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ABSTRACT

We present spectral analysis of the transiting Saturn-mass planet WASP-117b, observed with the
G141 grism of the Hubble Space Telescopes Wide Field Camera 3 (WFC3). We reduce and fit the
extracted spectrum from the raw transmission data using the open-source software Iraclis before per-
forming a fully Bayesian retrieval using the publicly available analysis suite TauREx 3.0. We de-
tect water vapour alongside a layer of fully opaque cloud, retrieving a terminator temperature of
Tierm = 833#{23 K. In order to quantify the statistical significance of this detection, we employ the
Atmospheric Detectability Index (ADI), deriving a value of ADI = 2.30, which provides positive but
not strong evidence against the flat-line model. Due to the eccentric orbit of WASP-117b, it is likely
that chemical and mixing timescales oscillate throughout orbit due to the changing temperature, pos-
sibly allowing warmer chemistry to remain visible as the planet begins transit, despite the proximity
of its point of ingress to apastron. We present simulated spectra of the planet as would be observed
by the future space missions Ariel and JWST and show that, despite not being able to probe such
chemistry with current HST data, these observatories should make it possible in the not too distant

future.

1. INTRODUCTION

Among the gaseous exoplanets detected so far, a small
subset are Saturn-mass (~ 0.3M;) with radii larger
than 1R, making their atmospheres inflated. Exam-
ples include WASP-69 b, Kepler-427 b, WASP-151b and
HAT-P-51b (Anderson et al. 2014; Hbrard et al. 2014;
Demangeon et al. 2018; Hartman et al. 2015). Most of
these inflated hot-Saturns have been discovered using
the transit method, which provides an observational
bias towards lower eccentricity systems. Thus, eccentric
hot-Saturns that have been discovered so far are fairly
limited, including GJ 1148 b, which is not transiting and
for which the radius is not constrained (Trifonov et al.
2018), and HAT-P-19b, which is indeed inflated but
has a relatively low eccentricity of e ~ 0.067 (Hart-
man et al. 2010). At the time of its discovery in 2014,
WASP-117b was the first planet found to possess a pe-
riod larger than 10 days by the WASP survey, and at
present remains the lowest mass gaseous planet with
such a period, with a mass of M,, = 0.2755£0.0089 My

and a radius of R, = 1.0217007¢ R; (Lendl et al. 2014).
With a well-constrained eccentricity of e = 0.302+0.023,
WASP-117b exhibits itself as an inflated Saturn-mass
planet in an eccentric, misaligned orbit around a bright
(Vimag = 10.15) main-sequence F9 star, a rarity among
transiting gaseous extra-solar planets.

As a consequence of its large orbital distance, the
tidal forces exerted on WASP-117b by its host star are
thought to be weak, making the planets eccentric or-
bit very stable over the system lifetime. Subsequently
this planet provides an important case study for anal-
ysis of orbital dynamics and disc migration in gaseous
exoplanets, as alluded to in Lendl et al. (2014). The
eccentric nature of its orbit gives rise to fluctuations in
the stellar flux received by the planet. This results in a
variation in the temperature as WASP-117b traverses
its orbit, which in turn may cause changes in the cor-
responding chemistry. The thermal variations caused
by the orbital parameters coupled with large chemical
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mixing timescales make this planet a tantalising and,
at present, unique object for the study of exoplanet
atmospheric chemistry. Fortunately, the lack of signifi-
cant activity and brightness of its host star (Lendl et al.
2014) make WASP-117b an excellent candidate for at-
mospheric characterisation.

In recent years the Hubble and Spitzer Space Tele-
scopes have enabled the study of an increasing number
of exoplanetary atmospheres through transit, eclipse,
or phase-curve spectro-photometric observations (e.g.
Vidal-Madjar et al. 2003; Swain et al. 2008; Laugh-
lin et al. 2009; Linsky et al. 2010; Tinetti et al. 2010;
Majeau et al. 2012; Deming et al. 2013; Fraine et al.
2014; Stevenson et al. 2014c; Morello et al. 2016; Evans
et al. 2017; Skaf et al. 2020; Edwards et al. 2020a).
Complementary observations from the ground, through
high-dispersion or direct imaging spectroscopic tech-
niques, have allowed for the extension of atmospheric
observations to non-transiting planets (e.g. Macintosh
et al. 2015; Brogi et al. 2012). While a handful of smaller
planets have been observed (e.g. Kreidberg et al. 2014;
Tsiaras et al. 2016¢; de Wit et al. 2018; Demory et al.
2016; Kreidberg et al. 2019; Tsiaras et al. 2019; Benneke
et al. 2019)), the current sample of observed exoplane-
tary atmospheres is still biased towards larger planets,
which typically present a stronger signal to detect (e.g.
Sing et al. 2016; Iyer et al. 2016; Tsiaras et al. 2018;
Pinhas et al. 2019).

In this paper we present an analysis of the HST WFC3
G141 transmission spectrum of WASP-117b. Our re-
trievals show evidence of water vapour but, due to the
narrow spectral coverage (1.088 - 1.688 um), we are
unable to constrain the abundances of carbon-based
molecules such as CHy, CO and COs. The molecule
which is perhaps most indicative of potential chemi-
cal changes over the orbit of WASP-117b due to orbit-
induced temperature variations is CH4. Future space
observatories and missions like JWST (Greene et al.
2016) and Ariel (Tinetti et al. 2018), with long spec-
tral baselines, will enable us to widen and deepen our
spectral view and subsequently reveal possible complex
chemistry. We present simulations of equilibrium chem-
ical profiles at WASP-117b’s temperature extremes to
demonstrate that, while the HST data is insufficient to
distinguish between these cases, Ariel and JWST should
have the precision and spectral coverage to disentangle
these scenarios.

2. METHODS
2.1. HST-WFC8 Data Analysis

Our analysis of the HST-WFC3 data started from
the raw spatially scanned spectroscopic images which
were obtained from the Mikulski Archive for Space Tele-
scopes'. The transmission spectrum of WASP-117 b was
acquired by proposal 15301 and was taken in Septem-
ber 2019. We used Iraclis?, a specialised, open-source
software for the analysis of WFC3 scanning observa-
tions. The reduction process included the following
steps: zero-read subtraction, reference pixels correction,
non-linearity correction, dark current subtraction, gain
conversion, sky background subtraction, calibration,
flat-field correction, and corrections for bad pixels and
cosmic rays. For a detailed description of these steps,
we refer the reader to the original Iraclis papers (Tsiaras
et al. 2016b, 2018, 2016¢).

The reduced spatially scanned spectroscopic images
were then used to extract the white (1.088 - 1.688 pm)
and spectral light curves. As is routinely done for HST
studies, we then discarded the first orbit of the visit as
it presents stronger wavelength pendant ramps. For the
fitting of the white light curve, the only free parame-
ters were the mid-transit time and planet-to-star ratio,
with other values fixed to those from Lendl et al. (2014)
(P = 10.020607, a/Rs = 17.39, © = 89.14, w = 242
To = 2457355.51373). However, the white light curve
fit showed significant residuals. We therefore fitted the
light curve with the reduced semi-major axis, a/Rs, as
an additional free parameter. We then performed a fi-
nal white light curve fitting with our updated value of
a/Rs = 17.65. While some residuals remain, the divide-
by-white method ensures these are not seen in the spec-
tral light curves. The limb-darkening coefficients were
selected from the best available stellar parameters using
values from Claret et al. (2012, 2013) and using the stel-
lar parameters from Lendl et al. (2014). The fitted white
light curve for the transmission observation is shown in
Figure 1 while the spectral light curves are plotted in
Figure 2.

2.2. Ephemeris Refinement

Accurate knowledge of exoplanet transit times is
fundamental for atmospheric studies. To ensure that
WASP-117b can be observed in the future, we used our
HST white light curve mid time, along with data from
TESS (Ricker et al. 2014), to update the ephemeris of

L https://archive.stsci.edu/hst/
2 https://github.com/ucl-exoplanets/Iraclis
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Figure 1. White light curve for the transmission obser-
vation of WASP-117 b. First panel: raw light curve, after
normalisation. Second panel: light curve, divided by the
best fit model for the systematics. Third panel: residuals
for best-fit model. Fourth panel: auto-correlation function
of the residuals.

the planet. TESS data is publicly available through the
MAST archive and we use the pipeline from Edwards
et al. (2020b) to download, clean and fit the 2 minute ca-
dence Pre-search Data Conditioning (PDC) light curves
(Smith et al. 2012; Stumpe et al. 2012, 2014). WASP-
117b had been studied in Sectors 2 and 3 and, after
excluding bad data, we recovered 4 transits. These were
fitted individually with the planet-to-star radius ratio
(Rp/Rs), reduced semi-major axis (a/R,), inclination
(7) and transit mid time (7},;q) as free parameters.

2.3. Atmospheric Modelling

Due to the fact that WASP-117b is in possession of
an eccentric and misaligned orbit, it is thought that its
atmosphere may exhibit significant changes in tempera-
ture as it traverses its orbit. We can estimate the tem-
perature range by calculating the equilibrium (day-side)
temperature expected at periastron and apastron, which
we have calculated to be at a distance of approximately
0.067 AU and 0.124 AU from the host star, respectively.
The day-side equilibrium temperature of a planet, 7T},
at a distance a from its host star can be derived as a
result of equating the incident stellar flux on the planet
with that which is absorbed by the planet:
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Figure 2. Spectral light curves fitted with Iraclis for the
transmission spectra where, for clarity, an offset has been
applied. Left: the detrended spectral light curves with best-
fit model plotted. Right: residuals from the fitting with
values for the Chi-squared (x?), the standard deviation of
the residuals with respect to the photon noise (5) and the
auto-correlation (AC).

as given in Méndez & Rivera-Valentin (2017), where
[ is a measure of the fraction of surface area over which
the planet re-radiates the stellar flux that it absorbs, €
is the broadband thermal emissivity, and A is the plane-
tary surface albedo. The temperature and radius of the
star are denoted as T, and R., respectively.

Considering the eccentricity of the orbit, it is likely
that WASP-117b is not tidally locked, possibly allowing
for effective heat redistribution. Hence, using equation
1 with these assumptions, we take § =1 and A = 0.3,
obtaining equilibrium temperatures of 7, = 1116 K
and T}, = 817 K at periastron and at apastron, respec-
tively. Since the planet has an argument of periastron
determined by Lendl et al. (2014) as w = 242.0%23
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Figure 3. A schematic diagram of the orbital trajectory of
WASP-117b, where the shaded yellow region illustrates the
line-of-sight direction that we observe during transit, con-
firming the proximity to apastron of this region.

degrees, we obtain a transit equilibrium temperature
of T, = 838 K and expect to probe the terminator re-
gion of its atmosphere with the planet very close to its
least irradiated region of its orbit. We have estimated
the possible chemical composition of the atmosphere by
running equilibrium chemistry models for WASP-117b
at its temperature extremes. More specifically we used
the ACE equilibrium chemistry package (Agndez et al.
2012; Venot et al. 2012) contained in TauREx 3.0 to
generate molecular abundances at the periastron and
apastron equilibrium temperatures of 1100K and 800K,
respectively. Together with input stellar parameters,
given in Table 2, and retrieved values from WFC3 data
for the planet’s radius and cloud pressure, these abun-
dance profiles were then used as input for free-chemical
forward models at the retrieved terminator temperature,
in order to investigate what sort of chemistry might be
visible during transit.

2.4. Spectral Retrieval Simulations

In order to extract the information content of WASP-
117b’s WFC3 transmission spectrum, retrieval analy-
sis was performed using the publicly available retrieval
suite TauREx 3.0 (Waldmann et al. 2015a,b; Al-Refaie
et al. 2019)?, in addition to performing retrievals on our

3 https://github.com /ucl-exoplanets/ TauREx3_public

Transmission Spectrum

Wavelength Transit Depth ~ Error  Bandwidth
[pm] (7] ) [pm]
1.12620 0.74725 0.00412 0.03080
1.15625 0.74810 0.00417 0.02930
1.18485 0.75177 0.00379 0.02790
1.21225 0.74688 0.00457  0.02690
1.23895 0.74374 0.00425 0.02650
1.26565 0.75076 0.00425 0.02690
1.29245 0.74048 0.00453 0.02670
1.31895 0.74098 0.00449 0.02630
1.34535 0.74622 0.00415 0.02650
1.37230 0.75244 0.00420 0.02740
1.4000 0.75249 0.00434  0.02800
1.42825 0.75465 0.00409 0.02850
1.45720 0.75548 0.00438 0.02940
1.48730 0.75104 0.00379 0.03080
1.51860 0.74379 0.00422 0.03180
1.55135 0.73922 0.00410 0.03370
1.58620 0.74068 0.00464  0.03600
1.62370 0.74473 0.00421 0.03900

Table 1. Reduced and fitted spectral data from the raw
HST-WFC3 transmission data using Iraclis.

simulated Ariel and JWST spectra, discussed in Section
2.6. For the stellar parameters and the planet mass,
we used the values from Lendl et al. (2014), as given
in Table 2. In our runs we assumed that WASP-117 b
possesses a primary atmosphere with fill gas abundance
ratio of Vie/Vi, = 0.17, where V, denotes the volume
mixing ratio for molecule z. We included in our simu-
lations the contribution of trace gases whose opacities
were taken from the ExoMol (Tennyson et al. 2016)),
HITRAN (Gordon et al. 2016) and HITEMP (Rothman
& Gordon 2014) databases for: HoO (Polyansky et al.
2018), CH4 (Yurchenko & Tennyson 2014), CO (Li et al.
2015) and CO2 (Rothman et al. 2010). Additionally, we
included the Collision Induced Absorption (CIA) from
Ho-Hy (Abel et al. 2011; Fletcher et al. 2018) and Hs-
He (Abel et al. 2012), as well as Rayleigh scattering for
all molecules. In our retrieval analysis, we used uniform
priors for all parameters as described in Table 3. Fi-
nally, we explored the parameter space using the nested
sampling algorithm MultiNest (Feroz et al. 2009) with
1500 live points and an evidence tolerance of 0.5.
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Stellar & Planetary Parameters

Parameter Value
T. [K] 6038
R. [Ro] 1.170
M, [Mo) 1.126

log,(g)« [em/s?] 4.28
[Fe/H]. -0.11

e 0.302

1 [deg] 89.14

w [deg] 242.0

U [deg] 69.6

M, [M,] 0.276
R, [R/] 1.021

Poritar [days] 10.02

Table 2. Stellar and planetary parameters for WASP-117 b,
for input into Iraclis and TauREx 3.0, derived from Lendl
et al. (2014).

2.5. Atmospheric Detectability

We quantify the significance of our retrieval results by
adopting the formalism of the Atmospheric Detectabil-
ity Index (ADI) introduced in Tsiaras et al. (2018). The
ADI is defined as the Bayes Factor, or likelihood ratio,
between the retrieved atmospheric model (R) and the
flat-line model (F), where the latter is designed to in-
clude known degeneracies between parameters in both
models. Using the Bayes evidence of each model, as cal-
culated as part of the retrieval, we may determine the
ADI as follows:

DI I (ge) i Eo>a
0 otherwise

(2)

where Er and FEr are the Bayes evidence for the re-
trieval model and the flat-line model, respectively. In
our case, the retrieval model included the following con-
tributions to opacity: molecular, simple fully-opaque
clouds, collision-induced absorption due to Hy-Hs and
Hy-He, along with Rayleigh scattering. As for the flat-
line model, we included only simple fully-opaque clouds.
This ensures that the derived value of ADI gives a de-
tection significance for the atmosphere detected whilst
known degeneracies in each model between the radius
of the planet, its temperature and the height of possible
clouds, have been accounted for.

2.6. Ariel & JWST simulations

Following on from Section 2.3, in order to investigate
observable chemistry on WASP-117b, we have simulated

0.00765
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1.2 1 15 1.6

3 1.4
Wavelength [um]

Figure 4. Best-fit transmission spectrum of WASP-117 b.

two different spectra assuming the planet and stellar pa-
rameters as specified in Table 2 and using TauREx 3.0
to generate chemical equilibrium forward models. Both
forward models are created using the retrieved termi-
nator temperature of 833 K, with one using chemical
equilibrium molecular abundances expected for a 1100
K atmosphere and one using those for one at 800 K. We
note that this does not account for disequilibrium pro-
cesses such as quenched molecular abundances to deep
atmospheric levels due to vertical mixing, for example.
During its primary mission, Ariel will survey the atmo-
spheres of 1000 exoplanets (Edwards et al. 2019) while
JWST could observe up to 150 over the 5-year mission
lifetime (Cowan et al. 2015). WASP-117D is an excel-
lent target for characterisation with either observatory
and so we generate error bars for the simulated spectra
using ArielRad (Mugnai et al. 2020) and ExoWebb (Ed-
wards et al. 2020). For JWST we modelled observations
with NIRISS GR700XD (0.8 - 2.8 um) and NIRSpec
G395M (2.9 - 5.3 pm), assuming 2 transit observations
with each instrument whilst for Ariel, which provides
simultaneous coverage from 0.5 - 7.8 um, we simulated
error bars at tier 3 resolution for 15 transit observations.

3. RESULTS
3.1. HST-WFC3 Data Analysis and Interpretation

Our retrieval analysis determined the presence of wa-
ter vapour with a volume mixing ratio, V41,0, given by
log1o(Vir,0) = —3.827137 in the atmosphere of WASP-

117b. Additionally a layer of grey cloud at 102527153
Pa was retrieved, with the parameter P.,,q = %
denoting the ratio between the atmospheric pressure at
which the cloud layer sits, and 1 Pa, to provide a dimen-
sionless argument for the logarithm. The corresponding
transmission data and fitted spectrum are displayed in

Figure 4 and Table 1.
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Figure 5. Posterior distributions for the transmission spectrum (see Figure 4) of WASP-117 b which indicate the presence of

water vapour and cloud.

The abundance of water retrieved is consistent with
results from population studies of gaseous planets such
as Tsiaras et al. (2018), Pinhas et al. (2019) and Sing
et al. (2016) and chemistry models of gaseous atmo-
spheres (e.g. Venot et al. (2012)). While we did at-
tempt to retrieve other trace gases such as CO, CHy
and COs, we were unable to identify their presence. Our
detected abundance of water vapor is consistent with a
similar study of WASP-117b, Carone et al. (2020), to
within 1o, however we find that the data do not con-

strain said abundance to great accuracy (log,o(Vir,0) at
lo € [-5.37, 2.45]). In addition we do not find evidence
for the presence of other species, thus we are not able
to adequately constrain atmospheric metallicity for this
planet. The priors used in our retrieval run as well as
the retrieved values are summarised in Table 3. The
full posterior distribution for the parameters is shown
in Figure 5. In the case of WASP-117b, we detect our
atmospheric retrieval signature at the ADI value of 2.30



Retrieval Analysis Parameters Epoch Transit Mid Time [BJDrpp| Reference

Parameters Prior bounds Scale Retrieved Value -216 2456533.824040 + 0.000950 Lendl et al. (2014)
Ry [RJ] 0.8,2]  linear 09675703 75 2457946.728100 + 0.001980  Mallonn et al. (2019)
Tierm [K]  [600, 1300]  linear 83313%% 74 2457956.749850 + 0.001630  Mallonn et al. (2019)
Vit,0 [12,-1]  log,,  -3.82 13 74 2457956.751130 + 0.001050  Mallonn et al. (2019)
Ve, [-12, -1] log;,  unconstrained =34 2458357.571170 + 0.000599 This Work'
Veo [-12, -1] log;y  unconstrained 232 2458377.613147 + 0.000456 This Work'
Voo, [-12, -1] log;,  unconstrained -31 2458387.633714 + 0.000629 This Work"
Peioud (6, -2] logy, 2.52 F153 30 2458397.654772 + 0.000588 This Work!
5 2458748.375370 + 0.000082 This Work*

Table 3. List of the retrieved parameters, their uniform
prior bounds, the scaling used and the corresponding re-
trieved posterior distribution mean values.

which as in Kass & Raftery (1995) corresponds to posi-
tive evidence against the flatline model.

3.2. Ephemeris Refinement

The transits of WASP-117b from HST and TESS
were seen to arrive early compared to the predictions
from Lendl et al. (2014). The ephemeris of WASP-
117b was recently refined by Mallonn et al. (2019).
We used the observations from Mallonn et al. (2019),
the original ephemeris from Lendl et al. (2014), and
the new data analysed here to update the period and
transit time for the planet. Using this data, we de-
termined the ephemeris of WASP-117b to be P =
10.0205928+-0.0000044 days and T = 2458688.251803 +
0.000097 BJDrpp where P is the planet’s period, Ty is
the reference mid-time of the transit and BJDrppg is the
barycentric Julian date in the barycentric dynamical.

Our derived period is 1.2 s shorter than that from
Mallonn et al. (2019). We improved the accuracy of the
period and thus reduced the current uncertainty on the
transit time with respect to the results from Mallonn
et al. (2019). The observed minus calculated residu-
als, along with the fitted TESS light-curves are shown
in Figure 6 while the fitted mid times can be found in
Table 4. Our new observations have been uploaded to
ExoClock?, a coordinated follow-up programme to keep
transit times up-to-date for the ESA Ariel mission.

3.3. Ariel & JWST simulations

The ACE equilibrium chemistry package identified
H,O, CH4, CO, CO5 and NHj3 as the most relevant
species in the atmosphere of WASP-117b. Resulting
abundance profiles for these chemical species, as a func-
tion of atmospheric pressure, are displayed in Figure
7, with the cooler-chemical atmosphere given by dashes,

4 https://www.exoclock.space

tData from TESS *Data from Hubble

Table 4. Transit mid times used to refine the ephemeris of
planets from this study.

1.00

o
©
©

o
©
©

°
©
N

Differential Magnitude

0.96

—0.050-0.025 0.000 0.025 0.050-0.050-0.025 0.000 0.025 0.050

Phase Phase
600
—— Lendletal. 2014 HST ¢ Mallonn et al. 2019
Updated Ephemeris ¢ TESS

500 .
—_ s
4 2.
L4001 ¢,
3 E
£ El=
£ %2
—'3001 %,
© o
=) -6
2 -
$ 2007
<
Q
© 100

-250 -200 -150 -100 -50 0 50

Figure 6. Top: TESS observations of WASP-117b pre-
sented in this work. Left: detrended data and best-fit
model. Right: residuals from fitting. Bottom: Observed
minus calculated (O-C) mid-transit times for WASP-117b.
Transit mid time measurements from this work are shown in
gold (HST) and blue (TESS), while the T value for Lendl
et al. (2014) is in red and the observations from Mallonn
et al. (2019) are in green. The black line denotes the new
ephemeris of this work with the dashed lines showing the
associated 1o uncertainties and the black data point indicat-
ing the updated Ty. For comparison, the previous literature
ephemeris and their 1o uncertainties are given in red. The
inset figure shows a zoomed plot which highlights the preci-
sion of the TESS and HST mid time fits.
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Figure 7. Equilibrium molecular abundance profiles as a
function of atmospheric pressure for two different simula-
tions of WASP-117b’s atmosphere: dotted lines indicate
cooler chemistry (800 K abundances); solid lines display hot-
ter chemistry (1100 K abundances).

and the hotter-chemical atmosphere given by solid lines.
The corresponding spectra created using these chemical
profiles, but forward modelled using the retrieved ter-
minator temperature of 833 K, as would be observed by
Ariel and JWST, are displayed in Figure 8. We can see
that in the cooler chemistry scenario, there is a distinctly
larger abundance of CHy in the region [10°, 10%] Pa, the
observable region, compared with the hotter chemical
regime.

In order to further constrain the CH; abundances,
retrieval analysis was carried out for these two sets of
simulated spectra, akin to that described in Section
2.3. We used prior distributions as specified in Table 3,
with the exception of a two-layer profile for CHy, with
a pressure threshold between the two chemical profile
layers set to 10% Pa for the 800 K atmospheres, and to
103® Pa for the 1100 K ones. The retrieved methane
abundances at the “surface”, at an atmospheric pres-
sure larger than this threshold, and at the “top”, at
pressures smaller than this are denoted as log;,(Ven,)s
and log,o(Vem, )T, respectively. The resulting posterior
distributions for the parameters of both nominal atmo-
spheres are over-plotted in Figures 9 and 10 for the Ariel
and JWST spectra, respectively. Over-plotted onto the
posterior graphs are “input” chemical abundance values;
for the species where constant abundances have been as-
sumed the value has been extracted from Figure 7 at 103
Pa, whilst the values for the methane abundances in the
surface and top layers are taken at pressure points one
order of magnitude either side of the pressure inflection
points, for both sets of atmospheres. Both Changeat
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Figure 8. Simulated transmission spectra of WASP-117b,
as observed by Ariel with 15 transits (top) and JWST with
4 transits (bottom). Forward models generated using chem-
ical equilibrium abundances for 800 K are shown in yellow,
whilst that for 1100 K are shown in green; with both spec-
tra simulated using the retrieval temperature Tierm = 833
K. Inset: zoom-in over the HST wavelength range with the
observations over-plotted (not fitted).

et al. (2019) and Changeat et al. (2020) illustrate that
the use of a 2-layer parameterisation, whilst significantly
more revealing than an constant abundance profile, will
only retrieve an abundance profile that aligns with the
forward model at the peak of the molecular contribu-
tion function. Thus, our over-plotted abundance values
are expected to be more accurate close to the pressure
inflection points, but should be treated with caution at
pressures elsewhere. Additionally, we note also that for
the 1100 K atmospheres, molecular abundances prove
harder to constrain but that forcing constant retrieval
profiles on varied input abundance results in a bias on
the retrieved temperature. This result is consistent with
evidence for a retrieval bias towards lower determined
temperatures than planetary effective temperatures, as
investigated in MacDonald et al. (2020), Caldas et al.
(2019) and Skaf et al. (2020).

Despite not being able to distinguish between the two
regimes over the HST wavelength range, the distinction
can in fact be made with 15 Ariel observations due to



the CHy spectral features present due to ro-vibrational
transitions at 2.3, 3.3 and 7.66pm (Yurchenko et al.
2014). As for JWST, only 4 transits (2 with NIRISS and
2 with NIRSpec G395M) are needed to illuminate this
distinction. This makes WASP-117b a very promising
candidate for observations with both Ariel and JWST,
as with its bright host star and posited chemistry, this
Saturn-mass planet could further illuminate exoplanet
atmospheric chemical dynamics.

4. DISCUSSION
4.1. Retrieval Results and Atmospheric Temperature

Whilst the ADI of 2.30 provides positive but not
strong evidence against the flat-line model, we recog-
nise that this value is sensitive to the scattered region
of the spectrum below 1.3um. When the data points
at 1.27um and 1.18um were removed and the same re-
trieval analysis performed, we obtain an ADI value of
4.30, moving over the threshold into strong evidence.
The addition of WASP-117b to the long list of gaseous
planets with prominent water features (Tsiaras et al.
2018; Pinhas et al. 2019), solidifies further the evidence
that water appears to be ubiquitous in the atmospheres
of such planets, with the presence of clouds in fact ob-
scuring water that sits deeper in the atmosphere, and
so weakening the observed transmission spectral signal
(Sing et al. 2016).

The terminator temperature was estimated to be
Tierm = 8331‘%28 K, which sits in the range [677 K,
1093 K] at the 1o level. Our retrieval analysis uses a
temperature prior informed by equilibrium temperature
arguments as outlined in Section 2.3. Although atmo-
spheric parameters such as geometric albedo and heat
redistribution are not well constrained for this planet,
what is significant from a chemical perspective is the
possible fluctuation of temperature around =~ 900 K be-
tween apastron and periastron, since this is the thresh-
old for which CO-CHy conversion oscillates between CO
or CHy dominant in the 10? — 10° Pa visible-region of
the atmosphere, as is observed in Visscher (2012) for
solar-metallicity gas. We take § = 1 and A = 0.3 to
derive an equilibrium temperature range of [816 K, 1116
K], whereas Lendl et al. (2014) take 8 =1 and A =0
finding [897 K, 1225 K]. Despite not agreeing exactly,
both temperature ranges include 900 K.

We note that our retrieval analysis displays a signifi-
cant degeneracy between the cloud pressure and water
abundance. Degeneracies of this nature are common
when only using data from WFC3 G141 (e.g. Tsiaras
et al. 2018) and the addition of data spanning visible
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wavelengths has been shown to remove this (Pinhas
et al. 2019). As TESS has also studied the transit of
WASP-117b it could provide additional information to
constrain parameters. However, the transit depth recov-
ered from the TESS data is extremely shallow, around
200 ppm lower than the WFC3 data-set. Carone et al.
(2020) also found an anomalously low TESS transit
depth.

Offsets between instruments can be caused for a num-
ber of reasons: due to imperfect correction of instrument
systematics; from the use of different orbital parameters
or limb darkening coefficients during the light curve fit-
ting; or from stellar variability or activity (e.g. Steven-
son et al. 2014a,b; Tsiaras et al. 2018; Alexoudi et al.
2018; Yip et al. 2019; Bruno et al. 2020; Pluriel et al.
2020; Murgas et al. 2020; Yip et al. submitted). Here, we
fitted the data-sets with the same limb darkening laws
and orbital parameters, ruling out that potential expla-
nation. Carone et al. (2020) studied whether stellar ac-
tivity or the transit light source effect could be causing
this discrepancy and found, while some offset could be
explained, the magnitude of the offset was too great for
this alone to be the cause. Therefore, we anticipate the
offset being due to imperfect correction of instrument
systematics. In the white light curve (Figure 1) we noted
the presence of some non-Gaussian residuals. While the
divide-by-white method means the spectral light curves
display Gaussian residuals, the whole spectrum may be
shifted due to the imperfect white light curve fit. Fur-
ther data, for example with the WFC3 G102 grism or
CHEOPS, could help resolve this issue.

4.2. Atmospheric Chemistry

In order to understand the capabilities of future mis-
sions like JWST and Ariel to successfully probe the at-
mospheric chemistry of WASP-117b it is paramount to
consider the detection limits of various chemical species
with respect to the resolution and wavelength cover-
age of their instruments. Our simulated atmospheres
for WASP-117b which we subsequently retrieve on are
generated at the Ariel tier 2 resolution. The posterior
distributions given in Figures 9 show that with 15 tran-
sits it is possible to reliably constrain the abundances of
H>0O and of the carbon-based molecules CH4 and CO»,
which is consistent with results from Changeat et al.
(2020) in which upper atmosphere observational detec-
tion limits for tier 2 are determined to be V,, > 10~7.
For species like CO and NHjs, the detection limits are
V, > 1074, 1077, respectively. Thus, in agreement
with our simulations, it is clear that for Ariel, tracing
these species will remain challenging. Correspondingly,
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Figure 9. Posterior distributions over-plotted for a 2-layer retrieval of the simulated Ariel spectra given in Figure 8, with
input from the 800 K and 1100 K atmospheres displayed in yellow and green, respectively. The posterior mean values presented

correspond to the cooler atmospheric regime.

simulated JWST spectra for 4 transits enable tighter
constraints to be made upon retrieving, as illustrated
in Figure 10, but giving the same overall conclusions
on detectability. In order to unify the power of both
missions, but to avoid the well-known issues related
to combining data-sets from different instruments as
described in Section 4.1, results from each instrument
should be used as prior knowledge to inform analysis

with the other. For example, since the wavelength cov-
erage of Ariel reaches as far into the visible as 0.5 pm,
and further than JWST at 0.6 pum, these few additional
data points could aid the removal of the degeneracy be-
tween retrieved cloud layer pressure and water vapour
abundance. Additionally, as JWST has a greater sen-
sitivity across the 3.0-3.5 pwm region, where the models
are most distinctly separated, the NIRSpec G395M ob-
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Figure 10. Posterior distributions over-plotted for a 2-layer retrieval of the simulated JWST spectra given in Figure 8, with
input from the 800 K and 1100 K atmospheres displayed in yellow and green, respectively. The posterior mean values presented

correspond to the cooler atmospheric regime.

servations could be complementary to the Ariel data.
As we have discussed, eccentric orbits cause a variation
of atmospheric temperature due to variations in levels
of stellar flux received by the planet as it traverses its
orbit. As a result we can expect atmospheric chemical
profiles to vary with time. A schematic diagram for the
orbit of WASP-117b’s orbit is displayed in Figure 3,
with the line-of-sight direction for which we observe the

system during transit highlighted in yellow. In order
to assess the chemistry that is observable during tran-
sit, chemical and dynamical mixing timescales must be
considered with respect to the planet’s orbital and spin
periods. Visscher (2012) asserts that eccentric planet
atmospheric chemistry is only affected by vertical mix-
ing if the time elapsed between apastron and periastron
exceeds vertical mixing timescales (7pix < %Porbiml).
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Thus if, for now, we make the assumption that vertical
mixing timescales are slower than this threshold, we
can compare chemical timescales Topem () for a given
molecular species = to orbital timescales to assess what
sort of chemistry might be observable during transit.

These chemical timescales are functions of pressure
and temperature and so will oscillate throughout orbit;
allowing perhaps for warmer chemistry to remain visible
as the planet enters transit, despite the proximity of its
point of ingress to apastron. As the temperature reaches
838 K at transit, the time taken to reach chemical equi-
librium corresponding to this new atmospheric temper-
ature may be larger than the time taken to travel there
from periastron and thus the chemistry may not be able
to adapt to the changes in the irradiation environment.
Visscher (2012) calculates chemical timescales for vari-
ous species in the atmospheres of the eccentric gaseous
giant exoplanets HAT-P-2b and CoRoT-10b. In par-
ticular, they obtain Tenem(CHa) & Terem (CO) ~ 1020 s
in the observable region of 102 — 10° Pa, with respect to
CH4-CO inter-conversion, at WASP-117 bs equilibrium
periastron temperature of 838 K, which is indeed larger
than half the planets orbital period of around 10° s.

However, so far this argument only considers chemical
equilibrium processes, which is almost certainly a gross
simplification. In order to constrain chemical timescales
more rigorously, a more in-depth analysis of the at-
mosphere which includes photo-dissociation processes,
disequilibrium chemistry and vertical and horizontal
mixing processes is required. However, in order to carry
out preliminary analysis, we neglect vertical mixing,
assume either tidal locking or a spin-synchronous or-
bit and consider only equilibrium chemical processes as
a first-order approximation to assess feasibility of de-
tectability. Under these assumptions we are left with
two extremes for observable chemistry during transit.
Assuming thermo-chemical equilibrium is achieved at
periastron we may observe warmer periastron (1100 K)
chemistry if the chemical timescales are slow enough
such that the chemistry does not have time to adapt to
the decreased temperature by the time it enters tran-
sit close to apastron (Tepem > %Porbiml). Or, on the
contrary, if chemical timescales are fast enough to allow
for the chemistry to adapt to the apastron tempera-
ture close to transit (Tepem < %Porbiml), or if chemical
timescales are slow but chemical equilibrium is reached
at apastron, we may observe cooler (800 K) apastron
chemistry, i.e. what we expect.

A further caveat to this is that in the likely case that
the planet spins, spin-orbit resonance may be able to
somewhat homogenise the warmer and cooler regimes
(Tmiz > Pspin) possibly giving the planet a globally aver-
aged chemistry between the hotter and cooler cases. In
addition to the aforementioned chemical assumptions,
other caveats to such a simplified analysis include the
lack of a 3D atmospheric model, with self-consistent dy-
namics. Caldas et al. (2019) illustrate that 3D analysis
could enable the capture of the contamination of the ter-
minator by the day-side of the planet, due to strong irra-
diation at the day-side, whilst MacDonald et al. (2020)
show that 1D retrieval analyses cannot capture com-
positional differences between the morning and evening
terminator, whilst both effects could result in chemical
inhomogeneities in the terminator region. A compre-
hensive study of all such processes would enable accurate
characterisation of WASP-117 bs atmospheric chemistry,
with the presented analysis of the two extremes of equi-
librium chemistry serving to motivate follow-up study
and observation.

5. CONCLUSION

WASP-117b’s possession of an eccentric and mis-
aligned orbit around its bright and stable F9 host makes
it a tantalising object for atmospheric characterisation,
since chemical timescales for CH4 compete with the or-
bital period. With HST WFC3 observations, we present
a retrieval solution with a well-constrained water vapour
volume mixing ratio of log;,(Vi1,0) = —3.827137 along-
side a layer of opaque cloud. Carbon-based molecules
such as CO, COy and CH4 prove harder to constrain
using such data as the wavelength coverage and the
signal-to-noise remains limiting. With the future tele-
scopes JWST and Ariel, we present simulated spectra
for WASP-117b as would be observed by these missions
and show that it should be possible to probe possible
variations in CHy chemistry in the observable region of
the atmosphere.
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