) and eclipse mid-time (Tniq) to vary as free parameters, while
holding the remaining parameters fixed to previously determined
values (Table 1). We varied the eclipse depths jointly for both visits
and allowed the mid-times to vary separately for each visit. For
the GP, we employed a Matérn v = 3/2 kernel with HST orbital

phase (@), dispersion drift (x), and cross-dispersion drift (y) as
input variables. We chose not to use time (t) as an input variable, as
from past experience we have found its inclusion to make little
difference to the final result (Evans et al. 2018). The GP free
parameters were the covariance amplitude (A) and the correlation
length-scales for each input variable (Ly, Ly, Ly). In practice, as
in Evans et al. (2017, 2018), we fitted for the natural log of the
inverse correlation length-scale, Inn, = InL; %, where k = {0, x,
y}. We also parameterized the white noise as ¢ = 3o, where 0
is the formal photon noise floor and B is a rescaling factor that
was allowed to vary in the fits. We adopted uniform priors for
all eclipse parameters, and adopted the same priors as in Evans
et al. (2018) for the remaining parameters. Marginalization of the
posterior distribution was performed using affine-invariant Markov
chain Monte Carlo (MCMC) as implemented by the EMCEE software
package (Foreman-Mackey et al. 2013).

The resulting posterior distributions are summarized in Table 1,
and the best-fitting light curve models are shown in Fig. 3. We
obtain eclipse depth measurements of 682 = 73 ppm, with inferred
[3 values of 1.21 £+ 0.08 and 1.15 = 0.09 for the G102v1 and G102v2
light curves, respectively. The latter imply high-frequency scatter
approximately 20 per cent above the photon noise floor for both
light curves, which is not accounted for by the Matérn kernel and is
evident in the model residuals shown in Fig. 3. As a check, we also
repeated the light curve fitting using the squared exponential kernel
(see e.g. Gibson et al. 2012) and obtained results for the eclipse
depth and mid-times that were fully consistent with those reported
in Table 1 to well within 10. However, the squared exponential fit
gave uncertainties that were approximately 5 per cent smaller for
the eclipse depth, 40 per cent smaller for the G102v1 mid-time, and
10 per cent smaller for the G102v2 mid-time. For this reason, we
adopt the results obtained with the Matérn kernel to be conservative.

4 SPECTROSCOPIC LIGHT CURVE ANALYSES

Spectroscopic light curves were constructed using a similar method
to that described by Deming et al. (2013), which we have also
used previously in Evans et al. (2016, 2017). This involved cross-
correlating each spectrum against a master spectrum constructed by
taking the median of out-of-eclipse exposures, in order to remove
wavelength-independent systematics, including those arising due
to pointing drift across the detector dispersion axis over the course
of each visit. The flux was then binned into the 17 wavelength
channels shown in Fig. 2, each spanning 8 pixel columns on the
detector ( A = 0.02 um). The resulting light curves are shown in
Fig. 4.

To fit the spectroscopic light curves, we used the same approach
as described in Section 3. The only exception was that we fixed Tp;q
to the best-fitting values listed in Table 1. Thus, for the spectroscopic
eclipse signals, the only free parameter was the eclipse depth
D, which we varied jointly across both the G102v1l and G102v2
light curves. Systematics were again accounted for using GPs with
Matérn v = 3/2 kernels and white noise rescaling factors (i.e.
parameters). The inferred eclipse depths and 3 values are reported
in Table 2.

The resulting emission spectrum is shown in Fig. 5, as measured
eclipse depths in the top panel and corresponding brightness tem-
peratures in the bottom panel. Also shown are the results obtained
when the G102v1 and G102v2 data sets are analysed separately,
and when the data are rebinned into 34 channels. Good agreement
is obtained for all spectroscopic channels, verifying the repeatability
of the measurement.
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Figure 3. (a) Raw white light curve for the G102v1 data set with the best-
fitting model indicated by orange lines and (b) the same for the G102v2
data set. (c) Combined white light curve after removing the GP systematics
component of the best-fitting models, leaving only the eclipse signal. (d)
Model residuals after subtracting the best-fitting models from the raw light
curves. () Normalized histograms of residuals obtained by subtracting
from the data a random subset of GP mean functions obtained in the
MCMC sampling. Solid black lines correspond to Gaussian distributions
with standard deviations equal to photon noise (i.e. prior to rescaling by the
[ factors described in the main text).
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We also reanalyzed the G141 eclipse data published in Evans
et al. (2017). To be fully consistent with the G102 analysis, we
fixed the values of a/R and i to the values listed in Table 1, whereas
the original G141 analysis had adopted the values reported in Delrez
etal. (2016). This gave statistically identical results to those reported
in Evansetal. (2017), which is to be expected asa/R and i primarily
affect the eclipse duration, rather than the eclipse depth.

5 DISCUSSION

The secondary eclipse spectrum measured to date for WASP-
121b is shown in Fig. 6, along with the corresponding brightness
temperatures. In addition to the G102 data spanning 0.8-1.1 pum
presented in this study, this includes the G141 data spanning
1.1-1.6 um from Evans et al. (2017), ground-based photometric
measurements in the z (Delrez et al. 2016) and Ks (Kovacs &
Kovacs 2019) passhands, and the IRAC data at 3.6um and 4.5 um
from Garhartetal. (2019). The G102 and G141 measurements agree
extremely well at the point of overlap between the two passbands,
without any adjustment to the level of either data set. Similarly, the
(G102 data are fully consistent with the z measurement without any
adjustment.

5.1 Blackbody fits and heat redistribution

To interpret the data, we first consider the simple case in which
the planet is assumed to radiate as an isothermal blackbody. Fitting
such a model to the full data set gives a best-fitting temperature
of 2720 + 8K, with predictions for the wavelength-dependent
secondary eclipse depth indicated by the dark yellow line in Fig. 6.
The data approximately follow the shape of this curve; however,
the reduced x? is 2.92 for 47 degrees of freedom, allowing it to
be ruled out at 6.50 confidence. For comparison, in Evans et al.
(2017) we ruled out a blackbody model at 50 confidence by fitting
to the data available at that time, namely the G141, z, and IRAC
3.6 um measurements. The addition of the G102 and IRAC 4.5 um
measurements has therefore increased the discrepancy between the
data and a blackbody model.

We also experimented with fitting a blackbody model to different
subsets of the data. For instance, if we repeat the fit to the full data
set with the only exception being that we use the G141 white eclipse
depth rather than the G141 spectroscopic eclipse depths, we obtain
a best-fitting temperature of 2754 + 11 K with a reduced x? of
1.97 for 21 degrees of freedom, reducing the confidence with which
such a model can be ruled out to 2.80. Alternatively, if we repeat
the fit to the full data set but exclude the G102 spectroscopic eclipse
depths — similar to Evans et al. (2017) but with the addition of the
Ks and IRAC 4.5 um points — we obtain a best-fitting temperature
of 2691 = 9 K with a reduced x? of 2.88 for 30 degrees of freedom,
ruling it out at 5.20 confidence.

These results imply that, statistically, the departure from a black-
body spectrum is largely driven by the spectroscopic information
contained in the G141 data. In Evans et al. (2017), we attributed
this departure to a muted H,O emission band at 1.4 um, as well as a
tentative VO emission band at 1.25 um. We revisit this interpretation
in Section 5.2 with a retrieval analysis of the updated data set. Here
we note that even without the G141 spectroscopic information,
considerable tension remains between the data and a blackbody
model, mainly due to the mismatch between the overall slope of the
data and a blackbody spectrum. This can be appreciated in Fig. 6,
which shows a systematic decrease in brightness temperature over
the near-infrared wavelength range covered by the G102 and G141
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