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ABSTRACT

We present a population study of 20 exoplanets, ranging from Neptune-like to inflated hot-Jupiter
planets, observed during transit with the STIS and WFC3 instruments aboard the Hubble Space Tele-
scope. To obtain spectral information from the near-UV to the near-infrared, we reanalysed sixteen
WFC3 and over fifty STIS archival data sets with our dedicated HST pipeline. We also include twenty-
four WFC3 data sets previously reduced with the same software. Across our target sample we observe
significant divergence among multiple observations conducted with the same STIS grating at various
epochs, whilst we do not detect variations in the WFC3 data sets. These results are suggestive of
stellar contamination, which we have investigated further using known Bayesian tools and other tai-
lored metrics, facilitating a more objective assessment of stellar activity intensity within each system.
Our findings reveal that stellar activity contaminates up to half of the studied exoplanet atmospheres,
albeit at varying extents. Accounting for stellar activity can significantly alter planetary atmospheric
parameters like molecular abundances (up to 6 orders of magnitude) and temperature (up to 145%),
contrasting with the results of analyses that neglect activity. Our results emphasise the importance of
considering the effects of stellar contamination in exoplanet transit studies; this issue is particularly
true for data sets obtained with facilities that do not cover the optical and/or UV spectral range where
the activity is expected to be more impactful but also more easily detectable. Our results also provide
a catalogue of potentially active stars for further investigation and monitoring.

1. INTRODUCTION

We recently surpassed the mark of 5600 confirmed exoplanets, with more planets discovered by the day thanks to
different and complementary detection techniques. Studies involving large populations of planets and their stellar hosts
have been pivotal to get a glimpse into the great diversity of planetary systems beyond our own. Notable examples of
said studies focused on exoplanet demographics include e.g. Fulton et al. (2017); Howard et al. (2012); Mayor et al.
(2011); Cassan et al. (2012); Nielsen et al. (2019); Gaia Collaboration et al. (2022); Luque & Pallé (2022). Exoplanet
detection campaigns and dedicated missions, such as NASA Kepler, TESS and ESA Cheops, have also significantly
contributed to characterise their host stars by measuring key stellar parameters and monitoring their magnetic activity,
see e.g. Bastien et al. (2013); Yang et al. (2017); Basri et al. (2013); Balona (2015, 2022); Magrini et al. (2022); Simpson
et al. (2023).

Large-scale spectroscopic studies of exoplanetary atmospheres are today in their infancy. Space telescopes, such as
NASA Spitzer and NASA/ESA Hubble, have delivered throughout their years of operation large enough data-sets to
enable pioneering population studies for tens of exoplanet atmospheres, mainly hydrogen-rich (see e.g., Cowan & Agol
(2011); Iyer et al. (2016); Sing et al. (2016); Fu et al. (2017); Tsiaras et al. (2018); Fisher & Heng (2018); Changeat
et al. (2022); Edwards et al. (2022)). However the data quality provided by these space telescopes did not always
match the ambition of the scientific community. To enable detailed comparative exoplanetology, population studies
should ideally satisfy the following conditions:

e Exoplanet spectra should be simultaneously recorded across the broadest possible wavelength range to mitigate
the hindrance of observations taken at different epochs (Danielski et al. 2014). This issue is particularly acute
if the stellar host is active and/or the atmosphere shows signs of temporal variability due to changes in the
cloud coverage, climate or weather patterns (Armstrong et al. 2016; Cohen et al. 2023; Changeat et al. 2024).
In particular, optical-to-infrared atmospheric spectra may help to address degeneracies among cloud parameters
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(Mai & Line 2019) and to correct for stellar contamination (Ballerini et al. 2012). These mitigations allow to
constrain better chemical abundances (Rustamkulov et al. 2023) and the thermal structure of the atmosphere.

e Planetary atmospheres should be observed by a single instrument or, if not possible, by combining multiple well
calibrated instruments mounted on the same telescope. Numerous studies have shown how offsets among data
sets caution against combining data from different instruments and/or observatories (Yip et al. 2020; Wilson
et al. 2020; Luque et al. 2020; Yan et al. 2020; Murgas et al. 2020).

e A single pipeline should be used to analyse homogeneously all data sets, this approach minimising biases caused
by different data reduction methodologies (Mugnai et al. 2024). Robust statistical tools should be adopted to
allow quantitative comparisons and estimate the reliability and degeneracy of the data interpretation (MacDonald
& Batalha 2023; Yip et al. 2024).

The NASA/ESA/CSA James Webb Space Telescope has enabled for the first time the observation of exoplanet
atmospheres in spectral windows that where never sounded before. Given its high sensitivity, JWST is in a unique
position for studying even the faintest exoplanet targets. A notable limitation is, however, its more limited optical
coverage, starting at wavelengths longer than 0.6 um, thus missing spectral coverage where clouds, hazes, and stellar
activity could leave significant imprints (Fairman et al. 2024). Moreover, given its relatively recent launch, most of
the data collected so far are still publicly unavailable and therefore large population studies are not yet possible with
Webb. Upcoming exoplanet-dedicated satellites such as BSSL Twinkle (Edwards et al. 2019; Stotesbury et al. 2022)
and ESA Ariel (Tinetti et al. 2018; Tinetti et al. 2021), will provide simultaneous optical to infrared exoplanet spectra
through multi-year surveys, addressing the top two conditions mentioned above. In the meantime, population studies
of exoplanet spectra spanning a broad spectral coverage, including optical wavelengths, must combine data sets from
different observatories (e.g. JWST, HST, Spitzer, ground-based telescopes), despite the fact that this approach has
its limitations, as explained above.

To minimise the impact of potential offsets while maximising the wavelength coverage, we focus in this paper on
data collected with two instruments onboard the Hubble Space Telescope. In the past 20 years, Hubble has allowed
pioneering and ground-breaking exoplanet atmospheric studies from the far UV to the near-infrared, through a variety
of instruments (Vidal-Madjar et al. 2003; Linsky et al. 2010; Knutson et al. 2007; Swain et al. 2009; Deming et al.
2013). The majority of these observations were obtained with the Space Telescope Imaging Spectrograph (STIS) and
the Wide Field Camera 3 (WFC3) instruments, and now constitute the largest public database of space-based exoplanet
transmission spectra. While WFC3 has been at the forefront of detecting and refining water vapour abundances in
the near-infrared (e.g. Tsiaras et al. 2019; Anisman et al. 2020; Skaf et al. 2020; Roy et al. 2023), STIS has often been
employed to understand the nature of the scattering slopes in the visible wavelengths and to identify signatures of
refractory compounds (e.g. Sing et al. 2013; Lothringer et al. 2018; Estrela et al. 2021).

While significant strides have been made in characterising exoplanetary atmospheres, less emphasis has been placed
so far on using the spectral information in the optical/near-UV regime to detect and correct for potential stellar
contamination (e.g. Pinhas et al. 2018; Edwards et al. 2021; Libby-Roberts et al. 2022). The difficulty of this task arises
from the diverse ways in which an active star can influence the spectra of its companion planet(s). Stellar magnetic
activity results in surface heterogeneities in the form of colder spots and hotter faculae that can cause the transit
chord to differ from the observed disk-integrated stellar spectrum. On the stellar photosphere, these heterogeneities
can either be occulted or unocculted during the planetary transit w.r.t. our line of sight. While occulted stellar
signatures are comparatively easier to identify in transit light curves, unocculted features are trickier to recognise. The
first imprint a bump (in the case of a spot) or a depression (for a facula) in the transit light curve, but can be masked
or removed by inspection (Narita et al. 2013). On the other hand, unocculted active regions affect the transit depth
of the entire light curve, introducing a strong chromatic signal that deepens (decreases) the observed transit depth,
overestimating (underestimating) the planetary radius compared to a scenario without spots (faculae) (Rackham et al.
2018). Although stellar contamination effects are strongest in the optical regime, where they introduce characteristic,
exponential slopes, they are also non-negligible in the infrared where they are capable of introducing offsets, potentially
mimicking or masking absorption features of interest in the planetary atmosphere, e.g. water (Barclay et al. 2021)
and/or resulting in erroneous retrieved chemical abundances (Iyer & Line 2020; Thompson et al. 2024).

Leveraging the availability of many publicly available HST data sets, we combine here repeated observations be-
longing to 20 different exoplanets obtained with both STIS and WFC3. We aim to use these combined data sets
to determine the origin of the distinct spectral signatures observed throughout the population. Subsequently, and
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largely due to the optical coverage allowed by STIS, we also find extensive evidence for stellar contamination. We
apply a standardised data reduction across the entire sample using our data analysis pipeline Iraclis (Tsiaras et al.
2016a), which is tailored specifically for HST data. We interpret the spectral results with the unified Bayesian retrieval
code TauREx 3.1 (Al-Refaie et al. 2021), along with its stellar activity plugin ASteRA (Thompson et al. 2024), which
enables combined stellar-planetary retrievals. ASteRA allows for the consideration of potential stellar contamination
effects during atmospheric retrievals, ensuring biases introduced by contamination are simultaneously accounted and
corrected for in the retrieved planetary parameters. Overall, our retrieval framework is tailored to enable quantitative
comparisons among atmospheric, planetary, and stellar parameters.

We establish a set of novel stellar activity metrics which, by computing the departure from a spectrum unaffected by
stellar influences, aid in both the qualitative and quantitative assessment of the significance of the stellar contamination
on the planetary spectra. This survey effectively represents a systematic analysis of a population of 20 planets that
benefit from a broad — although not always continuous — spectral coverage, uniform reduction, consistent atmospheric
retrievals and the definition of new metrics to support or challenge previous findings related to stellar activity across
a diverse set of targets.

The paper is organised as follows: in Section 2 we describe the procedures we employed in our HST-dedicated
data analysis pipeline to reduce and calibrate STIS and WFC3 data (Section 2.1 & 2.2), the light curve detrending
techniques applied to derive the final spectrum (Section 2.3) and a section on parameter estimation (Section 2.4)
for completeness. The modelling methodology, including the variety of retrieval runs we performed on the data are
described in Section 3. Section 4 describes our use of the Bayesian evidence/Bayes factor, a well-established statistical
tool (Section 4.1) alongside two newly-developed metrics (Section 4.2, 4.3) that we employed to describe the level of
stellar contamination across our planetary sample. The results of our investigation are reported in Section 5, while
population level findings together with three distinct case-studies are explored in more detail in Section 6. Finally, a
summary highlighting our discoveries and their implications is presented in Section 7.

2. DATA ANALYSIS

We searched the MAST archive for publicly available exoplanet transit data observed, with at least one grating/grism,
by both the STIS and WFC3 instruments on HST. Although we were able to identify more than 30 planets that met
this criteria, the data sets considered for this study refer to 20 planets only. To produce a consistent analysis and have a
homogeneous data sample, we discarded HAT-P-70b and KELT-20b from the final selection as their STIS observations
were taken with STIS/G430 at medium resolution. Similarly, we did not include WASP-43 b as its G430L data set did
not display a transit and its G750 observation was taken with the medium resolution grating (G750M). WASP-12b,
despite being observed by both grisms on STIS and WFC3, was excluded from our sample due to the contamination
by a nearby companion within the system. To obtain a reliable spectrum of WASP-12b, meticulous decontamination
is essential, involving modelling of the companion star. Planetary spectra that displayed strong offsets among their
STIS and WFC3 observations were also rejected. These include: HAT-P-17b, HAT-P-32b, HAT-P-41 b, HD 189733 b,
KELT-7b, WASP-19b, WASP-62b, WASP-76 b, WASP-79b. Extra processing steps are necessary to correct for the
observed offsets and to explain their origin, therefore these planets will be the subject of a separate study. The final
sample selection is displayed in Figure 1, while the observations’ proposal ID and the names of their respective principal
investigators are reported in Appendix A. There we also include the instrument-filter combination each planet was
observed with and the date each observation was performed. We are aware that some of these exoplanets have also
been observed with other instruments, including JWST, but for homogeneity reasons, here we restrict our analysis to
data acquired with the two low resolution gratings on STIS and the infrared channel of WFC3. For the avoidance of
doubt, each transit spectrum presented here was taken with all or a combination of the G430L and G750L grating on
STIS, and the G102 and G141 grism on WFC3, specifically in spatial scanning mode.

While most of the STIS data sets we utilise have undergone prior analysis by different groups employing diverse
data reduction pipelines, our study marks the first instance in the literature of analysing the G430L and G750L data
sets of HAT-P-18b and the G430L data set of HAT-P-26b. In our wide-sample investigation, we introduce a novel
data reduction framework for STIS data, previously presented in Saba et al. (2022), that enables us to uniformly
process numerous data sets, with the goal of mitigating biases. WFC3-IR spatial scanned observations were also
treated homogeneously across the target sample either by including in our study data sets previously analysed with
the Iraclis pipeline or, where new observations were made available, by reducing them with Iraclis (Tsiaras et al.
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Figure 1. The sample of planets and stellar hosts investigated in this study. We defined a Neptune-like planet to have a radius
between 0.31 and 0.54 Ry, a Jovian to possess a radius between 0.54 and 1.42 Rj and an inflated Jovian to display an apparent
radius at 10 bar of 1.42 Ry < R, < 2.32 R;;.
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2016a). Such approach guarantees a standardised methodology for the selected sample and enables a comparative
study.

2.1. STIS Data Processing

Starting from the raw STIS data, we performed data reduction and calibration following the procedures highlighted in
the STIS documentation (Bostroem & Proffitt 2011). The steps include: bias level subtraction (a.k.a. reference pixels
correction), bias frame subtraction, dark image subtraction, background subtraction, flat-field correction, bad-pixel
and cosmic-ray correction, wavelength calibration and light curves extraction. For the extraction we used 6-pixel-
wide apertures along the cross-dispersion direction and smoothed aperture edges along the dispersion direction (the
smoothing factors were 5 A for the G430L grating and 10 A for the G750L grating, corresponding to approximately 2
pixels in each case). The spectral bin sizes were chosen in such a way that roughly the same amount of flux would fall
in each of them while keeping the S/N approximately constant across the spectrum. For each planetary spectra we
extracted a broad band (white) light curve and a total of nine and seven spectral light curves for G430L and G750L
respectively. For a number of planets, some of the chromatic light curves displayed strong outliers; we removed them
by inspection before the light curve fitting step.

2.2. WFC8 Data Processing

To ensure homogeneity in the data analysis process, we employed one single pipeline to analyse all transit data
sets. Iraclis (Tsiaras et al. 2016a), a specialised WFC3 spatial scanning mode data reduction pipeline and recently
adapted to analyse STIS data as well, was used in this study. Most of the WFC3 data sets presented here were
previously analysed with Iraclis and collected in two major population studies by Tsiaras et al. (2018) and Edwards
et al. (2022). However, these studies focused predominately on WFC3/G141 data, while here we aim to include
WFC3/G102 as well. For this reason, we downloaded all publicly available WFC3/G102 data sets for the planets in
our sample and processed them with Iraclis, after ensuring that the planetary system parameters (Appendix B)
we employed were consistent with those used in previous WFC3/G141 studies and across the remaining data sets
associated with the same planet. The planets observed with G102 in transmission include HAT-P-11b, HAT-P-26 b,
WASP-17b and WASP-39b. These are also the planets that possess a complete spectrum from 0.4 to 1.6 pm, i.e. were
observed with STIS/G430L, STIS/G750L, WFC3/G102 and WFC3/G141, albeit at different epochs.

As highlighted in Tsiaras et al. (2016a), Iraclis starts from the raw data and performs a number of steps (zero-
read subtraction, reference pixels correction, non-linearity correction, dark current subtraction, gain conversion, sky
background subtraction, calibration, flat-field correction, bad-pixel and cosmic-ray correction) before extracting the
light curves. Both the white and spectral light curves are then fitted with the PyLightcurve package embedded into
the pipeline (more details in Section 2.3), to produce a final spectrum. Similarly to STIS, we chose the spectral bin
sizes in such a way that roughly the same amount of flux would fall in each bin while keeping the S/N approximately
constant across the whole spectrum.

2.3. Light curve fitting

The light curve modelling parameters were pulled from the Exoplanet Characterisation Catalogue developed as part
of the ExoClock project (Kokori et al. 2021, 2022, 2023). In each of the light curve modelling steps we assumed
a circular orbit and a fixed period for the planet, while the limb-darkening effect was modelled using the Claret 4-
coefficient law (Claret 2000) and the ExoTETHyS (Morello et al. 2020) package, which takes into account the stellar
parameters (Appendix C) and the response curve of the instrument. The white light curves were fitted with a function
M(t) that includes a transit model F(t) and a systematics model R(t) multiplied by a normalisation factor n,,, of the
form:

M(t) = ny = F(t) * R(t) . (1)

The transit model, computed via the PyLightcurve software !, follows the formalism of Mandel & Agol (2002) and is
dependent on the limb-darkening coefficients, the planet to star radii ratio and the orbital parameters Ty, P, i, a/R.,
e, w. For the systematics model (Kreidberg et al. 2015; Tsiaras et al. 2016a), we include a linear term to describe the
long-term ramp and an exponential term to correct for the trend at the beginning of each HST orbit. The systematics
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function is implemented as follows:
R(t) = (1 — ra(t — Tp)) (1 — rpre"e2(t=t0)) | (2)

where t is time, T} is the mid-transit time, ¢y is the time when each orbit starts, r, is the slope of the linear, long-term
“ramp” and ry1, Tp2 are the coefficients of the exponential short-term “ramp”.

While the white light curves were fitted using the above technique for both WFC3 and STIS, we used two different
fitting routines to treat WFC3 and STIS spectral light curves. After excluding the initial orbit from each WFC3 spectral
light curve, as it exhibits more pronounced wavelength-dependent systematics compared to the subsequent orbits, we
employed Equation 2 to model the remaining orbits comprising the spectral light curves. The systematics-modelled
light curves were then divided by the corresponding white light curve and further fitted via

(14 xa(t = To)) (F(A 1)/ Fu(t)) 3)

where n) is a wavelength-dependent normalisation factor, x, is the coefficient of the wavelength-dependent linear
slope, ¢ is time, Ty is the mid-transit time, F'(\,¢) is the wavelength dependent transit model, and Fy,(t) is the best-fit
model on the white light curve.

Similarly to WFC3, we attempted to perform the detrending of the STIS spectral light curves with the divide-white
method (Kreidberg et al. 2015) but, likely due to chromatic effects arising from the host star and the well-known
wavelength-dependent thermal breathing of the STIS detector (Brown et al. 2001; Sing et al. 2011), this approach was
unsuccessful. A variety of spectroscopic STIS studies have highlighted how the systematics can be both time-dependent
(e.g. Nikolov et al. 2014; Lothringer et al. 2018) and wavelength-dependent during a single observation (Huitson et al.
2013), therefore needing a specialised treatment case by case. However, we opted for a uniform systematics model
throughout all data sets to maintain consistency: to correct for the combined instrumental and astrophysical trends
characteristic of the STIS spectral light curves, we adopted the usual systematics model in Equation 2 and applied
it to each spectral light curve separately. Effectively, we modelled the spectral light curves in the same manner as
the white light curve. This approach has been used extensively in past STIS studies and has been shown to perform
better than employing the divide-white technique (e.g. Chachan et al. 2019). It has consistently proven effective in
detrending all data within our sample, thereby ensuring reliable and comparable results throughout.

In the literature there are many examples of how Gaussian Processes (GPs) are employed to fit exoplanet transit
light curves (Gordon et al. 2020), especially at the optical wavelengths (Gibson et al. 2017). Generally these algorithms
are able to smooth out external features that do not belong to the phenomenon intended to be modelled, in this case
by removing any potential spot-crossing signatures from the transit signal. Hence, we attempted to utilise them to
detrend STIS light curves as reported in Appendix D. However, we found GPs to be ineffective in providing additional
constraints on the light curve modelling. Therefore, all spectral data presented here and employed during the retrievals
were produced by applying the standard linear plus exponential detrending as described in Equation 2.

2.4. Parameters estimation: a/R. and i

During white light curve fitting we fixed the a/R. and i parameter values to those obtained from literature. Because
of the gaps in the light curves, HST observations are not suited to constrain these parameters. A significant coverage in
ingress and/or egress is necessary to constrain the semi-major axis and orbital inclination. To test whether combining
many HST light curves could be a suitable approach to derive these parameters in the absence of complete light curves,
we compared the values obtained by combining three STIS white light curves with those obtained by fitting a complete
JWST/NIRISS light curve. We selected WASP-39b as our candidate planet, as at the time of writing this is the only
planet in our sample for which there exist public JWST observations. We used again Equation 2 to detrend the light
curves, but leaving a/R, and ¢ as free parameters. We compared the results obtained using these two approaches with
the values listed in ExoClock, and we conclude that the fitting of JWST light curves leads to the most constrained
results, which are compatible well within 1o of the ExoClock parameters. The a/R, and i values obtained from the
combined STIS light curve fitting (a/R. = 11.83f8:g§, 1= 88.63f8:§1) have a ten times larger uncertainty compared to
the JWST fitted values (a/R. = 11.41940.026, ¢ = 87.772+0.032, b = 0.4439+0.0062) but comparable to the ExoClock
uncertainties (a/R, = 11.37753% i = 87.757537). The semi-major axis and inclination parameters derived from the
fitting of the three STIS light curves are 20 and 30 away respectively from both JWST and ExoClock, while JWST and
ExoClock parameters agree within 1o. Therefore, rather than trying to constrain these orbital parameters by fitting
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multiple incomplete light curves together, we suggest employing either tabulated parameters or fitted parameters from
complete white light curves and fixing them during the spectral light curve fitting. For consistency we fitted all white

and chromatic light curves using the ExoClock parameters as fixed values across the whole planetary sample, including
on WASP-39b.

3. SPECTRAL MODELLING

Due to the often divergent STIS spectra resulting from their acquisition at varying epochs (Fig. 2), we decided to
model the different combinations of data sets as separate spectral scenarios for each planet. As reported in Table 1,
each of the potential combinations of data sets is identified by a Case number. The spectral modelling is performed
with the fully-Bayesian retrieval framework TauREx 3.1 (Al-Refaie et al. 2021; Al-Refaie et al. 2022). Through the
use of nested sampling techniques (Skilling 2006), the retrieval code maps the correlations among the atmospheric
parameters in the defined parameter space. TauREx operates on an entirely open-source framework. Utilising the
plug-in system, users have the flexibility to integrate their own models, allowing for the representation of various
atmospheric conditions such as stellar contamination, cloud parameterisation, and temperature-pressure profiles of
their choosing. To explore the parameter space, we employed the widely utilised nested sampling algorithm MultiNest
(Feroz et al. 2009; Buchner et al. 2014) with 250 live points and an evidence tolerance set to 0.5.

3.1. Retrievals Setup

All planets in the sample were treated homogeneously: following a plane-parallel geometry, their atmospheres were
split into 100 layers, uniformly distributed in log space between 107> and 106 Pa. We assume that all planets possess
a primary atmosphere, mainly constituted of atomic hydrogen and helium in a ratio of 1 to 0.17. For simplicity, we
assumed the temperature structure to be constant with altitude for two main reasons: 1) the goal of this study is not
to constrain the structure of the 7' — p profile; 2) introducing a more complex T" — p profile would involve retrieving
additional correlated parameters, potentially introducing degeneracies amongst themselves and other parameters of
interest.

Taking advantage of the considerable wavelength coverage afforded by the combination of STIS and WFC3 obser-
vations, the high equilibrium temperature of some planets in the sample and for comparison with existing studies, we
initially investigated the presence of various molecular opacities. These included TiH (Gharib-Nezhad et al. 2021),
ScH, CrH (Buldyreva et al. 2022), TiO (McKemmish et al. 2019), VO (McKemmish et al. 2016), AlO (Patrascu et al.
2015), K (Allard et al. 2019) Na (Allard et al. 2019) and HoO (Polyansky et al. 2018), employing linelists sourced from
the ExoMol (Tennyson et al. 2016; Chubb et al. 2021), HITEMP (Rothman et al. 2010; Rothman & Gordon 2014),
HITRAN (Rothman et al. 1987; Gordon et al. 2022) and NIST (Kramida 2013) databases. Additionally, we explored
different cloud parameterisations, encompassing wavelength-independent clouds, parametric Mie scattering clouds (Lee
et al. 2013), cloud microphysics and radiative transfer models utilising YunMa (Ma et al. 2023), and accounted for the
presence of stellar contamination signatures with ASteRA (Thompson et al. 2024).

Upon realising the importance of accounting for potential stellar contamination and observing its predominant
influence at a population level, surpassing that of clouds or refractory species, we opted against incorporating more
intricate cloud microphysics models in this study. This decision was further influenced by the low resolution of the
STIS observations and the expected parameter degeneracies arising from the interplay between cloud and stellar
models which should instead be the focus of a separate, future study. Ultimately, we decided to consider in our
retrievals potential stellar contamination by the host star as modelled by ASteRA (Thompson et al. 2024), a simple
gray cloud layer and HoO, K and Na as trace gases. These minor species, while set to have a constant abundance at
each atmospheric layer, were allowed to vary freely between -12 and -1 in volume mixing ratio (VMR). Additionally,
collision-induced absorption (CIA) from H2-H2 (Abel et al. 2011; Fletcher et al. 2018) and H2-He (Abel et al. 2012)
and Rayleigh scattering for all molecules were included.

To assess the strength of the stellar contamination on each exoplanet spectrum and understand how it affects the
retrieved results, we progressively made the retrieval model more complex. We organised the retrievals as follows:

e Base model: Here we keep the model as simple as possible by only including water vapour absorption (Polyansky
et al. 2018), CIA and Rayleigh scattering.

e Gray clouds: We expand the base model by including a simple gray cloud deck, for which we fit the top pressure
in the range from 10~! to 10° Pa (Robinson & Catling 2014; Kawashima & Tkoma 2018; Charnay et al. 2021).
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Figure 2. The spectral data resulting from our data analysis, colour-coded based on the observation timestamps of each STIS
visit. ‘Visit 1’ denotes the first observation in chronological order conducted using the respective STIS grating, followed by
‘Visit 2’ etc.. For HAT-P-1b, HAT-P-26 b, WASP-17b, and WASP-39 b, we possess data from both the G102 and G141 grisms
on WFC3. These data sets are highlighted to illustrate the corresponding data points and to visualise the overlap between
the grisms. Conversely, observations for the remaining planets were exclusively conducted using the G141 grism on the WFC3
instrument. The dashed lines centred at 0.59 pm and 0.77 pm indicate where we expect the peaks of the absorption features of
sodium and potassium to appear respectively.
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e Alkali metals: Certain spectra exhibited pronounced features near the regions where sodium and potassium
are expected to absorb. Where a potential detection of one or both of these elements was considered feasible, we
included their opacities (Allard et al. 2019) into the retrieval run, while retaining the presence of water absorption
and the opaque cloud deck.

e Stellar activity: We conduct the three type of retrievals as previously outlined. However, in each of these
retrievals, we now incorporate a stellar model capable of inferring both the temperature and filling factor of
spots and faculae potentially present on the photosphere of the stellar host.

During the retrievals we fixed the planetary masses their literature values (Table B.1). The planetary radii, temper-
atures and the HoO volume mixing ratio were set as fitting parameters for which we only imposed wide, non-restrictive
priors (0.1 to 3 for Rp; 100 to 5500 for Tp,; 10712 to 10~! for molecular opacities) in order to avoid biasing the retrieval
towards expected, a-priori values. For comparison with our retrieved T, values, we calculate the planetary equilibrium
temperature of each planet in our sample using the following equation;

T, = 1o ) B <1A) , (4)

2a €

where T% is the host star’s effective temperature, R, is the stellar radius, R./a is the inverse of the planet’s semi-
major axis to stellar radius ratio. When calculating T},, we set the albedo (A) and the emissivity (e) to be 0.2 and
0.8 respectively. The error bars associated with the equilibrium temperatures presented in Table B.1 were computed
under the assumption of different albedo and emissivity values. For the lower bound we adopted A = 0.7 and € = 0.8,
indicating a planet with high reflectivity and radiative properties. For the upper bound, assuming a condition with
low reflectivity but a high heat redistribution potentially resulting from the planet’s formation process, we employed
A = 0.1 and ¢ = 0.5. In all of our retrievals, we modelled the stellar photosphere using the PHOENIX BT-Settl
synthetic stellar atmosphere spectra (Allard et al. 2012). We fixed the fundamental stellar parameters, the stellar
radii (R.) and masses (M.), photospheric effective temperatures (T¥) and metallicities to literature values, as reported
in Table C.1. To account for potential stellar contamination within the retrieval, four additional parameters relating
to stellar activity are fit for alongside the planetary parameters of interest. These activity parameters are the spot
and facula temperatures, Typor and T, respectively (assuming that all spots/faculae are characterised by a single
temperature), and their corresponding filling factors i.e. coverage as a fraction of the total projected stellar surface,
which are denoted as Fypor and Fp,.. The prior bounds on the filling factors Fipor and Fi,. were set between 0.0
and 0.9, where a filling factor of 0.9 would equate to 90% of the photosphere being covered by either of these active
regions, with the implicit condition that the sum of these two parameters cannot exceed 1. We set prior bounds for the
temperatures of these active regions that are dependent on the effective (photospheric) temperature (T%) of the host
star and, as such, their absolute values vary on a case-by-case basis. For the spot temperature, Ts,0t, We set the lower
bound to be equal to Tx - 1500K and the upper bound to be equal to Tx. For the facula temperature, Tt,., we set the
lower bound to be equal to T* and the upper bound as T* 4+ 500K. The reasoning behind imposing priors of different
magnitudes on the faculae and spot temperatures is that we expect faculae to display a smaller positive temperature
contrast (AT) with respect to the photosphere as compared to the larger negative contrast of spots (e.g. Berdyugina
2005; Gondoin 2008; Panja et al. 2020; Norris et al. 2023).

4. STELLAR ACTIVITY METRICS
4.1. Bayes Fuactor

To assess the strength of the model preference from a Bayesian perspective, we utilise the Bayes Factor, defined as
the ratio of two models’ evidences given an observed data set. In our study we compare the evidence of the baseline
model to that of the stellar baseline model for each planetary spectra, considering one spectral case at a time. The
fitted parameters for the base model include water vapour, R, and 7', while the stellar model incorporates the four
additional activity parameters described in Section 3.1 above, thus increasing the dimensionality by four. All models
used in the Bayes Factor calculations are cloud-free and assume a uniform atmospheric temperature and water content
with altitude. By employing the simplest atmospheric models we aim to distinguish at first order the signatures that
stellar activity imprints on the planetary spectra. The Bayes Factor serves as a fully Bayesian approach to model
selection, relying solely on the evidence of the respective models. In log space it is expressed as follows:

In(Bs_p) = In(FEs/Eg) = In(Fs) — In(Eg) , (5)
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where In(Es) represents the Bayesian evidence of the stellar model and In(Eg) corresponds to that of the base model.
A negative In(Bs_p) value suggests a preference for the base model, while a positive value indicates a preference for
the model incorporating stellar activity, despite the additional dimensionality it requires. Following the Jeffreys’ scale
(Jeffreys 1998; Trotta 2008) we establish three thresholds to gauge the extent to which the stellar model is favoured
over the baseline model (or vice versa). A Bayes factor 1 < In(Bg_p) < 2.5 represents a weak evidence against
the simpler base model; 2.5 < In(Bg_p) < 5 is considered to be moderate evidence in favour of including stellar
contamination and In(Bg_p) > 5 is considered strong evidence in favour of using a model that incorporates stellar
activity. Similarly, the Jeffreys scale can be used to explain the preference of the base model over the stellar model
when the Bayes Factor is negative. For instance, a In(Bg_pg) < -5 signifies a strong preference for the base model
over the active star model. A Bayes factor falling between -5 and -2.5 suggests a moderate preference for the baseline
model, while a In(Bg_p) ranging from -2.5 to -1 indicates weak evidence for it. The strength of the evidence becomes
inconclusive for values 1 > In(Bg_p) > -1, effectively implying that both models are equally capable of explaining
the observed data. The Bayes Factor is a robust indicator for goodness-of-fit and an essential criterion to discriminate
against models. Arguably, the greatest strength of the Bayes factor is its tendency to favour simpler models over
complex ones in order to prevent over-fitting. This is essential to make sure that our retrieval model is not biased
towards finding stellar activity if there is not sufficient evidence for it. However, due to how Bayesian frameworks will
naturally interact with low resolution spectra and their associated uncertainties, to obtain a bigger picture perspective
of the activity environment we also explore additional, newly defined metrics to explore the contexts in which stellar
activity plays a relevant role and discern its extent on a qualitative scale, e.g. low to high activity regimes. A complete
overview of these metrics will be given in Thompson et al. (in prep.), where a more extensive description will be
presented alongside further applications.

4.2. Stellar Activity Distance metric (SAD)

The Bayesian approach to model selection tends to favour data sets with smaller uncertainties, prioritising precise
data during the fitting routine. Consequently, STIS observations, which typically exhibit larger error bars compared
to WFC3 due to their lower S/N, will carry less weight during the retrieval process, leading the model to assign
less significance to the STIS data points. However, since stellar activity tends to imprint stronger signals within the
wavelength range covered by STIS, it is crucial to evaluate how well the retrieval aligns with observations in the
visible spectrum and to extract as much of the information content of this region as we can. Solely relying on STIS
data sets for retrievals is not advisable; meaningful results require anchoring the optical observations to WFC3 data
where the bulk of the planetary information content lies. Without the continuum provided by the near-infrared data,
the task of constraining basic planetary parameters becomes exceedingly challenging, resulting in larger uncertainties,
increased model and parameter degeneracies and a tendency for the retrieval to be pushed towards exploring unphysical
territories. Hence, we introduce a metric that, focusing exclusively on the optical regime, aims at evaluating which
retrieval model (with or without activity) better aligns with STIS observations without the need for running further
retrievals or altering the input observation in any way.

We select solely the data points <1.0 pum since this is the wavelength range where stellar activity has the potential
to induce the strongest chromatic effects. Due to the often contrasting STIS observations when multiple data sets are
available for the same grating, we consider each Case on its own. For each Case we calculate the absolute difference
of each observational data point from the stellar activity model and, separately, the absolute difference from the base
model. We apply standard error propagation to calculate the uncertainty in the absolute difference, using the transit
depth and model 1o errors. The calculations effectively return an absolute difference and an associated error per data
point related to both the base model and the stellar model. As an example, if we take the spectrum of WASP-127b
and we consider the 16 datapoints with wavelengths bluer than 1 pum (see Fig. 2), we end up with sixteen absolute
distances from the base model and sixteen absolute distances from the stellar model, for a total of thirty-two absolute
distances. By considering each spectral Case separately, we then calculate the average of all distances from each model
and its uncertainty obtaining an average distance related to the base model (Dg) and one referring to the stellar
model (Dg). Finally, the stellar activity distance metric (SAD) is defined as the ratio between the two mean absolute
distances

SAD = Dg/Dg (6)
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The greater the SAD, the more indicative it is of a strong preference for the stellar activity model, as it aligns more
closely with the data. Conversely, a SAD below 1 means that the base model best describes the data and a SAD equal
to 1 means that either model is good enough at explaining the observations. One of the unavoidable limitations of the
SAD with STIS and WFC3 observations is that the associated uncertainties will always be fairly substantial, due to
the large error bars on the observations themselves.

with an uncertainty of

4.3. Stellar Activity Temporal metric (SAT)

To assess the repeatability and consistency of observations on each planet, we examine how the data sets acquired with
the same STIS grating compare to each other. We note that stellar activity is not the only phenomenon which could
be responsible for spectra taken at different epochs diverging from one another, other temporally-variable processes
e.g. heterogeneous, patchy clouds (MacDonald & Madhusudhan 2017) or the influence of macro-scale planetary
weather/storms (Skinner & Cho 2022) could also contribute. However, stellar activity is likely the most plausible
cause of such strong deviations observed for some of the planets in our sample over these relatively short timescales
due to its modulation preliminarly on the timescales of stellar rotation. This is especially true of observations where we
see a reversal in the optical slope between subsequent STIS visits as seen for e.g. WASP-6b, WASP-17b, WASP-80b
and HD 209458 b which may represent the host star transitioning between spot-dominated and faculae-dominated
regimes. This metric cannot be used for WASP-127b and HAT-P-18b since we possess only one observation per
grating for each of them. In this context, we disregard retrieval models and concentrate purely on observational data.
Our aim is to compare two or more observations of the same planet normalised to a common factor. To maintain
uniformity across the entire sample, we use the WFC3 data set of each planet as the normalisation factor for all its
STIS observations considered for this metric. For each planet, the normalisation factor is determined as the weighted
mean of its WFC3 data set, with weights assigned inversely proportional to the transit depth error bars, thereby giving
less weight to larger error bars. Finally, we compute the average of the set of absolute normalised differences per pair
of observations (01; and 09;), which we define as the SAT:

SAT = ~ Z'O“ ol | (8)

NWFC3

where nwrcs is the normalisation factor. The uncertainty of the metric is given by

)

OSAT = —
n

n

2
E oz,
i=1

where we define x; to be |o1; — 09;| / fiwrcs for simplicity. This methodology effectively addresses strong varia-
tions among data sets, particularly when the difference among the means are comparable but their extremes diverge
significantly.

For individual planets, determining the average deviation in transit depth between subsequent STIS visits in ppm
would be informative on its own, however, to perform comparative planetology we need a method of normalising these
differences across our entire population. As each of these planets have atmospheres characterised by different scale
heights, for comparability we report the absolute differences as a percentage of the weighted average transit depth of
the WFC3 observations, which are available for every planet in our sample. Our assumption here is that at first order,
the weighted average transit depth taken from the WFC3 observation is a reasonable proxy for scale height effects,
although it will of course be slightly influenced by any absorption features present in that region.

We calculate the SAT for three different GJ 3470 b combinations of its G750L data sets, while only one possible
SAT wvalue is attainable for GJ 436b. For HD 209458 b we calculate one SAT for G430L and one for G750L, both
normalised to WFC3. In total, these combinations produce three SATs for GJ 3470b, two SATs for HD 209458 b,
and one SAT for GJ 436 b.
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5. RESULTS
5.1. Retrieved Temperature and Water Abundance

As outlined in Section 3.1, multiple models incorporating various parameter combinations have been tested on each
planetary spectrum. Since we considered multiple data set combinations per planet, we present the observations
employed in each Case number in Table 1. In Appendix E, Tables E.1 to E.17 we report for each retrieval model the
setup used (for example, if we include stellar activity or not), the molecules considered (H2O, K, Na or a combination
of the three) and if a layer of opaque, grey clouds was added. Additionally, we present the retrieved values of T, R,,,
log,4(H20) and In(E) with their respective uncertainties. When the retrieval process is able to fit multiple models for
the same setup and spectral Case, we present both solutions for completeness. An example of multiple solutions on
the same Case number and model setup is given in Table E.2.

Table 1. data sets utilised to define each Case number. Each STIS visit indicated here is colour-coded in Fig. 2.

Planet Case 1 Case 2 Case 3 Case 4
GJ 34701 STIS G750L visit 1 | STIS G750L visit 2 | STIS G750L visit 3 -
WFC3 WFC3 WFC3
GJ 436D STIS G750L visit 1 | STIS G750L visit 2 - -
WFC3 WEFC3
STIS G430L visit 1 | STIS G430L visit 1 | STIS G430L visit 2 | STIS G430L visit 2
HD 209458b | STIS G750L visit 1 | STIS G750L visit 2 | STIS G750L visit 1 | STIS G750L visit 2
WFC3 WFC3 WFC3 WFC3
STIS G430L visit 1 | STIS G430L visit 2
Rest of the . .
STIS G750L visit 1 | STIS G750L visit 1 - -
sample
WFC3 WEFC3

In the early stages of our investigations, we identified the need to integrate stellar contamination into our retrieval
models. This was particularly necessary to explain the scenarios in which observations conducted at different epochs
result in distinct spectral features; features that cannot reasonably be attributed to, for instance, refractory elements
alone. We observed that the inclusion of stellar activity in its simplest model formalisation was already enough to
alter the retrieval outcomes; on some of the targets we considered, stellar contamination is crucial for aligning the
retrieved water abundances with those reported in the literature and ensuring temperature values consistent with
planetary equilibrium temperatures. Clearly, when adjusting the complexity of the simplest models (base or stellar
activity model) by including additional molecular absorbers, eventually we found parameter combinations that are
better able to explain the observed spectral features. However, to ensure clarity, consistency, and uniformity across
the entire sample, our discussion of results will specifically concentrate on the simplest baseline and stellar activity
correction model. Furthermore, at a population level we analyse just the retrieved temperature and water abundance
values. Individual planets are discussed separately in Appendix F, where we provide a brief overview of each exoplanet
and frame our results in the context of existing literature studies.

With this in mind, in Figure 3 we show the retrieved planetary temperatures and water abundances for each planet,
arranged by Case number. Focusing specifically on the retrieved temperatures (upper two graphs in Fig. 3), we can
distinguish four scenarios that describe the planets in our sample:

1. Planets for which the inclusion of stellar activity helps the model retrieve a temperature value close to the
expected equilibrium temperature.

2. Planets for which the retrieved temperature value is not affected whether stellar activity is included or not, with
both models returning a temperature consistent with the equilibrium temperature.

3. Planets for which both retrievals return similar results, yet they both fail to capture the equilibrium temperature.

4. Planets for which each model returns differing results and both fail to find a temperature value consistent with
the equilibrium temperature.
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Figure 3. Retrieval results of the planetary equilibrium temperature and water vapour volume mixing ratio for each planet,

For an explanation of the data sets considered in each Case, we refer the reader to Table 1. The

results of additional Cases for GJ-3470b and HD 209458 b are reported in Section E.

divided by Case number.
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In group 1 we identify WASP-121b Case 1 and 2, WASP-52b Case 1 and 2, and WASP-6b Case 2, while group
2 comprises e.g. Case 1 and 2 for HAT-P-11b, WASP-6b Case 1, WASP-69b and WASP-80b Case 2. These cases
highlight that employing a more complex model does not result in the unnecessary adjustment of retrieved parameters.
On the other hand, it suggests that the retrieval process remains unbiased towards a more complex parameterisation,
particularly in scenarios where stellar activity might not be present. Group 3 is where the majority of the planets
lie. Here we place e.g. WASP-69b, WASP-39b, HAT-P-12b Case 1 and GJ-436b, WASP-29b, WASP-74b Case
2. The reason for the discrepancies is found behind model fine-tuning. In Fig. 3 we are just showing how the two
simplest models compare, namely the base model with a quiescent star and the base model with an active star, neither
of which are completely physically realistic. However, we find that the inclusion of clouds and/or alkali metals on
the base model with and without stellar activity considerably improves the fit in most cases and aids in retrieving
temperature values closer to the ballpark provided by the calculated equilibrium temperatures. For instance, that is
the case for HAT-P-26b and WASP-127b. By adding a layer or grey clouds on HAT-P-26b Case 2, we find a T
equal to 747 K in the base retrieval and 7, = 1048 K when we consider stellar activity to influence the spectrum
(Table E.6). Thus, while both the simplest models result in similar retrieved temperatures, the addition of opaque
clouds is crucial to retrieve a more reasonable temperature value with the stellar contamination model w.r.t. to the
one without. Likewise, for WASP-127b (Table E.17), the inclusion of clouds and alkali metal opacities leads to a
notable shift in the retrieved temperatures. In the baseline setups, the retrieved temperatures range from 530 to 630
K, whereas in the more complex models—with and without the addition of stellar activity—the temperatures rise to
1100 K and 1520 K respectively. These findings align more closely with the calculated equilibrium temperature of the
planet, which is Tpq = 1409.417323-10 K.

An analysis of the retrieved water abundances reveals a variety of water volume mixing ratios (VMRs), which are
closely related to the spectral slopes and the temperature values. On most planets, Case 1 and 2 spectra often display
contrasting optical data, i.e. STIS visits obtained with the same grating at different epochs exhibit distinct slopes with
differing gradients. The base model including Rayleigh scattering and water vapour can typically fit a spectrum with
a positive slope in the visible wavelengths reasonably well. This is the case of WASP-17b, WASP-6b, WASP-69b and
HD 209458 b. The Case 1 spectra of these planets return a log;y(H20) between -4 and -6, within the typical range
seen for hot-Jupiters. However, an extreme optical slope, that can only be partially described by Rayleigh scattering,
requires the inclusion of stellar contamination to model optimally. This is the case of WASP-101b (Table E.15): its
Case 1 base model returns a water VMRs lower than -9 but the addition of stellar contamination brings the value to
a nominal range (log;((H20) = -3), hinting that stellar activity may be a relevant source of contamination on this
spectrum. Moreover, we find that the base model struggles to fit a spectrum displaying a negative slope in the optical
wavelengths. Unocculted stellar faculae, however, provide an plausible explanation for the downward trend: when
the planet crosses a transit chord that is characterised by a reduced flux compared to the surrounding stellar surface
covered in high-temperature faculae, the resulting signal tends to underestimate the planetary radius. Consequently,
this leads to a decrease in transit depth, generating a characteristic negative bluewards slope. In this group, we
highlight the case of HAT-P-26b Case 1 (Table E.6). One of the base model solutions attempts to explain the slope by

increasing the water content to a super-solar value (log(H20) = —1.157592) that is likely unrealistically high. When

the stellar contamination model is included a less extreme mixing ratio of —3.0315-23 is obtained. Similarly for WASP-
121b Case 1 (Table E.16), stellar activity reduces the retrieved water VMR from -1.15 to ~ -6. Considering stellar
contamination can therefore eliminate the need for resorting to super-solar metallicity models to explain elevated water
values (Welbanks et al. 2019).

It is important to note that the results reported above refer to the baseline models only, i.e. where water is the only
active molecular absorber. Water content and planetary temperature are highly correlated. This explains why in a
basic scenario with only water absorption, the retrieval can easily find two contrasting solutions: either an excessively
high temperature being compensated by a lower water content or a higher water abundance balanced out by a lower
planetary temperature. The addition of clouds usually helps to disentangle these degeneracies, largely by reducing the
water content and regulating the temperature to a more physically motivated value.

5.2. Bayes Fuactor results

The Bayes Factor, as described in Section 4.1 is a crucial criterion to compare how well different model parameter-
isations describe the data and is by no means specific to stellar activity. Here it provides us with precious insights
into how important stellar contamination is to accurately fit a given spectrum. The results of the Bayes Factor cal-
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Figure 4. The Bayes Factor resulting from the difference between the In(E) of the stellar activity model minus that of the
base model, divided by Case number. For an explanation of the data sets considered in each Case, we refer the reader to
Table 1. The coloured thresholds indicate the strength of the evidence, with negative values favouring the base model over the
contamination model. Multiple solutions might be found by the retrieval in certain scenarios, however here we present either
the solution with the highest Bayesian evidence if both models appear physically motivated, or the most physically motivated
of the two solutions.

culation, as defined in Equation 5, are reported in Fig. 4 for all planets in the sample, considering, once again, each
spectral case separately. The strength of the evidence has been colour-coded according to the Jeffreys’ scale. The scale
conventionally applies to the In(Bg_ ) results above zero, but it can be easily mirrored to explain the negative Bayes
Factor values. We remind the reader that here a negative In(Bgs_g) value is plausible, as the Bayes Factor, defined as
the difference between two logarithms, can yield negative results. For In(Bg.p) values greater than zero, the stellar
contamination model is preferred over the simpler base model. As it is evident from Fig. 4 - Case 1 results, the more
complex model is strongly favoured (In(Bg.g) > 5) for nine out of the eleven spectra for which the stellar activity
model is preferred overall. However, HAT-P-26 b and HD 209458 b exhibit no clear preference between the models. If
we focus on the lower section of the left-hand side plot, where the Bayes Factor is negative, we observe that among the
nine planets for which the Bayesian evidence is in favour of the base model, only GJ 436 b strongly prefers the base
model (In(Bs.p) = -6.55). Notably this Bayes factor is still significantly smaller compared to those of the majority of
planets showing strong preference for the activity model (the largest Bayes factor is seen for WASP-52b where In(Bg_p)
= 26.84). HAT-P-12b moderately favours the base model, while the remaining spectra (HAT-P-11b, WASP-127b,
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WASP-29b, WASP-31b, WASP-39b, WASP-69b, WASP-80b) indicate a weak to inconclusive evidence in favour of
the baseline model, suggesting that both the base and the stellar contamination model equivalently explain the data.

Similarly for the Case 2 results, the Bayes Factor of twelve planets lies above zero, ten of which indicate a moderate
to strong evidence in favour of stellar activity, while the remaining two indicate an inconclusive evidence or are at
the border between a weak and an inconclusive evidence. Although the base model is preferred for six spectra, their
evidence is mostly inconclusive or weak, with -2.5 € In(Bs.g) € 0; even where a moderate evidence is identified for
WASP-29b and WASP-80 b, their values are closer to a weak strength of evidence (-2.5) rather than a strong one (-5).
For Case 2, no strong preference for the base model is seen for any of the planets in our sample.

These results clearly indicate that in both Cases the preferences we get for the stellar contamination model are
substantially stronger than those we get for the base model. This is in some ways to be expected, as a preference for
the base model should predominantly result from the additional dimensionality penalty applied to the contamination
model rather than from a goodness-of-fit perspective. In Case 1, only two planets, GJ 436 b and HAT-P-12b, show
a moderate to strong preference for the base model compared to nine planets that strongly or moderately prefer an
active star model instead. This distinction is even more evident in the Case 2 results, where six planets strongly prefer
the stellar model and none show a preference for the base model stronger that -3. Further evidence supporting the
adequacy of the stellar contamination model in describing the spectral data, particularly when a substantial Bayesian
evidence favours it, relates to the weighting of the error bars. During the retrieval calculations, the nested sampling
algorithm assigns greater weight to smaller error bars, prioritising an optimal fit to the WFC3 data before addressing
the STIS data. It is noteworthy that, even though the STIS data are weighted down, the stellar model (which carries
the most relevance in the STIS bands) remains the preferred model for nearly half of the spectra in both Case 1 and
Case 2 and can also visually improve the fit in the NIR region.

In both Case 1 and 2, a significant number of planets show either inconclusive or weak preferences for either model
implying that both models give statistically equivalent fits. In this situation one can also apply Occam’s Razor,
therefore selecting the simplest model to avoid dealing with potential degeneracies or the risk of overfitting that is
induced by the inclusion of more parameters than necessary.

5.3. SAD metric results

As discussed in Section 5.2, the Bayesian approach favours precise data, giving less weight to data points with larger
uncertainties. Attempting a retrieval on the spectral bands covered by STIS data only is not advisable, as the inclusion
of WFC3 data is necessary to anchor the spectra to the continuum level. However, we still want to assess how well the
retrieval captures potential stellar activity signals in the STIS data sets. Hence, we developed the SAD, a metric that
assesses the goodness-of-fit in the optical wavelengths that acts independently of Bayesian statistics. A description of
the metric is given in Section 4.2 while the results are reported in Fig. 5 and 6 for Case 1 and Case 2 respectively, in
ascending SAD order. The SAD results for GJ 3470b Case 3 and HD 209458 b Case 3 and 4 are displayed in Fig. 7.

From the SAD Case 1 results we can infer that WASP-127b is the planet for which the stellar contamination model
does the poorest job at fitting the optical data (likely due to the large spread of the datapoints), while the strong
optical slope seen in WASP-6b’s STIS data is substantially better described by the activity model compared to the
base model. The SAD value obtained for WASP-127b is 0.84440.315 compared to 2.974+1.652 for WASP-6Db, a
difference exceeding three times the value, although we note that the uncertainty on WASP-6b is unavoidably large
due to the comparatively large error bars on the data points themselves. For WASP-127 b, the stellar model is better
at capturing the small-scale spectral modulations (for instance between 0.4 and 0.5 pm), however despite this, the
mean distance between the best-fit model and the observed data points is ultimately minimised with the base model,
although arguably neither model fits the observation particularly well. The SAD is designed to support the model
that, on average, passes closer to the highest number of data points. An inspection of the WASP-127b spectrum
confirms this: even though the base model is able to fit seven data points within their 1o error bars, compared to nine
data points for the stellar model, the average transit depth distances from the base model are smaller than the average
distances from the stellar model. This is how the base model prevails.

Between WASP-127b and WASP-6 b, a diverse range of SA Ds is observed, reflecting the diversity of spectral shapes
and the models’ ability to fit the data. Six planets, HD 209458 b, WASP-69b, HAT-P-11b, HAT-P-12b, WASP-
31b, WASP-29b, have a SAD around 1 (0.990<SAD<1.10), which suggests a neglighle/weak preference for either
model. WASP-127b and WASP-39b mostly favour the base model (SAD < 0.990), while GJ 3470b, GJ-3470b,
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Figure 5. Case 1 planetary spectra ordered by increasing SAD. For an explanation of the data sets considered in each Case,
we refer the reader to Table 1.
base model, shown in cyan. Conversely, a SAD above 1 indicates a preference for the stellar contamination model (orange)
suggesting that some degree of stellar activity is required to explain the observation. This metric has been calculated for the
data points bluewards of 1 um, as this wavelength region typically experiences the most significant impact from stellar activity
contamination. GJ 436b and GJ 3470b are added at the end of the list as their large error bars in the observed data and the
restricted wavelength coverage in the optical hinder a proper comparison with the rest of the sample. If multiple solutions are
found by the retrieval, we present here either the solution with the highest Bayesian evidence if both models appear physically

motivated, or the most physically motivated of the two solutions.

A SAD below 1 indicates that the spectral data modulations are better described by the

HAT-P-1b, WASP-101b, WASP-80b, WASP-17b, HAT-P-18 b, WASP-121b, HAT-P-26 b, WASP-74b, WASP-52b

and WASP-6b are all best described by an active star model (SAD higher than 1.10).

Focusing on the results from Case 2 and employing the same criteria as Case 1, we identify WASP-39b, HAT-P-1b,
and WASP-29b with a SAD less than 0.990; HD 209458 b, WASP-74b, HAT-P-26 b, and WASP-80b with an SAD
between 0.990 and 1.10; and the remaining eleven planets with an SAD greater than 1.110, among which GJ 436 b and
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Stellar Activity Distance metric (SAD) - Case 2
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Figure 6. Same as Fig. 5 but for the Case 2 spectra. For an explanation of the data sets considered in each Case, we refer
the reader to Table 1. HAT-P-18 b and WASP-127b have not been included here as they have only been observed once by each
STIS grating. GJ 436b and GJ 3470b are added at the end of the list as their large error bars in the observed data and the
restricted wavelength coverage in the optical hinder a proper comparison with the rest of the sample. If multiple solutions are
found by the retrieval, we present here either the solution with the highest Bayesian evidence if both models appear physically
motivated, or the most physically motivated of the two solutions.

GJ 3470Db return a SAD greater than 2. However, departing from this strict classification, we observe a more uniform
distribution of SAD values across the Case 2 sample compared to the results of Case 1. With the exception of GJ 436 b
and GJ 3470 b, which clearly exhibit a better fit with the stellar model, albeit with an extremely large error bar, the
remaining spectra yield SAD values between 0.9 and 1.4. An SAD of 1.4 moderately favours the stellar model, but it is
not significant enough to entirely disregard the base model. Given the large uncertainties associated with SAD values,
we recommend caution before completely rejecting one model in favour of the other. We recognise that uncertainties
in the SAD values typically range from 30-40% of the measurement value, occasionally exceeding the value itself, as
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Stellar Activity Distance metric (SAD) - Cases 3 and 4
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Figure 7. Same as Fig. 5 but for the Case 3 and Case 4 spectra. For an explanation of the data sets considered in each Case,
we refer the reader to Table 1. If multiple solutions are found by the retrieval, we present here either the solution with the
highest Bayesian evidence if both models appear physically motivated, or the most physically motivated of the two solutions.

observed in GJ 3470b Case 2. The large SAD uncertainties stem from the considerable error bars of the STIS data,
which, coupled with an inadequate overall fit resulting in a large 1o uncertainty in the model, contribute to high SAD
errors. Particularly in the case of GJ 3470b, despite the average data minus model distance being reduced by the
stellar model, the significant uncertainties in both the STIS data and the retrieved stellar activity model lead to a
considerable SAD error. Consequently, the error in the SAD measurement intrinsically implies that nearly all spectra
for both spectral cases could potentially be best-fitted (or not) by a stellar contamination model. GJ 3470b Case 3
and HD 209458 b Case 3 and 4 display a distance metric in the order of 1.0, indicating that both models effectively
are able to fit the observed data in a comparable manner (Fig. 7).

5.4. SAT metric results

The Stellar Activity Temporal metric, or SAT in short, has been formulated to evaluate the consistency of obser-
vations, providing insights into the potential influence of stellar activity on spectral variations across different epochs.
We report the SAT results in Fig. 8, where the transit depth has been converted into percentage points relative to the
weighted average WFC3 data for each planet. The percentage average pairwise normalised differences among pairs
of visits obtained with the same grating enables a direct comparison of the SATs for different planets, facilitating
visual identification of those exhibiting the greatest spectral variations across epochs with respect to their atmospheric
extents.

Similarly to the SAD, we observe a broad spectrum of SAT values, each representing distinct amplitudes of spectral
temporal variations. Specifically, among the twenty-one SATs computed, eleven fall within the range of 1% to 4%. This
indicates that over half of the planetary optical spectra exhibit largely consistent transit depth variations over time.
Conversely, approximately seven out of twenty-one spectral combinations (relating to six planets since we identify here
GJ 3470 visit 1-visit 2 and GJ 3470 b visit 1-visit 3) yield a SAT between 6% and 12%, indicating a that another
substantial subset of planets is characterised by more significant spectral variabilities. Within the lower-to-moderate
variability regime, i.e. with an SAT falling within the 4-6% range, we identify WASP-6b, GJ 3470b visit 2-visit 3
(shown in Fig. 9), and WASP-74b. It is important to mention that this categorisation is entirely arbitrary, derived
from a visualisation of the SAT results in a histogram that reveals a bimodal distribution, roughly peaking at 2% and
7% (Fig. 10). HAT-P-26b is the planet that displays the greatest variation among STIS visits, boasting a remarkable
SAT variation of 11.1874:4.766%. By contrast, the planet with the smallest temporal variation is HD 209458 b G750L,
featuring a SAT equal to 1.238+0.296% (Fig. 11). While the two visits’ spectral features and overall modulations
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Stellar Activity Temporal metric (SAT)
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Figure 8. Results of the Stellar Activity Temporal (SAT) metric organised by decreasing SAT value i.e. from most likely to
be active to least likely as inferred solely from this metric. HAT-P-18 b and WASP-127b are excluded from this metric due to
the absence of multiple observations taken with either STIS grating. Each subplot presents the two STIS G430L observations,
normalised to the average WFC3 transit depth of the corresponding planet. To highlight the differences in transit depth between
observations for the same planet and to enable comparisons within the population itself, the STIS transit depths have been
converted into a percentage of the weighted average transit depth observed for the same planet with WFC3.
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Stellar Activity Temporal metric (SAT): GJ-436b and GJ-3470b
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Figure 9. Results of the Stellar Activity Temporal (SAT) metric for the Neptune-like planets GJ 436 b and GJ 3470b. For
GJ 3470b, three SAT values were computed, resulting from the various combinations of its three G750L data sets. We have
chosen to separate these planets from the rest of the population as, due to the absence of G430L observations and the large
error bars on the G750L datapoints, the uncertainties in the computed SAT values for these two planets are significantly higher
than those seen for the rest of the population and as such should be treated with an element of caution.
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Figure 10. The distribution of SATs across our target sample. The bars are colour-coded based on the total number of planets
(or data set combinations per planet) falling into each bin; brighter colours indicate higher counts, while darker colours indicate
lower counts. This colour scheme aids in visualising the binomial distribution of SATSs, revealing a prominent peak at 2% and
a smaller peak at 7%.



22

Stellar Activity Temporal metric (SAT): HD 209458b
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Figure 11. Results of the Stellar Activity Temporal (SAT) metric for HD 209458 b. We provide the SAT derived from the
two G430L observations (left) and the SAT derived from the two G750L data sets (right).

appear visually similar on HAT-P-26 b, especially redder than 0.45 um, the percentage scale reveals that the difference
between data points at the same wavelength can reach up to 20%. Such discrepancy could potentially be significant
for the retrieval to favour the stellar activity model over the base model. On the contrary, the G750L visits on HD
209458 b exhibit moderate disparities in spectral slopes between visits, yet the percentage discrepancy between any
one pair of data points rarely exceeds 2% of the absolute transit depth.

As expected, the uncertainties are particularly pronounced for planets with the largest STIS error bars, like GJ 436 b
and HAT-P-26b. For GJ 436 b, the substantial error suggests a potential variation ranging from close to 0% to nearly
6% across visits. On the other hand, even the lower SAT bound for HAT-P-26 b, indicates a considerable variation
exceeding 6% across visits, indicating that spectral modulations remain relevant despite the considerable uncertainty
associated with the metric.

For certain planets such as WASP-17b, GJ 3470 b and WASP-74b a high SAT value corresponds to large variations
in spectral modulations across visits, as the metric is naturally most sensitive to scenarios where the optical slopes
display a significant change in gradient. Nevertheless, the rationale behind this metric is not solely to emphasise the
distinct spectral shapes but rather to quantify the discrepancy between two visits and to flag temporal variations that
warrant further monitoring and investigation, indicating potential activity within the system. Additionally, a low SAT
value does not necessarily indicate low levels of stellar activity, as the star could be similarly active at subsequent
epochs. Therefore, while the metric is not suitable for ruling out stellar activity, it can be used to inform follow-
up studies. For instance, if a planet previously considered inactive exhibits a high SAT, we should not dismiss the
possibility of activity altogether; rather, we should explore the system further.

6. DISCUSSION

This study aims to characterise a variety of planets in a fully consistent way, both from a data analysis and at-
mospheric retrieval perspective. The comprehensive coverage provided by the combination of STIS and WFC3 data
enabled us to explore the presence of various optical absorbers, cloud parameterizations, and the influence of stellar
surface heterogeneities on planetary spectra. However, the quality and spectral coverage of the HST data available to
us posed limitations on confidently identifying molecules beyond water. As the study progressed, it rapidly became
evident that, at the population level, the spectra of these planets are predominantly affected by stellar activity. Stellar
photospheric structures are capable of imprinting much stronger signatures on the planetary spectra compared to
other atmospheric phenomena. Consequently, we redirected our focus towards assessing stellar contamination across
the planetary sample, examining whether and to what extent the spectra of these planets are contaminated by the
presence time-varying heterogeneities on the stellar photosphere. In Table 2 we present the collated stellar activity
metric results for all of the planets in our sample. For the 15 planets whose observations are entirely consistent with
one another we used standard competition-style ranking in an attempt to order them from most likely to be affected
by stellar contamination to least likely. We stress that this is not a definitive assessment of stellar contamination;
instead, it is merely a way of visually summarising the results of our study and highlighting the systems for which
follow up, activity-oriented observations e.g. photometric monitoring surveys should be of highest priority. We also
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Table 2. For each planet, we report the preference (v') or rejection (x) for stellar contamination based on the metrics outlined
in our investigation. The 15 planets with consistent sets of observations are ordered based on their ranking within the sample
over all of the metrics from most likely to be contaminated (WASP-6b) to least likely (WASP-39b). Colour coding reflects
the consensus among metrics: green signifies unanimous or nearly unanimous indications of significant activity; yellow denotes
uncertain outcomes, with some metrics leaning towards stellar activity and others against it; red indicates a predominant
preference for an inactive star. The 5 planets that do not have consistent data sets are separated by the horizontal line. They
are not included in the ranking but are still colour coded in the same way.

Planct Bayes Factor SAD SAT
Case 1| Case 2| Case 3| Case 4| Case 1| Case 2| Case 3| Case 4| G430L or other data combinations

WASP-6 b v v v v v

WASP-52 b v v v v X

WASP-17 b v v v v v
WASP-121 b v v v X

WASP-74 b v X v X X
HAT-P-26 b X X v X v
WASP-101 b v v v v X
HAT-P-11 b X v X v v
HAT-P-1b v v v X X

WASP-31 b X X X v X

WASP-69 b X v X v X

WASP-80 b X X v X X
HAT-P-12 b X X X v v

WASP-29 b X X X X v

WASP-39 b X X X X X
HD 209458 bl X X X X X X X X x (G430L); x (G750L)
HAT-P-18 b v v
WASP-127 b X X

GJ 3470 b v v v v X v (V1-V3); v (V1-V2); x (V2-V3)

GJ 436 b X X v v X

still include within Table 2 the 5 planets whose data sets are not consistent with the rest of the sample. However these
are not included within the overall ranking as they are not directly comparable.

Furthermore, in the sections below, we explore three of the planets in our population as in-depth case studies, putting
the outcomes of our stellar activity metrics into the context of prior investigations, including supplementary stellar
activity indicators, such as Ca H-K lines (S-indexes and log(Rj;k) values) and spot/facula crossing events identified
in light curves. Our planet selection includes WASP-6b, characterised by high levels of activity across all indicators;
WASP-39b, whose observations suggest a quiet stellar profile according to our activity metrics; and HAT-P-11b,
orbiting a notably active star, yet our findings consistently suggest that the host star may have been less active at the
time of the STIS observations. The remaining planets included in our study undergo a more condensed analysis. We
compile our findings comprehensively and present them in Appendix F for completeness.

6.1. WASP-6 b: Ezxploring a renowned active exoplanetary system

Discovered in 2009, WASP-6b is a sub-Jupiter mass planet with an inflated atmosphere, orbiting a metal-poor
solar-type star (Gillon et al. 2009). Its initial atmospheric characterisation utilised the ground-based facility at Las
Campanas Observatory in Chile, covering the wavelengths from 480 nm to 860 nm. The resulting transmission
spectrum exhibited a trend of decreasing apparent planetary size with wavelength, lacking evidence for the broad
spectral features of Na and K predicted by clear atmosphere models. Hence, the blue part of the spectrum was deemed
to indicate the presence of scattering caused by hazes or condensates in its atmosphere (Jorddn et al. 2013). Subsequent
studies using HST/STIS and Spitzer’s InfraRed Array Camera (IRAC), also revealed an increasing transit depth with
decreasing wavelength. The overall spectrum was well-described by models incorporating significant optical opacity
from aerosols, including Fe-poor MgsSiOy4, MgSiO3, KCl, and NayS dust condensates (Nikolov et al. 2015).
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Figure 12. Left subplots: best-fit model retrievals of different combinations of the base model on the Case 1 (upper left plot)
and Case 2 spectra (lower left plot). Right subplots: best-fit model retrievals of different combinations of the stellar activity
model on the Case 1 (upper right plot) and Case 2 spectra (lower right plot). It is evident that a quiescent star model struggles
to explain the Case 1 data adequately, unless it is forced to adopt nonphysical temperature values, like in the base + clouds
model. Conversely, while the modulations in the Case 2 spectrum can be explained by either an active or non-active star model,
the Bayesian evidence favours models that incorporate an active star.

Our analysis unveils distinct spectral slopes in the two STIS G430L observations. The optical to NIR spectrum
including G430L visit 1, depicts a predominantly cloud-free terminator, confirmed by the presence of a substantial
water feature at 1.4 pym measuring 1.78+0.36 times the atmospheric scale height (Edwards et al. 2022), along with
subtle alkali metal signatures. Our base model retrieval struggles to reconcile the steep optical slope with a simple
Rayleigh scattering slope. Attempts to accommodate this slope by adding other possible atmospheric optical opacity
sources lead the retrieval to drastically inflate the retrieved temperature to nonphysical values, while fitting the
NIR/WFC3 data with a flat line. Consequently, the base model is inadequate to explain the observed data. The
steep visible slope observed in Case 1 is better described by modelling the host star as displaying an heterogeneous
photosphere. Adding more realistic complexity to the planet improves the fits of both the base and the activity models
as shown in Fig. 12. Incorporating a heterogeneous star with contributions from water, alkali metals and grey clouds
in the atmosphere of the planet provide a much better fit to the observed spectrum than the model in which stellar
activity is neglected. This is particularly evident in the optical (STIS) but a better fit is also obtained in the NIR
(WFC3). The posterior distribution (Fig. 13) yields a temperature of 1411.277330-5% which is consistent with the
expected equilibrium temperature of 1182.55135712 (within 1) and a water abundance in the range of log;o(Ho0) =
—5.631527. The sodium abundance is not well constrained, whereas potassium is better constrained with a retrieved
abundance of log;,(K) = —8.311045. We observe a substantial preference for the presence of spots, with a best fit
filling factor of Fypor = 0.351'8:?2, indicating that between 17-64% of the stellar photosphere may plausibly be covered

by spots with an associated temperature of Ty, = 5218.90755-)) K. The retrieval is less conclusive regarding the
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values shown are those obtained using the active star model for consistency. Inset: Retrieved best-fit transmission spectra with
shaded regions corresponding to their 1o uncertainties.
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Figure 14. Posterior distributions for the transmission spectrum of WASP-6 b accounting for a quiet star (cyan) and an active
star (orange) retrieved with the Case 2 data set. Figure elements are the same as those in Fig. 13.

presence of faculae or lack thereof, as both the faculae temperature (Tt..) and filling factor (Ff,.) converge towards their
lower bounds, indicative that their presence is not necessarily required. We note that for WASP-6, the retrieved spot
temperatures for all retrievals including stellar activity are self-consistent, ranging from 4900 K to 5218 K (Table 3).
This is significantly higher than the anticipated value of ~3900 K determined in Rackham et al. (2019) with their Eq. 1.
This is explainable as, especially due to the large error bars on the STIS data points, the spot temperature and filling
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factor are highly degenerate with respect to one another as seen in the corresponding posterior (Fig. 13). The result of
this is that the retrieval is not capable of distinguishing between two broad scenarios, one being a higher filling factor
of hotter, lower contrast spots and the other being a lower coverage of cooler, higher contrast spots. The significant
implied spot coverage and significantly lower faculae filling factor aligns with the pronounced positive optical slope
observed by STIS, which is widely accepted as a distinctive signature of stellar contamination from starspots. Our
findings align with Carter et al. (2020), who, by combining Very Large Telescope FORS2 ground-based observations
with space-based observations from TESS, Spitzer, and the Hubble Space Telescope WFC3 and STIS, detected Nal,
K1, and H20O. Their findings also suggest stellar heterogeneities are required over enhanced hazes in order to fully
explain the optical slope observed in the atmosphere of WASP-6b.

On the other hand, the Case 2 spectrum comprising STIS G430L visit 2 displays a less steep optical slope. Due to
the shallower slope and increased modulation in the optical data, a model incorporating clouds and alkali metals aligns
most closely with the data exhibiting the highest evidence among all base model combinations. Both alkali metals
abundances are well constrained and their distinct signatures are well identified in the spectrum by the retrieval.
However, this model yields an isothermal temperature approximately 430 K lower than anticipated. In this context,
introducing stellar activity to the water-only model shifts the retrieved temperature upwards, closer to the expected
value given by the calculated equilibrium temperature. The addition of a layer of gray clouds to the base model and to
the stellar activity model doesn’t significantly affect the retrieved parameters, as they remain consistent within a lo
range. From the posterior distributions of the stellar contamination model (Fig. 14), the retrieved cloud pressure of
10*85 Pa suggests that, if present, the cloud deck tends towards higher pressures. Incorporating alkali metals enhances
the model’s Bayesian evidence due to the presence of potential alkali features, yet their inclusion simultaneously results
in a temperature decrease. It’s plausible that the model interprets the modulation within the data, coupled with the
limited precision, as pronounced alkali features. Alternatively these broader modulations could feasibly also stem from
the competing contamination effects of stellar spots and faculae if both were present on the photosphere. Discriminating
between these two signatures with the current data quality poses a challenge. Ultimately, higher resolution data could
aid in distinguishing between models more effectively.

At first order the baseline stellar model improves the base model, as evidenced by the higher Bayesian evidence
(In(E)) associated with it. Compared to Case 1 and as shown in the posterior distribution (Fig. 14), the star in this
scenario is expected to exhibit a slightly greater concentration of faculae (Fp,. = 0.12f8:(1)g) and fewer spots (Fypot
= 0.16f8:gé), as the former are necessary to slightly inhibit the strong positive bluewards optical slope imparted by
spots. From the STIS observations, which are taken 6 days apart, the star appears to be consistently active over
that timescale, albeit with varying degrees of activity. The activity level appearing to remain relatively high over this
period would be consistent with the stellar rotation period of 23.80+0.15 days determined in Bonomo et al. (2017).
Our analysis of the stellar activity indicators reveals that WASP-6b exhibits a Bayes Factor of approximately 20 for
Case 1 and above 5 for Case 2, strongly favouring the inclusion of stellar contamination in both cases. Similarly,
with a SAD = 2.972+1.652 for Case 1 and 1.26240.529 for Case 2, WASP-6 emerges as the most active star among
all Case 1 scenarios and amongst the most active for Case 2. The SAT is also notably high at 5.919%+1.494%,
emphasising the diversities amongst the two G430L visits, which likely requires a degree of active region evolution or
decay to fully explain. A visual inspection of the STIS white light curves doesn’t definitively reveal any instances of
stellar spot or faculae crossings, although it’s challenging to ascertain their presence due to gaps in the light curves.
The active nature of the star has been confirmed extensively in the literature. Pinhas et al. (2018) mention that
WASP-6b is the planet with the highest level of stellar activity contamination among their whole sample. High-
resolution spectra of the stellar host obtained with HARPS, revealed indications of chromospheric activity. Within
the wavelength region encompassing the Calt H&K lines, all HARPS spectra exhibit evidence of emission, suggesting
a moderate level of stellar activity (Nikolov et al. 2015). Interestingly, despite the presence of such activity, the three
Hubble Space Telescope visits analysed by Nikolov et al. (2015) demonstrated consistent stellar flux levels, and the
corresponding light curves displayed no discernible evidence of spot-crossing events. Furthermore, literature values of
log( Ry ) corroborate our suggestion that WASP-6 is moderate-to-highly active, Sing et al. (2016) report a value of
log(Ryyx) = -4.741 while Carter et al. (2020) find a value of log(Rji) = -4.511£0.037, which was derived from the
HARPS spectra presented in Gillon et al. (2009). In summary, WASP-6 appears to be a star with moderate activity
when compared to other stars of similar spectral type (Boro Saikia et al. 2018; Carter et al. 2020).

6.2. An inspection of the quiet star hosting WASP-39 b
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WASP-39b is a Jupiter-size exoplanet that transits a mature G-type dwarf star (Faedi et al. 2011). Observations
using various telescopes have provided insights into WASP-39b’s atmospheric composition and properties. Using the
Hubble Space Telescope and the Very Large Telescope FORS2 instrument, studies led by Fischer et al. (2016) and
Nikolov et al. (2016) conducted transmission spectroscopy on WASP-39b, revealing Rayleigh scattering, sodium and
potassium absorption, and a predominantly clear atmosphere, consistent across both ground-based and space-based
observations. Further analyses with WFC3 G102 and G141 data exhibited prominent water absorption features in the
mid-infrared (Wakeford et al. 2018), while ground-based optical data suggested super-solar atmospheric metallicities
(Kirk et al. 2019). Our findings are largely consistent with previous studies. In Case 1 (Fig. 15), we observe a haze-free
spectrum with a distinct Rayleigh scattering slope. Contrary to previous analyses (Sing et al. 2016), our best-fit model
contains a layer of opaque clouds at 10%#! Pa, alongside water vapour at a volume mixing ratio of 10745 (Table 4).
Similarly, Case 2 also prefers the presence of clouds to a clear model, as in Pinhas et al. (2018). However, in this
scenario we retrieve a water abundance exceeding solar levels, likely influenced by a potential small offset in the STIS
G430L visit 2 data compared to the rest of the observations (Fig. 16). The less pronounced optical slope in this STIS
visit prompts the retrieval to increase the water content to counteract the nearly flat spectrum in the optical range.
Confirmation of wavelength-independent clouds, recently discovered through JWST NIRSpec/PRISM (Rustamkulov
et al. 2023), supports our findings and the absence of sharp alkali signatures in WASP-39b’s spectrum reinforces this
conclusion. Although alkali metals were previously detected by FORS2 and more recently by the James Webb Space
Telescope, including in our independent analysis of the WASP-39b NIRISS transit (Feinstein et al. 2023), the STIS
data quality and its limited resolution hinder the identification of these distinct signatures.

There is consensus across previous studies, except from Pinhas et al. (2018) who report substantial evidence for stellar
heterogeneities, that the star appears to be magnetically quiet: Sing et al. (2016) report a value of log(Rfyy ) = -4.994,
while Mancini et al. (2018) determine an S-index of Syx = 0.183+0.017 and a corresponding log(Rjk) = -4.97+0.06.
Claudi et al. (2024) report an S-index of Syk = 0.17240.035 and a corresponding log(Rpx) = -4.9778+0.1726, or
log(Ryk) = -4.795+0.2549 when the correction detailed in Mittag et al. (2013) is applied, all of which suggest relative
chromospheric inactivity. The Bayesian evidence for most of our active-star scenarios are consistently lower than those
that treat the star as being inactive. Specifically, introducing stellar contamination to the cloudy base model in both
spectral cases fails to improve the fit. In Figure 4, we observe a Bayes factor of approximately 0 for Case 1 and around
2.5 for Case 2. These values suggest inconclusive evidence for Case 1 and a weak preference for the stellar model in
Case 2. This reinforces the fact that stellar activity is likely not affecting the planetary spectrum. The higher evidence
for Case 2 may be attributed to a flatter optical region from 0.4 to ~0.6 pm, which the retrieval attempts to explain

Table 4. Results of the retrieval models tested on WASP-39 b, split by Case number.

WASP-39b
Case 1: STIS G430L visit 1 + STIS G750L + WFC3
Model setup T [K] Ry [Ri] log,((H20) | log;((Peiouas) [Pa] | log,,(K) In(E)
H,O (base model) 528.467949% | 1.295240.0042 | —4.05705% - - 367.3340.22
H>0 + clouds 891.897395-18 | 1.2078 700121 | —4.56705% 3.8170 33 - 371.49+0.23
H20 + clouds + K 865.977285-55 | 1.2090700197 | —4.46703% 3.8270 2% —9.98%133 | 370.89+0.23
H,O + Stellar activity 6112075573 | 1.2062100044 | _4 607042 - - 367.2440.25
H2O + Stellar activity + clouds | 931.79F576-56 | 1 9604150245 | _4.67+5-58 3.7770%9 - 368.49+0.24
H,O + Stellar activity + clouds + K | 948.677353-20 | 1.251610-02%% | 4347219 3.5979:19 —9.38122% | 367.59+0.25
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] Ry [Ry] logy(H20) | logyo(Peiouas) [Pa] | log;o(K) In(E)
H>O (base model) 417.7972592 | 1.300810:0%3% | —1.0470:93 - - 361.98+0.24
H20 + clouds 779.88%06%1° | 1.1995700192 | —1.117092 1657031 - 372.66+0.24
H20 + clouds + K 754.30150 25 | 1.2021000%7 | —1.1270-99 1.7810:35 —7.457557 | 371.96+0.24
H20 + Stellar activity 345.3675597 | 1.309670503% | —2.927-5 - - 364.41+0.24
Hs0 + Stellar activity + clouds 773.58 110528 | 1.254310:018° | _1.13+0-10 163705 - 367.8740.27
H,0 + Stellar activity + clouds + K | 834.647157-37 | 1.247675:013¢ | —1.0915-9% 1.361033 —7.58%3:13 | 369.55+0.26
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Figure 15. Posterior distributions for the transmission spectrum of WASP-39 b accounting for a quiet star (cyan) and an active
star (orange) retrieved with the Case 1 data set. Figure elements are the same as those in Fig. 13.

with a high concentration of faculae (with a retrieved filling factor of 0.34701%). However, as mentioned above, the
inclusion of clouds further favours the base model over the stellar one, resulting in a Bayes factor of 4.79 in moderate
preference of the base model. This serves as another indication supporting the robustness of our stellar contamination

model, which appears to correctly identify the absence/non-necessity of activity where it is not playing a critical role.
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Figure 16. Posterior distributions for the transmission spectrum of WASP-39b accounting for a quiet star (cyan) and an active
star (orange) retrieved with the Case 2 data set. Figure elements are the same as those in Fig. 13.

The SAD for this planet corroborates the Bayes factor results. In Case 2, we identify an SAD of 0.916+0.313, the
lowest among all Case 2 spectra, while for Case 1, the SAD is the second lowest at 0.873+£0.403. Both SAD values
being less than 1 reaffirm the star’s inactivity. Additionally, WASP-39b exhibits a low SAT of 2.679%+1.152%, placing
it among the planets that do not display strong spectral modulations across the two observational epochs available to
us. Notably, no clear spot- or faculae-crossing events are evident in the STIS white light curves, further supporting the
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star’s quiet nature. The absence of lithium in the star’s spectrum, the relatively slow rotation rate of 44.0+3.9 days
(Mancini et al. 2018), and the lack of stellar activity, as evidenced by the absence of Cail H & K emission, collectively
suggest that the host star is relatively old, consistent with the age of 7.24+1.1 Gyrs determined in Mancini et al. (2018).

Although cloudy, WASP-39b’s broad spectral features combined with the quiet nature of the host star, led to its
selection as one of the targets for the James Webb Space Telescope Early Release Science Programme Observations
(JWST Transiting Exoplanet Community Early Release Science Team et al. 2023). The transit observations acquired
with all four JWST instruments confirmed a high atmospheric metallicity and identified various molecular components
including HoO (Ahrer et al. 2023), CO2 (Alderson et al. 2023), CO (Grant et al. 2023a), Na and K (Rustamkulov et al.
2023). An unexpected detection of SOy (Tsai et al. 2023) was linked to the oxidation of sulphur radicals released during
the breakdown of hydrogen sulphide (H2S), signifying that active photochemistry is occurring in this exo-atmosphere.

6.3. A notoriously active star observed whilst sleeping: the curious apparent quiescence of HAT-P-11

HAT-P-11Db, the first hot-Neptune discovered through transit searches, orbits a bright and metal-rich K4 dwarf star
(Bakos et al. 2010), displaying high levels of chromospheric activity. The Neptune-sized exoplanet’s orbit is found to
be highly inclined relative to the equatorial plane of its host star, with a spin-orbit misalignment of 103 degrees (Winn
et al. 2010; Hirano et al. 2011). More recently, a second planetary companion, HAT-P-11 ¢, has been discovered in the
system, being similar to Jupiter in mass but with a more eccentric orbit (Yee et al. 2018).

Observations of HAT-P-11b’s transmission spectrum using data from the HST, Spitzer and Giant Meterwave Radio
Telescope (GMRT) telescopes have shown water vapour absorption (Fraine et al. 2014), helium (Mansfield et al. 2018;
Allart et al. 2018), and hints of radio emission (Lecavelier des Etangs et al. 2013; Hodoséan et al. 2016). The planet’s
atmosphere has been found to be predominantly flat in the optical and with weakened features in the NIR, suggesting
a high-altitude cloud layer (Chachan et al. 2019). Our findings (Table 5) are consistent with a cloudy atmosphere in
both spectral scenarios (Fig. 17 & 18), that attenuates the water feature at 1.4 pum, and masks the potassium feature
entirely. Our retrievals detect a faint sodium signature, also attenuated by the presence of a high-altitude cloud layer.
The cloudiness in HAT-P-11b’s atmosphere is supported by various studies indicating that Neptune-like planets are
predominantly cloudy (Gao et al. 2020; Brande et al. 2024).

Table 5. Results of the retrieval models tested on HAT-P-11b, split by Case number.

HAT-P-11b
Case 1: STIS G430L visit 1 + STIS G750L + WFC3
Model setup T [K] Ry [Ry] log,((H20) | log;o(Peronds) [Pa] | log,,(Na) In(E)
H>0 (base model) 662.537 15155 | 0.4241F09015 | —5.167033 - - 412.0340.22
H>0 + Na 599.80712810 | 0.4247+00017 | _500+0-43 - —7.601163 | 412.4740.22
H20 + clouds + Na 908.3972324% | 0.418079503 | —5.277033 4.5179:2% 7484192 | 416.66+0.24
H2O (STIS shifted down) 173.8775395 | 0.4302F5:9995 | —1.93+9-70 - - 415.10+0.22
H20 + Stellar activity 735.56 719050 | 0.4218795019 | —5.237038 - - 409.64+0.24
H,O + Stellar activity + Na 679.087170 50 | 0.4227795025 | 5117038 - —8.4311572 | 409.70+0.24
H2O + Stellar activity + clouds + Na | 936.497235-57 | 0.416570502 | —5.237037 4.51%0:3 —7.587505 | 413.8240.26
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [R4] log,,(H20) | log;o(Peiouds) [Pa] | log,,(Na) In(E)
H20 (base model) 827.451 7991 | 0.422340.0009 | —5.54 4 0.22 - - 383.18+0.23
HO + Na 703.33713491 | () 4936700018 | _5 9g+0-44 - —7.027297 | 384.2140.23
H20 + clouds + Na 1149.347258-35 | 0.41551090%32 | —5.731053 4517923 —7.48%392 | 389.50+0.24
H,O (STIS shifted down) 589.47T13001 | 0.4247+0.0018 | _ 4 gqt0-45 - - 399.80-0.22
HO + Stellar activity 1041.9579295 | 0.4145%5:9020 | —5.61701¢ - - 388.2540.25
H,O + Stellar activity + Na 1031.81F82:46 | 0.414840.0022 | —5.607017 - —9.981133 | 387.72+0.25
HsO + Stellar activity + clouds + Na | 1168.317218:93 | 0.4130%9:9929 | —5.65%920 4.771032 —8.9371-3¢ | 388.9040.26

Numerous studies have reported HAT-P-11 to be one of the most active exoplanet hosts. The star exhibits a high
level of chromospheric activity, as evidenced by observations of the Cair H & K lines (Morris et al. 2017b). The
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Figure 17. Posterior distributions for the transmission spectrum of HAT-P-11b accounting for a quiet star (cyan) and an
active star (orange) retrieved with the Case 1 data set. Figure elements are the same as those in Fig. 13.

reported activity indexes are consistent with a high level of activity for HAT-P-11, with a S-index (Suk) equal to
0.580 and a log(Ryk) = -4.567 respectively (Knutson et al. 2010). More recently, values of Sy = 0.544+0.014 and
log(Ryyi) = -4.6808+0.081 or log( Rk ) = -4.30174+0.009 when the correction detailed in Mittag et al. (2013) is applied
are obtained in Claudi et al. (2024). Kepler transit data further reveals the occurrence of frequent star spot crossing
events, concentrated primarily at phases -0.002 and +0.006, indicating a transit path nearly perpendicular to the stellar
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Figure 18. Posterior distributions for the transmission spectrum of HAT-P-11b accounting for a quiet star (cyan) and an
active star (orange) retrieved with the Case 2 data set. Figure elements are the same as those in Fig. 13.

equator (Deming et al. 2011). Studies by Holczer et al. (2015) find that spots on HAT-P-11 are predominantly located
at low stellar latitudes. The distribution of spots on HAT-P-11 mirrors that of sunspots near solar activity maximum,
with a mean spot latitude of approximately 16 degrees (Morris et al. 2017a). Moreover, the majority of starspots on
HAT-P-11 closely resemble the sizes of sunspots at solar maximum, with an estimated mean spotted area coverage two
orders of magnitude greater than typical solar spotted areas (Morris et al. 2017a). Observations acquired with the Gran
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Telescopio Canarias suggest a spot filling factor of Ty,oc = 0.62f8:§(7) and a spot-to-photosphere temperature difference

of AT = 42938‘; K (Murgas et al. 2019). However, our retrieval results do not present compelling evidence for stellar
activity contamination. In Case 1, the Bayes Factor indicates a weak preference for the base model, supported by
a SAD value of 0.99840.286. For Case 2, our retrievals report a stronger inclination towards stellar contamination,
with a In(Bs.p) slightly above 5. Nevertheless, a SAD of 1.236+0.384 still suggests a weak preference for stellar
activity, the possibility of a quiet star remaining plausible considering the measurement uncertainty of the metric. The
system’s high temporal variability is highlighted by its Stellar Activity Temporal (SAT) value, which exceeds 9%. The
exoplanet was observed by the STIS instrument at three different times over the course of three months, namely on
22 February 2017, 12 April 2017 and 26 May 2017. The substantial variations among the optical data are unlikely to
arise from photospheric activity within this brief 3-month period. This is especially noteworthy as the star exhibits
an unexpectedly long activity cycle, known to last for over 10 years. Moreover, its unusually strong chromospheric
emission, compared to planet-hosting stars of similar effective temperature and rotation period, may be influenced
by tides raised by its planetary companion (Morris et al. 2017b). What we observed is likely due to the interplay
between an active photosphere, a disruptive flaring event and perhaps more complex cloud parameterisations such
as hazes made of tholins or soots. Our stellar activity characterisation is also likely hindered to an extent by the
WEFC3 observations, particularly that of G102 which exhibit a downward trend caused by the reduced throughput at
the grism’s edge. This effect, coupled with small error bars achievable with the combination of seven different G102
observations, causes the Bayesian approach of the retrieval to prioritise WFC3 obtaining the best possible fit at these
longer wavelengths. This may prevent the retrieval from extracting the full information content afforded to us by the
STIS observations, where most of the information surrounding stellar contamination lies.

7. CONCLUSIONS

We have presented here a population study of 20 transiting hydrogen-rich exoplanets, currently the largest sample
of exoplanet atmospheres observed to date in the spectral range near-UV to near-IR. Archive data obtained with
Hubble STIS and WFC3 instruments were uniformly analysed using the Iraclis pipeline and a suite of spectral
retrieval plugins integrated in TauREx 3.1, including the stellar activity plugin ASteRA and the cloud microphysics
plugin YunMa. Most exoplanets included in the sample were observed multiple times with the STIS G430L and/or
GT750L gratings, allowing for the study of temporal variability caused by changes in the exoplanet atmosphere (e.g.
due to cloud/haze variability) and/or stellar magnetic activity.

Our analysis revealed significant differences among the observations obtained with STIS at various epochs for about
half of the planets included in the sample, with amplitudes and patterns that are suggestive of time-varying stellar
surface heterogeneities imprinted in the exoplanetary spectra. We used the ASteRA model, integrated into TauREx 3.1,
to assess the potential impact of stellar contamination in the analysis of the exoplanet spectra. At a population level,
our analysis reveals that for planets on which stellar activity exerts the most significant influence on their spectrum,
even employing the simplest stellar contamination model is sufficient to align water abundance values to be more
consistent with the average values in the sample. This removes the necessity of employing super-solar metallicity
models to account for increased water abundances.

To statistically assess the preference for an active model over a simpler inactive star model, we computed the Bayes
Factor resulting from the difference in Bayesian evidence between two retrieval models: one model representing a
primary atmosphere with water vapour as the sole opacity source, assuming a uniform stellar photosphere, and the
other incorporating the same atmospheric model but considering the star to have a heterogeneous surface. Despite the
active star model being statistically penalised for its increased complexity compared to the simpler model, it remains
significantly favoured across many spectral cases, including those incorporating more realistic atmospheric physics
like clouds and alkali metals. This result emphasises the critical nature of accounting for the potential presence of
unocculted stellar spots and faculae when performing spectral retrievals in the optical regime. Among the total number
of targets investigated, nearly half of them exhibit a strong preference towards the model incorporating an active star,
while only one planet strongly favours a quiet star.

Furthermore, we established new, complementary metrics to assess the extent of stellar activity contamination; the
Stellar Activity Distance metric (SAD) and the Stellar Activity Temporal metric (SAT). The SAD, by corroborating
the findings of the Bayes Factor analysis, indicates that an active star model better describes the observations in
approximately half of the planetary spectra. Similarly, the SAT results reveal a bimodal distribution, indicating that
spectral variations in the visible regime within this limited planet sample are either minimal or moderately significant.
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We analyse in more detail three case studies, WASP-6b, WASP-39b and HAT-P-11b. Our findings align with
previous literature results in the case of WASP-6b and WASP-39b, for which we find an active stellar environment
and a quiet star respectively. However, HAT-P-11, expected to be active, is found to show no significant signs of stellar
contamination.

Our findings demonstrate the significant role that stellar contamination may have in all exoplanet spectra observa-
tions: therefore, comprehending, modelling, and correcting for the impact of stellar activity is important for a complete
characterisation of exoplanet atmospheres. This issue becomes particularly relevant with the ongoing observations of
small planets, which are statistically more likely to orbit active stars, performed by JWST. Additionally, addressing
stellar activity becomes even more pertinent in anticipation of the extensive chemical surveys to be conducted by space
telescopes such as Ariel and Twinkle in the coming decade. For these reasons, we argue that observational campaigns
aimed at thoroughly investigating the activity of exoplanets’ stellar hosts through time would significantly contribute
to the success of the exoplanet field.
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APPENDIX

A. OBSERVATIONS INFORMATION

Table A.1. Transit observations analysed in this study, highlighting the
instrument with the corresponding grism or grating employed, the date
the observation was conducted and the proposal ID with its principal

investigator.
Planet Instrument | Grism/Grating | Date of observation | Proposal ID | Proposal PI
STIS G750 2015-06-10 13665 Benneke
STIS G750 2016-06-14
GJ 436 b WEFC3 G141 2012-10-26
WEFC3 G141 2012-11-29 11622 Knutson
WFC3 G141 2012-12-09
WFC3 G141 2013-01-02
STIS G750 2015-02-07
STIS G750 2015-05-12
GJ 3470b STIS G750 2016-04-03 13665 Benneke
WFC3 G141 2015-01-29
WFC3 G141 2015-03-13
STIS G430 2012-05-26
HAT-P-11h STIS G430 2012-09-19 L9473 Sing
STIS G750 2012-05-31
WFC3 G141 2012-07-05
STIS G430 2017-02-22
STIS G430 2017-05-26 14767 Sing
STIS G750 2017-04-12
WFC3 G102 2016-09-14
WFC3 G102 2016-10-13
HAT-P-11b WFC3 G102 2016-11-02
WEFC3 G102 2016-11-07 14793 Bean
WEFC3 G102 2016-11-26
WEFC3 G102 2016-12-26
WFC3 G102 2016-09-14
WEFC3 G141 2012-10-18 12449 Deming
STIS G430 2012-04-11
HAT-P-12h STIS G430 2012-04-30 12473 Sing
STIS G750 2013-02-04
WFC3 G141 2012-10-18 14260 Deming
STIS G430 2015-11-15 14099 Mikal-Fvans
STIS G750 2015-11-21
HAT-P-18b WFC3 G141 2016-02-11
WEFC3 G141 2017-01-12 14260 Deming
WFC3 G141 2015-10-30
STIS G430 2018-03-27

14767 Sing

HAT-P-26Db
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STIS G430 2019-03-14
STIS G750 2016-01-26 L4110 Sing
WFC3 G102 2016-08-16
WFC3 G141 2016-05-02 14260 Deming
WFC3 G141 2016-03-12
STIS G430 2003-05-03
STIS G430 2003-06-25 o147 Charbonmean
HD 209458 b STIS G750 2003-05-31
STIS G750 2003-07-05
WFC3 G141 2013-09-26 12181 Deming
STIS G430 2012-06-10
-06- 12473 Si
WASP-6 1 STIS G430 2012-06-16 ing
STIS G750 2012-07-23
WFC3 G141 2017-05-06 14767 Sing
STIS G430 2012-06-08
STIS G430 2013-03-15 12473 Sing
WASP-17b STIS G750 2013-03-19
WFC3 G102 2017-09-25 14018 | Wakeford
WFC3 G141 2017-07-23
STIS G430 2017-07-02
_07- 14767 Si
WASP-201, STIS G430 2017-07-09 ing
STIS G750 2017-08-29
WFC3 G141 2016-04-14 14260 Deming
STIS G430 2012-06-13
WASP-31 1 STIS G430 2012-06-26 L9473 Sing
STIS G750 2012-07-10
WFC3 G141 2012-05-13
STIS G430 2013-02-09
STIS G430 2013-02-13 12473 Sing
WASP-301, STIS G750 2013-03-17
WFC3 G102 2016-07-07 14169 Wakeford
WFC3 G141 2016-08-29 14260 Deming
WFC3 G141 2017-02-07
STIS G430 2016-11-01
11- 14 i
WASP-591 STIS G430 2016-11-29 767 Sing
STIS G750 2017-05-11
WFC3 G141 2016-08-28 14260 Deming
STIS G430 2017-05-14
_05- 14767 Si
WASP-691, STIS G430 2017-05-25 ing
STIS G750 2017-10-04
WFC3 G141 2016-08-16 14260 Deming
STIS G430 2017-05-03
WASP-741 STIS G430 2017-07-19 L4767 Sing
STIS G750 2017-06-19
WFC3 G141 2016-10-06
STIS G430 2017-05-15
_07- 14767 Si
WASP-S01, STIS G430 2017-07-13 ing
STIS G750 2017-10-25
WFC3 G141 2016-06-21 14260 Deming
STIS G430 2017-04-24
WASP-101b 14767 Sing




STIS G430 2017-08-24
STIS G750 2017-11-07
WFC3 G141 2016-10-02
STIS G430 2016-10-24
WASP-121b STIS G430 2016-11-06 14767 Sing
STIS G750 2016-11-12
WFC3 G141 2016-02-06 14468
WFC3 G141 2018-03-12 Mikal-Evans
WFC3 G141 2019-02-03 15134
STIS G430 2018-06-23
WASP-127b STIS G750 2018-02-18 14619 Spake
WFC3 G141 2018-04-09
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D. ADDITIONAL TEST ON LIGHT CURVES: GAUSSIAN PROCESSES (GP) DETRENDING

We employed Juliet (Espinoza et al. 2019), in an attempt to fit the STIS broadband and spectral light curves and
to assess its performance on STIS data. The software is specialised on the fitting of transit and radial velocity data,
making use of the george (Ambikasaran et al. 2015) and celerite (Foreman-Mackey et al. 2017) GP codes to perform
Bayesian inference through nested sampling algorithms, including pymultinest (Buchner et al. 2014), dynesty (Speagle
2020) and ultranest (Buchner 2016, 2019, 2021). We initially employed Juliet to perform the fitting of the white
and spectral light curves of HD189733 b and KELT-7b. Given the strong instrumental offsets and challenging spectral
features exhibited by these planets, we explored whether employing a different fitting method could potentially improve
the results. The fitting model we use includes a variety of parameters, such as transit-only parameters, limb-darkening
coefficients (only linear and quadratic laws are supported), instrumental-specific parameters and GPs hyper-parameters
(which set the Kernel used). Gaussian processes are indeed powerful to model strong systematics and repeated trends
in the light curves. However, they are also prone to strong overfitting, while Kernel selection can potentially strongly
affect the results. We find that the algorithm does not improve the results obtained with the standard detrending
technique presented in Section 2.3. Furthermore, to compensate for the strong chromatic stellar signal, the error bars
were often inflated. Overall, while the transit depth mean values obtained with Juliet matched those resulting from the
wavelength-dependent detrending, we report a two orders of magnitude increase in the average error bar as calculated
by Gaussian Process techniques.

E. RETRIEVAL RESULTS

Table E.1. Results of the retrieval models tested on GJ 436 b, split by Case number.

GJ 436D
Case 1: STIS G750L visit 1 + WFC3
Model setup T K] R, [Ry] log,,(H20) In(E)
H20 (base model) 129.51759:38 | 0.367875:094 | —7.3272:2% | 247.314+0.21
H>0 + clouds 1265.56 7275 %0 | 0.331970:0250 | —8.071355 | 252.34+0.18
H20 + Stellar activity 155.387,0%:° | 0.3680100075 | —6.987555 | 240.76:£0.30
H,0 + Stellar activity + clouds | 1098.375¢92%2¢ | 0.3353%0:0315 | —7.8573:55 | 243.90+0.29
Case 1: STIS G750L visit 2 + WFC3
Model setup T [K] R, [R4] log,,(H20) In(E)
H>0 (base model) 120.3075947% | 0.3678700001 | —6.54732> | 240.74+0.21
H>0 + clouds 1293.087139%3° | 0.331470:0%:8 | —8.1973:9% | 246.36+0.18
H>0 + Stellar activity 144.62149%5° | 0.368170:0000 | —7.297555 | 239.5940.31
H>0 + Stellar activity + clouds | 1840.9472117-75 | 0.314615:035% | —8.317271 | 243.57+0.29




Table E.2. Results of the retrieval models tested on GJ 3470 b, split by Case number.

GJ 3470b
Case 1: STIS G750L visit 1 + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H20 (base model) (sol 0) 866.9073519 | 0.346540.0011 | —6.177015 | 243.68+0.23
H,0 (base model) (sol 1) 109.89715,95 | 0.360115:0005 | —1.75%0%% | 247.57+0.23
H20 + clouds 1613.147825:35 | 0.319470:0:58 | —6.371 %% | 255.59+40.20
H>0 + clouds + Na 4+ K 1071.561925 7% | 0.328910:0390 | —5.6815:55 | 257.12+0.21
H>0 + Stellar activity 112.7273%25 | 0.356270:00%) | —4.4413 32 | 249.4640.24
H20 + Stellar activity 4 clouds 1200.271433%2° | 0.309010:027F | —7.1175% | 256.8040.21
HsO + Stellar activity + clouds + Na + K | 746.24+383-87 | 0.322070-0197 | _6.45%2:39 | 256.77+0.21
Case 2: STIS G750L visit 2 + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H>0 (base model) (sol 0) 109451533 | 0.360110:0007 | —1.27103] | 252.54+0.23
H>O (base model) (sol 1) 865.8315255 | 0.346270000 | —6.0770 50 | 241.9140.23
H20 + clouds 1702.32F33259 | 0.289010:05%% | —4.43113% | 260.3640.20
H:0 + clouds + Na 4+ K 1209.28772220 | 0.302270:035% | —3.877155 | 259.36+0.20
H>0 + Stellar activity 11174737550 | 0.360170:0018 | —2.6611% | 253.77+0.25
H>0 + Stellar activity + clouds 1049.081200 38 | 0.311470:0371 | —5.33%393 | 259.30+0.21
H20 + Stellar activity + clouds + Na + K | 607.2775002% | 0.3279700385 | —4.567 155 | 258.56+0.22
Case 3: STIS G750L visit 3 + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H20 (base model) (sol 0) 110.22+14,59 0.360170:0503 | —1.307925 | 250.62+0.23
H>O (base model) (sol 1) 866.8213:97 | 0.346370000e | —6.127012 | 241.3440.23
H20 + clouds 1590.361925:05 | 0.295970:0300 | —4.4671'37 | 258.1040.20
H,0 + clouds + Na + K 1257.38%57520 | 0.297710:0%51 | —3.67119% | 257.2940.20
H,O + Stellar activity 109.4671589 | 0.358379:9913 | —2.207195 | 248.58+0.25
H20 + Stellar activity + clouds 899.501 526 %0 | 0.31481003% | —5.27FL 10 | 255.3440.21
H2O + Stellar activity + clouds + Na + K | 776.827555-%2 | 0.313975:92%% | —4.387} 7% | 255.25+0.21




Table E.3. Results of the retrieval models tested on HAT-P-1 b, split by Case number.

HAT-P-1b
Case 1: STIS G430L visit 1 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H20 (base model) 1645.117 15252 | 1.273115:8035 | —6.5970-28 | 269.7440.21
H>0 + Na (sol 0) 1712.5973%35 | 1.2385700100 | —4.34%035 | 282.85+0.23
H>0 + clouds 5126.69755057 | 1.187570006s | —6.857139 | 272.79+0.23
H,0 + clouds + Na (sol 0) 922.3379510 | 1.28897000%% | —4.50702) | 283.10+0.24
H20 + clouds + Na (sol 1) 149117538357 | 1.2701500075 | —5.78%037 | 286.40+0.23
H20 + Stellar activity (spots+faculae) 2081.081320-05 | 1.191270018) | —6.42701% | 295.15+0.25
H2O + Stellar activity (spots only) 2056.467 35570 | 1.2352F00108 | —6.19 £ 0.18 | 288.174+0.24
H»0 + Stellar activity (spots+faculae) + Na 3010.857580 61 | 1.1898+£0.0157 | —6.41701% | 294.7540.25
H,0 + Stellar activity (spots only) + Na 1938.04 727099 | 1.2417F50148 | —6.147522 | 288.05+0.24
H,O + Stellar activity (spots+faculae) + clouds 3728.427954-20 | 11674799258 | —6.2070 7% | 295.8340.25
H20 + Stellar activity (spots only) + clouds 4383.06575-59 | 1.070170-035% —4.05T597 | 293.99+0.24
H20 + Stellar activity (spots+faculae) + clouds + Na | 3556.417833 2% | 11713700228 | —6.167537 | 295.15+0.25
H>0 + Stellar activity (spots only) + clouds + Na | 4218.841655-95 | 1.069379:94%8 | —3.8370%% | 293.63+0.24
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H50 (base model) 1564.567 15 50 | 1.2743700057 | —6.487031 | 272.86+0.21
H20 + Na 1317167155 % | 1.2758T0 0041 | —5.827032 | 289.33+0.23
H20 + clouds 1637.417386-31 | 1.272410:0085 | _6.4770-23 | 272.0840.21
H20 + clouds + Na 1489.97731095 | 1.270670 006 | —5.837035 | 289.20+0.23
HsO + Stellar activity (spots+faculae) 2832.177332%0 | 1.19647001%, | —6.40 £0.16 | 292.75+£0.25
HsO + Stellar activity (spots only) 1665.56 15595 | 1.251670 0085 | —6.077030 | 282.56:£0.24
H2O + Stellar activity (spots+faculae) + Na 2758.47T512 60 | 1.2001700178 | —6.397010 | 292.39+0.25
H20 + Stellar activity (spots only) + Na 1364.597 1575 | 1.2699700055 | —5.767037 | 288.12+0.24
H,O + Stellar activity (spots+faculae) + clouds 4016.8375509% | 1.104470:0%37 | —4.5311:3L | 293.0040.25
H»0 + Stellar activity (spots only) + clouds 4289.76 785577 | 1.045270-0455 | —3.2570-70 | 291.3340.25
H2O + Stellar activity (spots+faculae) + clouds + Na | 4090.897857-92 | 1.093973:5850 | —4.327132 | 293.9340.24
H>O + Stellar activity (spots only) + clouds + Na | 4012.94F25332 | 1.0765700sis | —3.85 04 | 291.7840.25
Table E.4. Results of the retrieval models tested on HAT-P-12 b, split by Case number.
HAT-P-12b
Case 1: STIS G430L visit 1 + STIS G750L + WFC3
Model setup T K] R, [R4] log,,(H20) In(E)
H>0 (base model) 306.207155°83 1 0.924075:053¢ | —4.787F &k | 278.65+0.21
H2O + clouds 361.227222-57 | 0.921970-0098 | 490751 | 278.85+0.20
H>0 + Stellar activity 26171715705 1 0.923970 9035 | —4.557035 | 275.1040.23
H,0 + Stellar activity + clouds | 644.997502-3% | 0.8960100208 | —5.1675:2) | 275.53+0.22
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H>0 (base model) 1512873525 1 0.928170:001% | —2.58F1 32 | 274.83+0.21
H.0 + clouds 39043733551 | 0.90770 0158 | —3.15733) | 276.1440.19
H>0 + Stellar activity 210.98795°7% | 0.92601000% | —4.071855 | 274.59+0.23
H,0 + Stellar activity + clouds | 353.301173%3° | 0.9105700478 | —4.267357 | 274.99+0.21




Table E.5. Results of the retrieval models tested on HAT-P-18 b.

HAT-P-18b
Model setup T [K] R, [R4] log,,(H20) In(E)

H>O (base model) 43207157229 1 0.940070:00% | —5.167512 | 264.0940.21

H>0 + clouds 540.217182-3% | 0.935870-096% | —5.4910 70 | 264.4140.21

H>0 + clouds + Na 383.01743%97 | 0.941770:095% | —3.9970:05 | 274.9140.22

H>0 + Stellar activity 208.231125:25 |1 0.8978T0015r | —6.451557 | 274.7540.24

H,O + Stellar activity + clouds 1756.5615,1552° | 0.800810:9078 | —8.1473:1% | 278.73+£0.22

H20 + Stellar activity + clouds + Na | 1356.79F550%5:6 | 0.829815:9707 | —7.37153¢ | 278.83+0.23

Table E.6. Results of the retrieval models tested on HAT-P-26 b, split by Case number.
HAT-P-26b
Case 1: STIS G430L visit 1 + STIS G750L + WFC3
Model setup T K] R, [Ry] log;,(H20) In(E)
H>0 (base model) (sol 0) 480.0075295 | 0.5219F00012 | —3.0810:30 | 401.07+£0.20
H,O (base model) (sol 1) 473.82135-0% | 0.522070:0015 | —1.1570:9% | 400.3240.20
H>0 + clouds 792.88F19027 | 0.492270 0137 | —2.977438 | 403.4140.21
H20 + clouds + K + Na 802.42718%-82 | 0.4891100185 | —2.4379-82 | 402.7340.22
H20 + Stellar activity 45323754 00" | 0.5251%0:00%6 | —3.0310:3% | 401.16+0.22
H20 + Stellar activity 4 clouds 881.197237 %0 | 0.48137003387 | —2.967 g5 | 402.8940.22
H2O + Stellar activity + clouds + K + Na | 924.02725520 | 0.47297055%2 | —2.4679%5 | 401.51+0.23
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry4] log,,(H20) In(E)

H>0 (base model) 575.48 89493 | 0.5199+0.0029 | —3.827027 | 397.9840.21
H20 + clouds 747.50110525 | 0510800978 | —4.19709 | 398.25+0.22
H:0 + clouds + K + Na 747.911523-52 | 05096709957 | —4.03T0 IS | 396.79+0.23
H20 + Stellar activity 5716710722 | 05204705057 | —3.8370%5 | 395.9340.23
H20 + Stellar activity 4 clouds 1048.67129525 | 0.485015:022% | —4.1819-83 | 398.61+0.23
HoO + Stellar activity + clouds + K + Na | 1107.34753555 | 0.462610 0505 | —3.247 108 | 397.5240.23
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Table E.7. Results of the retrieval models tested on HD 209458 b, split by Case number.

HD 209458 b
Case 1: STIS G430L visit 1 + STIS G750L visit 1 + WFC3
Model setup T [K] R, [R4] log,,(H20) In(E)
H20 (base model) 753.52787 400 | 1.342815:0022 | 5397026 | 314.07+0.23
H>0 + clouds 864.221707 03 | 1.339710:003% | —5.59103% | 315.71+£0.23
H,O + Stellar activity 748.13181:35, | 1.342970 0092 | —5.397030 | 314.46+0.23
H2O + Stellar activity + clouds 882.00721372 | 1.3392700022 | —5.6140.25 | 316.1440.25
Case 2: STIS G430L visit 1 + STIS G750L visit 2 + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H>0 (base model) 898.34157-30 | 1.338010:0015 | —5.294+0.17 | 318.31+0.23
H20 + clouds (sol0) 1166.227529-99 | 1.330415:9068 | _5.5470-28 | 319.654-0.23
H20 + clouds (soll) 2167.48733521 | 1.300170:002% | —5.8410:07 | 310.97+0.27
H20 + Stellar activity 900.41755-2 | 1.338070001% | —5.3070 1% | 319.37+0.22
H2O + Stellar activity + clouds 1210.707335 o5 | 1.32887000%7 | —5.5670:27 | 319.4440.24
Case 3: STIS G430L visit 2 + STIS G750L visit 1 + WFC3
Model setup T K] R, [R4] log,,(H20) In(E)
H>0 (base model) 274.5417330 | 1.351810:001% | —3.701052 | 291.84+0.22
H>0 + clouds 285.581813% | 1.351470:0015 | —3.7010:2% | 291.16+0.22
H>0 + Na 221.2073355 | 1.352370:099% | —1.831030 | 303.33+0.25
H20 + clouds + Na 683.8555:'% | 1.340970:005% | —1.92%0:37 | 307.96+0.27
H20 + Stellar activity 273.0671900 | 1.351870001% | —3.62703 | 291.8440.22
H20 + Stellar activity + clouds 290.06705%2 | 1.3513F0:0013 | —3.7070:25 | 291.15+0.23
H,0 + Stellar activity + Na 263.3975551 | 1.3521700015 | —1.467038 | 305.9540.24
H>O + Stellar activity + clouds + Na | 332.82129-95 | 1.3486700025 | —1.5470:2% | 306.7640.25
Case 4: STIS G430L visit 2 + STIS G750L visit 2 + WFC3
Model setup T [K] R, [R4] log,,(H20) In(E)
H2O (base model) 373.887338% | 1.3479700010 | —3.5575-%3 | 204.4240.22
H20 + clouds 463.207380-37 | 1.345010 0058 | —3.7770-55 | 295.6940.22
H>0 + Na 461.9973950 | 1.345970:0913 | —1.0710 55 | 310.96+0.25
H20 + clouds + Na 949.247350%-%5 | 1.314610 5155 | —3.0870:35 | 324.8740.25
H20 + Stellar activity 373.20755 28 | 1.3478T0001% | —3.55T0 %8 | 295.20£0.22
H,O + Stellar activity 4+ clouds 496.517755 01 | 13439100037 | —3.8510:8L | 296.46+0.22
H,O + Stellar activity + Na 441.351357% 1 1.345670:001% | —1.101595 | 309.9440.26
HoO + Stellar activity + clouds + Na | 953.0413551% | 1.314170 019 | —3.1470%7 | 325.61+0.24




Table E.8. Results of the retrieval models tested on WASP-17b, split by Case number.

WASP-17b

Case 1: STIS G430L visit 1 4+ STIS G750L + WFC3

Model setup

T [K]

Rp [RJ }

IOglo(H2O)

In(E)

H20 (base model)
H20 + clouds (sol 0)
H20 + clouds (sol 1)

H20 + clouds + K (sol 0)
H20 + clouds + K (sol 1)

H20O + Stellar activity
H20O + Stellar activity + clouds
H20O + Stellar activity + clouds + K

1093.801555%
1734.38F229-94
1546.427325-58
1401.06111548
1719.557525-2¢
928.627 100 5%
1509.93755240
1507.837505 55

1.822970 0040
1.7512t8:3§§8
1657710 0392
1.68661 0 0303
17518700359
1854870 0503
1.788810-0530
1787370 0524

—4.8810733
~5.037023
—1.76%597
—1.771514
—4.9970:33
—4.770%8
—5.061932
—5.027536

367.45+£0.22
375.71£0.23
371.89£0.23
371.57£0.23
375.05£0.23
374.18+0.24
377.26+0.24
376.86+0.24

Case 2: STIS G430L visit 2 + STIS G750L + WFC3

Model setup

T [K]

RP [RJ }

10g10(H20)

In(E)

H>0O (base model)
H>O + clouds
H20 + clouds + K

H>O + Stellar activity
H2O + Stellar activity + clouds
H>O + Stellar activity + clouds + K

951.62133-52

1131.447529%
1097.86132%52
469.04714%%
975.367130 6x
1025.607 135 &4

18048759928
17752100139
1783710 0153
1.885110:007%
1.785570 9350
1.789670 057,

—1.01%3:52
~1.05%9:53
~1.0349:62
—2.35%8:2¢
~1.50+9:%2
~1.1570-41

380.37£0.25
383.11£0.25
384.23+0.25
386.71+0.24
389.74£0.25
391.35+0.25

Table E.9. Results of the retrieval models tested on WASP-29 b, split by Case number.

WASP-29b

Case 1: STIS G430L visit 1 + STIS G750L + WFC3

Model setup

T [K]

Rp [RJ ]

log; (H20)

In(E)

H20 (base model)
H>O + clouds
H20 + clouds + Na (sol 0)
H20 + clouds + Na (sol 1)

H20O + Stellar activity
H20O + Stellar activity + clouds
H2O + Stellar activity + clouds + Na

.4
251.38745%°
464.701321%7°

233.68115%34

4135.567505°59

289.587735%9

1919.1273556 35
2124.361 150208

0.7653 5 5025
0.7600t8;?8§fL
0.765310 0osa
0.633710 0192
0.7616t8;8832
0.6846t8;83§?
0.669010 0520

-8.23155]
~8.937358
—8.13%598
—8.13%52
8327199
—8.36t§1§3
—7.641281

306.93+0.19
307.14+0.18
307.48+0.18
305.30+0.18
305.2240.21
306.36+0.20
306.48+0.20

Case 2: STIS G430L visit 2 + ST

IS G750L + WFC3

Model setup

T K]

Rp [RJ ]

10g10(H2O)

In(E)

H20 (base model)
H20O + clouds
H20 + clouds + Na (sol 0)
H;0 + clouds + Na (sol 1)

H2O + Stellar activity
H2O + Stellar activity + clouds
H2O + Stellar activity + clouds + Na

228.97T328,%8
517297354457
200.19755°99

4767.10139%-19

231.67755%3°

1505.057 244729
2116.06 199518

0.765510 0030
0.750970 oas
0.765810 0015
0.591710625%
0.764170605%
0.689210 0532
0.672970 0370

—8.17153)
—8.18%5 %5
—8.00+1-56
—9.22+2-56
—8.1975%5
—7.88+2:66
—8.03+2:26

300.53+0.19
301.03+0.18
300.67+0.17
299.91£0.17
297.49£0.22
298.75£0.20
298.70£0.21
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Table E.10. Results of the retrieval models tested on WASP-31 b, split by Case number.

WASP-31b
Case 1: STIS G430L visit 1 4+ STIS G750L + WFC3
Model setup T [K] R, [R4] log,,(H20) In(E)
H20 (base model) 380.007335:80 | 1.514075:9979 | —3.0971:32 | 273.62+0.19
H.0 + clouds 1253.681331 85 | 14456700382 | —4.2971 3 | 275.0040.18
H,O + Stellar activity 566.2932?,:% 1.5101t8¢3‘{32 —4.40738% | 271.8440.21
HzO + Stellar activity + clouds | 1614.31F82-5% | 1.4297F0956L | _ 4537127 | 972.694-0.20
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H50 (base model) (sol 0) 633.567 15292 | 1.506015:90%5 | —4.48%0T0 | 270.50+40.20
H,0 (base model) (sol 1) 1092.607§15%95 | 1.490979:09%° | —5.88 4 0.13 | 268.0540.22
H20 + clouds (sol 0) 1737.907 035 &2 | 1.452570032% | —5.827030 | 272.90£0.20
H20 + clouds (sol 1) 5075.04730285 | 1.302870 0050 | —6.437082 | 269.11:+0.21
HsO + Stellar activity 945.741285 00 | 14297100022 | —5.2570 75 | 269.56+0.21
H>O + Stellar activity + clouds | 2074.577107%8" | 1.427570 0357 | —5.7270495 | 271.60+0.22
Table E.11. Results of the retrieval models tested on WASP-52 b, split by Case number.
WASP-52b
Case 1: STIS G430L visit 1 4+ STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H,0 (base model) 818.667 2291 | 1.244070-0017 | —5.40 4 0.24 | 239.3840.22
H>0 + clouds (sol 0) 4989.501 15158 | 1.126810:0059 | —10.71153; | 227.494+0.21
H>0 + clouds (sol 1) 4862.351355°%0 | 1.131810:0008 | —7.491037 | 227.38+0.21
H2O + Stellar activity 1228.041169-50 1.2055t3;38g§ —5.661924 | 266.2240.24
H20 + Stellar activity + clouds | 1207.007 75510 | 1.206810:0051 | —5.65103% | 265.60+0.25
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [R4] log,,(H20) In(E)
H2O (base model) 790.5775952 | 1.244470:90238 | _ 5317028 | 942 5740.22
H20 + clouds 793.0815070 | 1.24431000%0 | —5.2970-57 | 241.9640.23
H2O + Stellar activity 1216.87F195°72 | 1.201570 0053 | —5.697035 | 263.83+£0.25
H>0 + Stellar activity + clouds | 1225.637 705737 | 1.200510:00%8 | —5.701032 | 263.18+0.25




Table E.12. Results of the retrieval models tested on WASP-69 b, split by Case number.
WASP-69 b

Case 1: STIS G430L visit 1 4+ STIS G750L + WFC3

Model setup T [K] R, [Ry] log,,(H20) In(E)
H,O (base model) 253.297723% 1 1.009170-0057 | —4.33755% | 311.7140.22
H20 + clouds (sol 0) 40021715537 | 1.00387 0065 | —4.871092 | 312.63+0.23
H>O + clouds (sol 1) 749.681 15007 | 0.952510:0008 | —2.771052 | 298.60+0.23
HsO + Stellar activity 151.531550F | 1.00900 6014 | —3.1315:91 | 309.7040.25
H,0 + Stellar activity + clouds | 596.62713057 | 0.978070:0335 | —3.6811 52 | 314.10£0.25
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H20 (base model) 766.63121 08 | 0.9958T00017 | —5.957015 | 286.9040.24
H20 + clouds (sol 0) 810.56751 5% | 0.993610:0071 | —6.061515 | 289.17+0.25
H,0 + clouds (sol 1) 4908.56 733109 | 0.850070 0058 | —9.3471 85 | 288.64+0.23
H2O + Stellar activity 681.667 3345 | 0.994670005% | —5.717072 | 289.68+0.26
H>O + Stellar activity + clouds | 623.457515:07 | 09745100070 | —3.497105 | 313.79+0.25

Table E.13. Results of the retrieval models tested on WASP-74 b, split by Case number.

WASP-74b
Case 1: STIS G430L visit 1 + STIS G750L + WFC3
Model setup T [K] R, [R4] log,,(H20) In(E)
H2O (base model) 978.56 755777 | 1.512079:00T | —6.2479°53 | 304.5040.19
H20 + clouds (sol 0) 4840.33T3319% | 1.433710-0173 | —9.5971 70 | 305.86+0.20
H>0 + clouds (sol 1) 950.76 112022 | 1.5117790037 | —6.0670:37 | 302.884-0.20
H:0 + clouds + K (sol 0) 4915.65T835-9% | 1.432610004% | —9.667155 | 306.47+0.20
H20 + clouds + K (sol 1) 171150133151 | 1.495170:00% | —6.4270:33 | 303.26+0.21
H,O + Stellar activity 791.24732050 | 15001100055 | —5.197070 | 311.8140.21
H20 + Stellar activity + clouds 958.227590-17 1 14902109231 | —4.6971-32 | 312.404:0.20
H20 + Stellar activity + clouds + K | 1057.67157195 | 1.486970 0151 | —4.937350 | 312.59+0.21
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H20 (base model) 723.56 750058 | 15148700050 | —5.3510:52 | 302.89+0.19
H20 + clouds (sol 0) 4810.661 59517 | 1.4252F0:011% | —9.547393 | 302.60+0.18
H,0 + clouds (sol 1) 768.827 50105 | 1.5137T000% | —5.4270.7% | 302.08+0.19
H20 + clouds + K (sol 0) 903.867515 72 | 1.509910:0%00 | —5.5070:25 | 304.02-0.19
H>0 + clouds + K (sol 1) 4846.381 35505 | 1.424570:0010 | —8.867135 | 302.60-£0.19
H2O + Stellar activity 554.347255-22 | 15081700052 | —4.447112 | 303.5140.22
H20 + Stellar activity + clouds 92454775349 | 14876100335 | —4.1371°3% | 304.11+0.21
H,0 + Stellar activity + clouds + K | 832.4075,2°63 | 1.49517000%0 | —4.347 115 | 305.194+0.21
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Table E.14. Results of the retrieval models tested on WASP-80 b, split by Case number.

WASP-80 b
Case 1: STIS G430L visit 1 4+ STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H>0 (base model) 336.171339-39 | 0.971910502% | —4.847 0% | 289.584-0.22
H>0 + clouds 537.03732595 | 0.9668700%% | —4.601105 | 291.03+0.21
H,O + Stellar activity 41255115235 | 0.970710:003% | —5.167057 | 288.71+0.25
H>0 + Stellar activity + clouds | 863.37732) 12 | 0.948810-010% | —3.961132 | 289.73+0.24
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H20 (base model) 765.03795%, | 0.967470:0002 | —5.87103% | 288.14+0.23
H20 + clouds (sol 0) 788.301 0005 | 0.967070:0013 | —5.927032 | 288.56£0.23
H20 + clouds (sol 1) 5042.01139%:99 | 0.903670:0050 | —9.5271 68 | 285.55:0.22
HsO + Stellar activity 7587879040, | 0.9667T00017 | —5.841075 | 284.94+0.26
Hy0 + Stellar activity + clouds | 970.377335%% | 0.960810:00%7 | —6.0410:35 | 286.27+0.26

Table E.15. Results of the retrieval models tested on WASP-101 b, split by Case number.
WASP-101b

Case 1: STIS G430L visit 1 + STIS G750L + WFC3

Model setup

T [K]

Rp [RJ ]

10%10(H20)

In(E)

H20 (base model)
H20 + clouds (sol 0)
H20 + clouds (sol 1)

H20 + clouds + K (sol 0)
H20 + clouds + K (sol 1)

H2O + Stellar activity
H20O + Stellar activity + clouds

H20O + Stellar activity + clouds + K

783.93%35-18
5172.221222:08
4516.617150 5%
5164.791320°52
4523.40717%-59

184.5172257
1249.58F 55458
1445.491 106702

1.3456 705015
1.1995%5 6061
1.224275:003)
1.199619-0072
1.223270 0050
1.344870:00%2
1.286710 052
1.278970 0515

—8.6675 0%
—9.80%1 5%
—10.2671:08
~10.0571:52
—10.227987
—3.2871:34
—7.487238
—711555

286.16+0.20
293.05£0.21
291.12+0.21
292.86+£0.22
290.75£0.22
295.94£0.22
298.55£0.20
298.26£0.20

Case 2: STIS G430L visit 2 + STIS G750L + WFC3

Model setup

T [K]

RP [RJ ]

log,,(H20)

In(E)

H>O (base model)
H20 + clouds (sol 0)
H20 + clouds (sol 1)

H>0 + clouds + K

H20O + Stellar activity
H20O + Stellar activity + clouds

H>0O + Stellar activity + clouds + K

423.597152-24
4010.471339129
57729755593
1572.28F 15056}
175.161755 52
2079.8471 75758
1137.057529%9°

1.353370 0041
1.22061005%)
13483700028
1.308315:063%
13493750554
12289109595
1.269710-05%%

—6.38712L
—9.627149
—6.2704
—8.7672%7
—-3.67739
~7.567210
—6.477255

303.00£0.19
304.22£0.18
302.09£0.19
303.88+£0.19
305.74£0.22
308.17£0.19
308.03£0.20




Table E.16. Results of the retrieval models tested on WASP-121Db, split by Case number.

WASP-121b
Case 1: STIS G430L visit 1 4+ STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H,O (base model) 316.067 15595 | 1.7077T080%0 | —1.1570-42 | 293.6240.22
H>O + clouds (sol 0) 4848.11F9%-2% | 1.472870:022% | —3.0870%2 | 303.64+0.23
H>O + clouds (sol 1) 2494.667555 58 | 1.592210:030% | —3.461050 | 307.45+0.22
H20 + Stellar activity (sol 0) | 1090.80F153-9% | 1.6995709043 | —5.857037 | 297.2440.24
H20 + Stellar activity (sol 1) | 1986.12+129-70 | 1.6592+9:9042 | _6 507917 | 306.3440.30
H.0 + Stellar activity + clouds | 3842.9975322% | 1.519910-037% | —3.19%05% | 307.58+0.26
Case 2: STIS G430L visit 2 + STIS G750L + WFC3
Model setup T [K] R, [Ry] log,,(H20) In(E)
H20O (base model) (sol 0) 213.81737-5% | 1.710375:950% | —1.7575:51 | 302.79+0.21
H20 (base model) (sol 1) 1072.07713298 | 1.69477000%5 | —5.687035 | 306.5440.22
H>0 + clouds 2429.051 35552 | 1.6169100%0 | —4.377 599 | 314.24:£0.21
H20 + Stellar activity (sol 0) | 2273.13%32278 | 1.647670 0075 | —6.487013 | 312.9540.29
H20 + Stellar activity (sol 1) | 1376.481137:52 | 1.689110002 | —6.067037 | 304.92+0.25
Hy0 + Stellar activity + clouds | 3096.6275:73) | 1.569270-0330 | —3.7910.77 | 314.16+0.25
Table E.17. Results of the retrieval models tested on WASP-127b.
WASP-127b
Model setup T [K] R, [Ry] log;,(H20) In(E)
H20 (base model) (sol 0) 530.71115 52 | 1.301970001% | —3.64 & 0.10 | 255.6740.22
H,0 (base model) (sol 1) 473.60+8.26 | 1.30671 00007 | —3.347007 | 253.42+0.23
H:0 + clouds 107091775550 | 1.238970 0185 | —4.83703% | 268.57+0.24
H20 + clouds + K + Na 1101.2177358°%) | 1.231470 015 | —4.75703% | 273.70+0.26
H2O + Stellar activity 630.0079237 | 1.296970:095% | —4.251037 | 255.2240.25
H20 + Stellar activity 4 clouds 1526.76 715577 | 1.1461799226 | —4.8670:59 | 280.9440.27
H,O + Stellar activity + clouds + Na + K | 1520.587139-9% | 1.140370:5207 | —4.6570:07 | 281.4540.27
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F. FURTHER INFORMATION ON INDIVIDUAL PLANETS
F.1. GJ 436 b

Discovery, Observations and Previous Findings: Discovered through a radial velocity survey (Butler et al. 2004)
and then confirmed to orbit a main-sequence M dwarf (Gillon et al. 2007) in a near-grazing transit (Ribas et al. 2008).
Initial spectroscopic observations performed with NICMOS returned a flat transmission spectrum with no signal in
the water band at 1.4um (Pont et al. 2009). Similarly, Hubble Space Telescope observations confirmed the featureless
nature of the spectrum and ruled out a cloud-free hydrogen-dominated atmosphere (Knutson et al. 2014). Additional
optical data from HST/STIS did not find any alkali signatures nor scattering hazes, further confirming a featureless
spectrum at shorter wavelengths (Lothringer et al. 2018). The host M dwarf is leading the exospheric escape of the
planetary companion atmosphere (Ehrenreich et al. 2011): ultraviolet observations conducted with STIS/FUV-MAMA
and Chandra, showed how the UV transit starts about two hours before, and ends more than three hours after the
approximately one hour optical transit. The escaping exosphere produces a transit depth of 56.343.5% deeper and
longer than the 0.69% optical transit depth (Ehrenreich et al. 2015). The large exospheric hydrogen tail keeps occulting
the star for 10-25 hours after primary transit (Lavie et al. 2017), driving a mass-loss rate in the range of about 10%-10°
grams per second (Ehrenreich et al. 2015).

Chemistry Results: There is no evidence of alkali features, likely attributable to a dense high-altitude cloud layer
enveloping the planet’s atmosphere. This opaque layer also attenuates the water feature at 1.4 um, which is retrieved
in the range between -8 and -7 in volume mixing ratio.

Stellar Activity: Reported S-indexes (Suk) and log(Rpk) values: a value of Syx = 0.620 and a corresponding
log(Ryyx) = -5.298 were reported in Knutson et al. (2010), Sreejith et al. (2020) report a log(Rjk) = -5.094+0.001
and most recently, Claudi et al. (2024) report an S-index of Sy = 0.7354+0.321 and a corresponding log(Rpx) =
-5.326340.0347. Considering the Ca H&K lines in isolation, all of the reported values in the literature are consistent
and indicative of a lower level of stellar activity for GJ 436. Multiple observations spanning almost a full proposed
stellar activity cycle (7.7540.10 yrs), revealed large variations 38%=+3% in the summed flux of the major FUV emission
lines, and a multitude of brief flares (Loyd et al. 2023). Spitzer Space Telescope showed variations in transit depth in
the same bandpass across different visits, an indication for occultation of stellar active regions (Knutson et al. 2011).
Although our Bayes factor results suggest a low preference for an active star model, the SAD favours a substantial
degree of stellar contamination. However, caution in the interpretation of this metric is advised due to the considerable
uncertainties associated with the optical data.

F.2. GJ 3470 b

Discovery, Observations and Previous Findings: The hot Uranus GJ 3470b was initially identified through a
radial velocity survey conducted with HARPS and subsequently validated as a transiting planet through observations
from the TRAPPIST campaign (Bonfils et al. 2012). This exoplanet, situated approximately 25.2 parsecs away from
Earth, orbits a M1.5 dwarf star in a polar trajectory (Lépine & Shara 2005). Recent investigations (Stefansson et al.
2022) have unveiled evidence of a long-term acceleration within the system, hinting at the potential presence of an
outer companion in the system. Initial atmospheric studies, mostly from ground-based spectrographs, hinted at optical
slopes due to molecular hydrogen or small-sized (<0.1 pum) hazes (Fukui et al. 2013) and flat infrared spectra explained
by high-altitude clouds and haze (Crossfield et al. 2013), both scenarios later confirmed by Dragomir et al. (2015).
More recently, by combining STIS, WFC3 and Spitzer transmission observations, Benneke et al. (2019) reported a
robust water detection, albeit with a reduced amplitude. Additionally, they find a sharp drop in the cloud opacity at
2-3 pm characteristic of finite-sized Mie scattering aerosol particles. Transit observations in the far-ultraviolet (FUV)
using STIS/G140M and covering the Lyman-« line revealed an expansive exosphere of neutral hydrogen surrounding
GJ 3470b. Its blue-shifted signature suggests that neutral hydrogen atoms are propelled away from the star by the
intense radiation pressure and rapidly undergo photoionization. This process leads to a significant mass loss (Bourrier
et al. 2018), a process further supported by the identification of Her 10830 A absorption in the GJ 3470b’s exosphere
(Ninan et al. 2020).

Chemistry Results: There is no evidence of alkali features, likely attributable to a dense high-altitude cloud layer
enveloping the planet’s atmosphere. This opaque layer also attenuates the water feature at 1.4 pm, which is retrieved
in the range between -6.3 and -4.4 in volume mixing ratio.

Stellar Activity: Reported S-indexes (Suk) and log(Rjk) values: Sreejith et al. (2020) report a log(Rpk) = -4.86.
Claudi et al. (2024) report an S-index of Suyx = 1.755+0.321 and a corresponding log(Rfi) = -5.06251+0.0843. The
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inconsistency between these reported measurements could be due to differing activity levels at each epoch, although
broadly speaking both of the above literature values are indicative of a low-to-moderate activity regime for GJ 3470.
STIS observations as analysed by Benneke et al. (2019) do not display any signs of stellar activity, while our interpreta-
tion indicate a low level of activity across the stellar metrics we defined, with substantial spectral temporal variations.
The monitoring of flaring activity with the Cosmic Origins Spectrograph (COS) provided the detection of three flares
(Bourrier et al. 2021), on top of confirming the absorption signature originating from GJ 3470b’s exosphere in the
stellar Lyman-« line.

F.3. HAT-P-1)

Discovery, Observations and Previous Findings: HAT-P-1b belongs to the planetary system ADS 16402, con-
sisting of a pair of GO main-sequence stars with an age of about 3 Gyr. The hot-Jupiter transits one of these twin stars
and has a mass of approximately 0.53 M; and a radius of ~1.36 R; (Bakos et al. 2007b). The study by Wakeford et al.
(2013) presents the first atmospheric characterisation of HAT-P-1b using WFC3/G141 spatial scanning observations,
revealing a significant 1.4 pm water absorption above the 50 level. By adding STIS data sets to the pre-existing
WFC3 data set, Nikolov et al. (2014) detect a strong absorption signature short-ward of 0.55 pm, including atmo-
spheric sodium absorption. However, no evidence for potassium absorption is found, until Wilson et al. (2015) detects
a K signature in the atmosphere of HAT-P-1b using optical transit narrow-band photometry. HAT-P-1b seems to
have a partially clear atmosphere (Montalto et al. 2015) with a ~20% cloud coverage dominated by enhanced haze
(Chen et al. 2022).

Chemistry Results: We find evidence for sodium absorption and a clear water feature. The atmosphere is partially
free from opaque clouds as this thick layer seems to affect the near-infrared wavelengths more than the optical. In the
visible wavelengths, Mie scattering features from clouds or hazes are needed to better fit this data, confirming their
presence.

Stellar Activity: Reported S-indexes (Suk) and log(Rjyy ) values: In the discovery paper, Bakos et al. (2007a) report
a value of log( Ry ) = -4.7240.05. Knutson et al. (2010) calculate an S-index of Syk = 0.158 and a corresponding
log(Ryk) = -4.984. Danielski et al. (2022) find an S-index of Syk = 0.15 £0.00 and a corresponding log(Rpx) =
-5.1140.07, and Claudi et al. (2024) report an S-index of Sy = 0.151£0.014 and a corresponding log(Ryk) = -
5.0408+0.1151, or log(Ryk) = -4.8964+0.1404 when the correction detailed in Mittag et al. (2013) is applied. The
literature values are consistent and all imply a low-to-moderate level of stellar activity for HAT-P-1. Our Bayes factor
results return two of the highest values across the whole sample, indicating a high level of stellar activity. However, the
SAD and SAT indicate a low preference for the stellar contamination model and show only minor temporal deviations
among the STIS G430L observations which were taken four months apart.

F4. HAT-P-12b

Discovery, Observations and Previous Findings: Initial studies conducted on HAT-P-12b have characterised
it as a H/He-dominated planet with a core mass around 10 Mg, making it the least massive gas giant of its kind
known at the time, surpassing the record previously held by Saturn (Hartman et al. 2009). Contrary to that, Line
et al. (2013) found that HAT-P-12b’s transmission spectrum lacked the anticipated water absorption feature for a
hydrogen-dominated atmosphere. Instead, a model with high-altitude clouds provided the best fit, with the authors
confidently ruling out a cloud-free, hydrogen-dominated atmosphere. Further investigations by Mallonn et al. (2015)
and Turner et al. (2017), supported the notion of a flat spectrum across optical wavelengths, suggesting the presence of
clouds in the planet’s atmosphere. Subsequently, Alexoudi et al. (2018) reexamined previous data sets using consistent
methodologies, revealing a low-amplitude spectral slope and a tentative detection of potassium absorption. Wong et al.
(2020) employed a combination of STIS, WFC3, and Spitzer observations, detecting a muted water vapour absorption
feature at 1.4 um, attenuated by clouds, and a Rayleigh scattering slope in the optical indicative of small particles.
Additionally, Yan et al. (2020) reported a relatively flat spectrum without significant sodium or potassium absorption
features, confirming the presence of high-altitude clouds. Jiang et al. (2021) retrieved no alkali absorption signatures
but reported tentative molecular absorption features of H,O, CH4 and NHj.

Chemistry Results: Best fit model includes an opaque layer of clouds that completely covers the alkali signatures
and attenuates the water feature in the near-infrared.

Stellar Activity: Reported S-indexes (Sux) and log(Rjyk) values: Knutson et al. (2010) report an S-index of Sux
= 0.253 and a corresponding log(Rj;k) = -5.104. Observations from two different epochs were analysed by Mancini
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et al. (2018) yielding values of Syx = 0.36410.054 and corresponding log(Rjyk) = -4.88+0.07 (14.03.2015) and Syx =
0.37540.075 and corresponding log(Rjy) = -4.87£0.09 (24.04.2015) respectively. Claudi et al. (2024) find an S-index
of Syk = 0.3624+0.063 and a corresponding log(Rjk) = -4.914840.0789, or log(Rjk) = -4.53834£0.0946 when the
correction detailed in Mittag et al. (2013) is applied. Some variation is observed in the literature values but broadly
they are suggestive of low-to-moderate activity for HAT-P-12. Jiang et al. (2021) report that the discrepant chemical
results among different transmission studies can be attributed to varying levels of unocculted stellar spots and faculae.
Using the GTC OSIRIS observatory centred in the optical (500-900 nm), they infer a photosphere covered by 33%
of spots and 9% of faculae. We find an overall quiet star across all our metrics, even though the SAT reported is
moderately high within our the sample at 6.407% +- 1.883%, indicating a relatively large temporal variability across
20 days during which the system was observed with STIS G430L.

F.5. HAT-P-18b

Discovery, Observations and Previous Findings: HAT-P-18b, part of a group of low-density Saturn-mass
planets, orbits a metal-rich K2 dwarf star (Hartman et al. 2011b). The planet follows a retrograde orbit, with a
sky-projected angle (A) between the stellar spin axis and the planet orbital axis measured at 132415 degrees (Esposito
et al. 2014). Ground-based transmission spectroscopy of HAT-P-18b using the ACAM instrument on the William
Herschel Telescope reveals a blueward slope in the optical transmission spectrum consistent with Rayleigh scattering
at the planet’s equilibrium temperature (852 K). No enhanced sodium absorption is detected, suggesting a high-altitude
haze masking the feature and contributing to the Rayleigh slope (Kirk et al. 2017). Furthermore, studies using the
metastable helium line at 1083 nm indicate an atmospheric mass loss rate for HAT-P-18 b between 8.3775x1075 M;
Gyr—1 and 2.63f8:‘ég x1073 My Gyr—1 (Paragas et al. 2021). Recent JWST/NIRISS observations spanning from 0.6 to
2.8 pum reveal a hazy atmosphere with clear water and escaping helium tail features, along with a distinctive signature
of a star spot crossing event around mid-transit (Fu et al. 2022). Further investigations by Fournier-Tondreau et al.
(2024) revealed carbon dioxide absorption and opaque clouds at a high significance levels, alongside hints of sodium.
Chemistry Results: We find evidence for clouds and sodium.

Stellar Activity: Reported S-indexes (Suk) and log(Rjpk) values: Claudi et al. (2024) report an S-index of Sux
= 0.334+0.079 and corresponding log(Ryy) = -4.85534+0.1295, or log(Rpk) = -4.5282+0.164 when the correction
detailed in Mittag et al. (2013) is applied. These values are consistent with a moderate-to-high level of activity
for HAT-P-12. Recent JWST observations with NIRISS are also suggestive of the presence of stellar contamination
(Fournier-Tondreau et al. 2024). Both the Bayes Factor and the SAD metric agree to a moderate-to-high level of
stellar contamination.

F.6. HAT-P-26 b

Discovery, Observations and Previous Findings: The exoplanet HAT-P-26 b was first discovered in 2011 as it
transited its K1 dwarf host star (Hartman et al. 2011a). The system exhibits transit timing variations, as noted by
Mancini et al. (2022) and A-thano et al. (2023), suggesting the potential influence of a third celestial body. In an
effort to understand the atmospheric composition of the Neptune-mass planet HAT-P-26b, Stevenson et al. (2016)
utilised data from LDSS-3C and the Spitzer Space Telescope. Their findings suggest the presence of water vapour,
an absence of potassium, and either a high-metallicity, cloud-free atmosphere or a solar-metallicity atmosphere with a
cloud deck at approximately 10 mbar. Building on this, Wakeford et al. (2017a) employed STIS/G750L, WFC3/G102
and G141 together with Spitzer observations and detected prominent HoO absorption bands in the transmission
spectrum. The measured water abundance served as a proxy for metallicity, indicating HAT-P-26 b’s atmospheric
heavy element content, which suggests a primordial atmosphere acquired late in its disk lifetime. Further insights
into the atmospheric composition reported water, O/H at 20 times solar, and C/O less than 0.33 (MacDonald &
Madhusudhan 2019). Additionally, the authors identified potential metal hydrides (TiH, CrH, or ScH) features at
significant confidence levels, suggesting the need for strong disequilibrium processes or external replenishment to
maintain gas-phase metal hydrides at the planet equilibrium temperature.

Chemistry Results: Despite the atmosphere of the planet being covered in a grey cloud layer that masks potential
alkali features, the planet is rich in water vapour. We run an additional retrievals on both spectral cases by including
TiH, ScH and CrH to match the setup used by MacDonald & Madhusudhan (2019) for comparison. We retrieve only
upper bounds for TiH and CrH and a potential tentative signature of ScH, but no strong evidence for any of these
metal hydrides.
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Stellar Activity: Reported S-indexes (Suk) and log(Rjyk) values: In the discovery paper, Hartman et al. (2011a)
report an S-index of Syx = 0.182 and a corresponding log( Ry ) = -4.992. Claudi et al. (2024) determine an S-index
of Syk = 0.17240.079 and a corresponding log(Rjk) = -5.037240.2043, or log(Ryk) = -4.8528+0.2747 when the
correction detailed in Mittag et al. (2013) is applied. Literature values are consistent with a lower level of stellar
activity for HAT-P-26. The photometric follow-up of the host star did not reveal evidence of spot modulation (von
Essen et al. 2019). Despite our data revealing the strongest temporal variations among G430L visits across the entire
sample, the star appears to be quiet according to the rest of the stellar activity metrics we defined.

F.7. HD 209458 b

Discovery, Observations and Previous Findings: HD 209458 b, one of the earliest exoplanets discovered overall
and the first discovered using the transit technique (Charbonneau et al. 2000), remains one of the most extensively
studied exoplanets. This hot-Jupiter boasts an equilibrium temperature nearing 1500 K, a mass approximately 0.7
times that of Jupiter, and a radius equivalent to 1.36 Ry (Torres et al. 2008). Initial high-resolution atmospheric flow
simulations of HD 209458 b revealed notable spatio-temporal variability, challenging the conventional understanding of
a simple permanent day/night dichotomy. The planet’s global circulation features polar vortexes around each pole and
a banded structure with roughly three broad east-west jets. The significant temperature differences induced by strong
jets, up to ~1000 K, suggest potential observable atmospheric variability in spectral and photometric signatures (Cho
et al. 2003). Transit observations using STIS G140L detected absorption in Hi, Or1, and Ci1, which indicate the presence
of oxygen and carbon in HD 209458 b’s extended upper atmosphere (Vidal-Madjar et al. 2004). Subsequent studies
with STIS data identified Rayleigh scattering (Lecavelier Des Etangs et al. 2008) and Na absorption (Sing et al. 2008),
further corroborated at high spectral resolution by Snellen et al. (2008). The first water detection in the atmosphere of
HD 209458 b was reported using WFC3 spatial scanning data (Deming et al. 2013). Confirming potential detections of
CO and H5O, a study utilising high-resolution spectroscopy from VLT CRIRES reported additional HCN signatures
(Hawker et al. 2018).

Chemistry: While we detect evidence of sodium in scenarios 3 and 4, it is likely attributable to the fortunate
alignment of STIS G430L visit 2 with STIS G750L visit 1 and visit 2, resulting in a significant feature centred around
0.6 pm. However, we do not consider this to be a genuine feature. A dense layer of clouds is retrieved independently
of the spectral case considered.

Stellar Activity: Reported S-indexes (Suk) and log(Rj;k) values: Knutson et al. (2010) report an S-index of Syk =
0.160 and corresponding log(Rj;i) = -4.970. Sreejith et al. (2020) report a value of log( Ry ) = -4.92+0.029. Claudi
et al. (2024) report an S-index of Syx = 0.15640.003 and a corresponding log(Rfyi) = -4.968540.0210, or log(Rjk)
= -4.8578+0.0261 when the correction detailed in Mittag et al. (2013) is applied. Literature values are consistent with
each other and indicative of a low level of stellar activity for HD 209458. All of our activity indicators prefer a quiet
star over an active one.

F.8. WASP-17b

Discovery, Observations and Previous Findings: Among the exoplanet population of inflated hot-Jupiters,
WASP-17b (Anderson et al. 2010) is one of the least dense planets discovered so far, showcasing a retrograde orbit
(Bayliss et al. 2010). Its large scale height allowed for a variety of transmission studies to be extremely successful,
both from space and from ground-based facilities. Sodium was detected by Wood et al. (2011); Zhou & Bayliss (2012);
Khalafinejad et al. (2018), potassium by Sedaghati et al. (2016), water was confirmed by (Sing et al. 2016; Alderson
et al. 2022) and Saba et al. (2022) who also tentatively detected AlO and TiH in a cloud-free atmosphere. More
recently, a single transit obtained with the MIRI LRS instrument on JWST was able to identify absorption from SiOq
(quartz) clouds at 8.6 pm. These SiO5 clouds consist of small particles measuring approximately 0.01 gm, and they
extend to elevated altitudes within the planetary atmosphere (Grant et al. 2023b).

Chemistry Results: We find reasonable evidence for clouds in both scenarios but the retrieved values are not
consistent between visits (log;o(Peiouds) = 3.79 Pa (Case 1) and log;¢(Peiouds) = 1.35 Pa (Case 2)). No detection of K
in either Case.

Stellar Activity: Reported S-indexes (Sux) and log(Rjk) values: Knutson et al. (2010) report an S-index of Sux
= 0.121 and a corresponding log(Rjyx) = -5.331. Claudi et al. (2024) derive a log(Rjx) = -5.0183 from the S-index
obtained by Knutson et al. (2010). Both of these literature values are indicative of a lower activity level for WASP-17.
In contrast to this, our results hint at a moderate to strong level of activity for these data sets with a high temporal
variation of the optical data.
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F.9. WASP-29 b

Discovery, Observations and Previous Findings: WASP-29b, a Saturn-sized planet, was discovered in orbit
around a K4 dwarf star with a V magnitude of 11.3, completing a transit every 3.9 days (Hellier et al. 2010). Ob-
servations using the Gemini Telescope investigated the transmission spectrum of WASP-29b in the wavelength range
of 515 to 720 nm and reported the absence of spectral features including the non-detection of a pressure-broadened
Na feature (Gibson et al. 2013). These results indicated that WASP-29b’s atmosphere is likely devoid of sodium
or that clouds and hazes play a significant role, possibly masking the broad wings of the Na feature. The evidence
suggests that Na may not be present in the atmosphere, especially considering WASP-29 b’s equilibrium temperature
of 970 K, at which Na can form various compounds. Moreover, recent findings based on data from the Hubble and
the Spitzer Space Telescopes reveal compelling evidence of aerosol opacity along the terminator of WASP-29b (Wong
et al. 2022). The flat spectrum across the visible and near-infrared regions suggests the existence of condensate clouds
at low pressures.

Chemistry Results: Flat spectrum from optical to infrared wavelengths indicative of opaque clouds at a pressure of
tens of mbar.

Stellar Activity: Reported S-indexes (Suk) and log(Rjyk) values: No S-index or log(Rfjk) values found in the
literature. Observations of WASP-29 with HST-COS reveal a low X-ray emission flux for a star of its spectral type
(K4V). This combined with a lack of observed flares and little variability in the FUV could imply that WASP-29 is
old and inactive (dos Santos et al. 2021). Despite not detecting strong evidence for brightness variations on the host
star, it remains challenging to confidently exclude the possibility of lower-level stellar variability. We find no evidence
for stellar contamination, albeit moderately high temporal variations across G430L visits taken a week apart.

F.10. WASP-31 b

Discovery, Observations and Previous Findings: (Anderson et al. 2011) reported the discovery of a low-density
planet transiting a metal-poor, late-F-type dwarf star, WASP-31, which is part of a visual double star located ap-
proximately 35” away. The companion star is a mid-to-late K-type star, with proper motions indicating a common
proper motion pair. (Sing et al. 2015) conducted a spectral analysis of the planet atmosphere covering 0.3-1.7 pum at
a resolution R ~ 70, combined with Spitzer photometry for a full optical to IR coverage. The spectrum revealed a
predominant cloud deck with a flat transmission spectrum, notably apparent at wavelengths > 0.52 pgm. This cloud
deck, situated at high altitudes and low pressures, covers the expected optical Na line and near-IR HyO features. Al-
though NaI absorption was not definitively identified, a robust potassium feature was detected at the 4.2¢ confidence
level. The absence of Na and the strong presence of K suggest a sub-solar Na/K abundance ratio. A distinct Rayleigh
scattering signature was identified at short wavelengths. The spectrum is explained by two aerosol size populations,
with a smaller sub-micron grain population reaching high altitudes producing a blue Rayleigh scattering signature,
overlaying a larger, lower-lying population responsible for the flat cloud deck at longer wavelengths. (Gibson et al.
2017) confirmed the previously inferred cloud deck using FORS2 observations, aligning with earlier HST/STIS mea-
surements. The Rayleigh scattering signature at short wavelengths and the cloud deck at longer wavelengths were
successfully re-detected, but the large potassium feature previously detected using STIS was seemingly ruled out by
FORS2 observations. In an effort to resolve discrepancies, (Gibson et al. 2019) presented high-resolution observations
(R > 80,000) of WASP-31b obtained with the UVES spectrograph. These observations did not detect K absorption
at the level previously reported with HST, consistent with VLT observations. More recently, (McGruder et al. 2020)
presented a new optical (400-950 nm) transmission spectrum of WASP-31b observed with IMACS on the Magellan
Baade Telescope. The best-fit model suggested a scattering slope consistent with a Rayleigh slope, high-altitude clouds
and muted HoO features. Finally, (Braam et al. 2021) modelled existing STIS, WFC3, and Spitzer data sets, reporting
evidence for spectroscopic signatures of chromium hydride (CrH), H,O, and K in WASP-31b.

Chemistry Results: As we see no hints for alkali features, we do not include these in our retrievals. If present at
all, their apparent absence may be due to the presence of a thick layer of clouds that weakens the amplitude of the
water feature in the near-infrared.

Stellar Activity: Reported S-indexes (Suk) and log(Rj) values: Sing et al. (2016) state a value of log(Rjk)
= -5.225. Danielski et al. (2022) find an S-index Sux = 0.15£0.00 but they note that WASP-31 is outside of the
magnitude range required for their self-consistent conversion to log(Rj;k) and therefore do not calculate this. Claudi
et al. (2024) find an S-index of Syx = 0.1504+0.023 and a corresponding log(Rjk) = -4.9873+0.1462, or log(Rjk)
= -4.922240.2079 when the correction detailed in Mittag et al. (2013) is applied. All of the reported values in the
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literature are consistent with a low level of activity for WASP-31. Bayes Factor and SAD indicate absent-to-low levels
of contamination in addition to a small SAT value.

F.11. WASP-52 b

Discovery, Observations and Previous Findings: The hot-Jupiter WASP-52b represents another example of
inflated planet with low density. Its orbit aligns with the rotational direction of the host star, albeit with a slight
misalignment relative to the stellar equator (Hébrard et al. 2013). Utilising observations from the Herschel Telescope
Kirk et al. (2016) determined that Rayleigh scattering is not the primary source of opacity in the planetary atmosphere.
Instead, the transmission spectrum suggests grey cloud formations. The transit data obtained from additional ground-
based observations, reported a notable sodium absorption signature (Chen et al. 2017) among an otherwise featureless
spectrum, further ruling out a cloud-free atmosphere (Louden et al. 2017). A complete optical to NIR spectrum
obtained with space-based telescopes displays again a featureless spectra with evidence for sodium absorption (Alam
et al. 2018). At high spectral resolutions, excess absorption is detected at the Na doublet, the Ha line, and the K D1
line (Chen et al. 2020), as well as at the neutral helium line (Kirk et al. 2022), estimating an atmospheric loss rate
equal to 0.5% of the planet mass per Gyr.

Chemistry Results: No evidence of Na and K. On both spectral scenarios, the cloud pressure tends towards the
upper bound (logy(Peiouds) > 5), so if present at all clouds would be at high pressures/low altitudes.

Stellar Activity: Reported S-indexes (Sux) and log(Rjk) values: In the discovery paper, Hébrard et al. (2013)
report a value of log(Rpk) = -4.44£0.2. Claudi et al. (2024) convert the S-index of Syx=0.585 from Hébrard et al.
(2013) to a corresponding log(Rj;x) = -4.4180, or log(Rj;i) = -4.1318 when the correction detailed in Mittag et al.
(2013) is applied. The literature values are all consistent with a moderate-to-high level of activity for WASP-52. The
occasional contamination from unocculted spots during transit is noted in various studies (e.g. May et al. (2018)),
with an estimated star spots temperature < 3000 K and a 5% fractional coverage consistent with expectations for
the host star’s spectral type (Bruno et al. 2020). More recently, Cegla et al. (2023) reported the absence of star spot
occultation in WASP-52. This lack of detection is attributed to the star’s relatively cool temperature, elevated magnetic
activity reducing center-to-limb variations (CLV), and a projected obliquity near 0 degrees, thereby minimising the
probability of the transit chord crossing multiple stellar latitudes. WASP-52b is the planet with the highest level of
stellar contamination according to the Bayes Factor; both spectral scenarios score a large SAD compared to minimal
temporal variations observed over a one-month period.

F.12. WASP-69 b

Discovery, Observations and Previous Findings: WASP-69 b, an inflated Saturn-mass exoplanet, orbits a mid-K
dwarf in a 3.868-day period, as reported by Anderson et al. (2014). The first atmospheric characterisation was per-
formed at high-resolution using HARPS-N, leading to sodium detection (Casasayas-Barris et al. 2017). Subsequent
high-dispersion studies identified Nal D2 and D1 lines in the atmosphere of WASP-69b, suggesting strong Rayleigh
scattering, solar to super-solar water abundance, and a highly muted sodium feature (Khalafinejad et al. 2021). More
recently, Guilluy et al. (2022) detected CH4, NH3, CO, CoHs, and HoO in the atmosphere of WASP-69 b, marking the
first simultaneous detection of five molecules in the atmosphere of a warm giant planet. Additionally, Nortmann et al.
(2018) and Vissapragada et al. (2020) observed excess absorption in the helium triplet at 1083 nm during and post
transit, interpreting it as atmospheric escape in a comet-like form. Reportedly, WASP-69 b loses its atmosphere at a
rate of (0.940.5)x 10! gs~! (Lampon et al. 2023). From space, WFC3 observations highlighted a muted water feature
at 1.4 pum in the planet’s spectrum, with an overlying slope indicating a larger planet radius toward bluer wavelengths
(Tsiaras et al. 2018). The inclusion of STIS data revealed direct evidence of aerosols at ~1 microbar pressures in the
atmosphere of WASP-69b (Estrela et al. 2021). An optical ground-based spectrum also revealed an increase in transit
depth toward bluer wavelengths, consistent with space-based measurements obtained by the Hubble Space Telescope
(Murgas et al. 2020). The origin of the detected slope is related to either Rayleigh scattering in the planet’s atmosphere
or a signal induced by stellar activity. Observations from the Southern Astrophysical Research Telescope (SOAR) by
Ouyang et al. (2023) confirmed a Rayleigh scattering in WASP-69b’s atmosphere, and the retrieval analysis tentatively
identified a TiO absorption feature in the transmission spectrum.

Chemistry Results: No evidence for alkali features; muted water feature and high altitude gray clouds at 63 mbar.
Stellar Activity: Reported S-indexes (Suk) and log(Rjx) values: Sreejith et al. (2020) report a log(Rfyx) =
-4.5440.038. Claudi et al. (2024) report an S-index of Suyx = 0.671+0.013 and a corresponding log(Rjx) = -
4.522140.0082, or log(Rjk) = -4.1625+0.0089 when the correction detailed in Mittag et al. (2013) is applied. These
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reported values are consistent with a moderate-to-high level of activity for WASP-69. The Bayes Factor prefers the
base model over the stellar model in both scenarios, however the inclusion of clouds strongly drives the preference
towards the stellar activity model. Overall we find multiple indications for a quiet star.

F.13. WASP-74 b

Discovery, Observations and Previous Findings: WASP-74b, with a mass of 0.95 Mj and a moderately inflated
radius of 1.5 Ry, orbits a slightly evolved F9 star in a 2-day period (Hellier et al. 2015). By combining optical data
with near-infrared observations from the Hubble Space Telescope, Mancini et al. (2019) found the likely presence of
optical absorbers, such as TiO and VO gases, in the atmosphere of the planet. However, later studies were discrepant
in revealing a steeper slope than expected from Rayleigh scattering alone (Luque et al. 2020) and no indications of
TiO/VO or super-Rayleigh scattering (Fu et al. 2021). The transmission spectrum indicates an atmosphere depleted
in water (Tsiaras et al. 2018), consistent with a primarily featureless optical slope, favouring hazes in the upper
atmospheric layers (Spyratos et al. 2023).

Chemistry Results: Weak evidence for potassium but none for sodium. Small amplitude water feature covered by
thick clouds.

Stellar Activity: Reported S-indexes (Suk) and log(Ryy) values: No S-index or log(Ryk) values found in the
literature. Ground-based photometric monitoring from 2018-2021 showed very little variability suggesting that WASP-
74 is magnetically inactive (Fu et al. 2021). According to the Bayes Factor and the SAD, Case 1 and Case 2 report a
strong and an inconclusive preference for stellar activity respectively, with moderate temporal variations in the order
of 4.2%. We cannot definitively ascertain whether the star is active or inactive.

F.14. WASP-80 b

Discovery, Observations and Previous Findings: The gas giant WASP-80Db is similar in brightness and colour
to a T4-dwarf but possesses a cooler temperature (~800 K) (Triaud et al. 2015b). Almost all atmospheric studies
conducted on this planets agreed on the planet possessing a thick cloud layer (Fukui et al. 2014), an atmosphere
depleted of molecular species in the infrared (Sedaghati et al. 2017) and no evidence for alkali signatures (Parviainen
et al. 2018; Kirk et al. 2018). The discernible but muted water absorption feature at 1.4 ym turns into a steep optical
spectral slope, possibly caused by fine-particle aerosols or contamination from unocculted spots on the host star (Wong
et al. 2022). The cross-correlation technique applied to GIANO-B near-infrared observations indicate the presence of
H50, CHy4, NH3, and HCN with high significance, a tentative detection of COs, and inconclusive results for CoHs and
CO (Carleo et al. 2022). No helium absorption was detected (Fossati et al. 2022), likely due to a solar He/H abundance
ratio combined with a strong stellar wind or by a subsolar He/H abundance ratio, or a combination of both (Fossati
et al. 2023).

Chemistry Results: The atmosphere exhibits no signs of alkali features, with a water absorption signal obscured by
a dense layer of opaque clouds. The optical slope appears steeper in Case 2 compared to Case 1, potentially indicating
the presence of optical hazes, though we have not conducted tests to confirm this.

Stellar Activity: Reported S-indexes (Sux) and log(Rjyk) values: Claudi et al. (2024) report an S-index of Syk =
1.773+0.087 and a corresponding log(Rfy) = -4.824240.0210, or log(Ryk) = -4.1707+0.00213 when the correction
detailed in Mittag et al. (2013) is applied. There is a large difference between the derived log(Rj;k) values depending
on whether or not the correction is used making it harder to categorise the expected activity level of WASP-80.
Taking the log(Rjyx) value derived solely with the Noyes et al. (1984) method indicates a low-to-moderate level of
activity, whereas, following the Mittag et al. (2013) correction, the implied activity level is much higher. WASP-80 is a
potentially active K7V dwarf (Triaud et al. 2013) with a strong chromospheric activity (log Ropx=-4.495). Despite this,
the non-detection of stellar spot crossings implies that, if present, spots must be small and symmetrically distributed
on the stellar surface (Mancini et al. 2014). Our findings are in agreement with a low level of activity for WASP-80,
confirmed by a negative Bayes Factor, a maximum SAD of 1.2414+0.516 and a low SAT in the range of 3.4%.

F.15. WASP-101 b

Discovery, Observations and Previous Findings: The bloated low-mass planet WASP-101b orbits a main
sequence F6 star (Hellier et al. 2014). Hubble Space Telescope (HST) Wide Field Camera 3 observations revealed
that the near-infrared transmission spectrum of WASP-101b lacks significant H20 absorption features (Wakeford
et al. 2017b). The addition of HST/STIS data confirms a flat and featureless transmission spectrum for WASP-101 b,
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decisively ruling out a clear atmosphere. The spectrum aligns with high-altitude silicate clouds at pressures lower
than 100 pbar. This cloud layer obstructs views into deeper atmospheric layers, marking WASP-101b as the cloudiest
observed gas giant to date (Rathcke et al. 2023a).

Chemistry Results: A thick layer of clouds heavily mutes K and water features. No obvious evidence of Na.
Stellar Activity: Reported S-indexes (Suk) and log(Rfx) values: No S-index or log(Rjpk) values found in the
literature. Photometric observations conducted over five observing seasons showed minimal variability suggestive of a
very low/negligible level of activity for WASP-101 (Rathcke et al. 2023b). There is a moderate to strong preference
for an active star according to the Bayes Factor. However, the SAD indicates minimal preference for the stellar
contamination model as the model that minimises the distance to the data. We find a low spectral variability across
observations taken four months apart.

F.16. WASP-121 b

Discovery, Observations and Previous Findings: WASP-121b, a short-period transiting ultra-hot-Jupiter, was
found to possess a significant orbital misalignment (Delrez et al. 2016) consistent to a nearly polar orbit (Bourrier
et al. 2020a). Using WFC3 data and archival ground based optical data, Evans et al. (2016) identified a strong water
absorption feature and the presence of titanium and vanadium oxide, challenging the notion that high-altitude haze
alone could explain the observed optical slope. Furthermore, by adding STIS CCD data, Evans et al. (2018) ruled out
a gray cloud deck and proposed the possibility of VO spectral bands. Various observations using different instruments
have contributed to our understanding of WASP-121b’s atmosphere. Sing et al. (2019) utilised the HST STIS NUV-
MAMA detector to identify Mgil and Fell in the planetary exosphere, suggesting hydrodynamic escape or magnetic
confinement of ionised species at high altitudes. Multiple studies have reported the detection of various metals such
as iron (Gibson et al. 2020; Ben-Yami et al. 2020), chromium (Cabot et al. 2020) and vanadium oxide in the planet’s
atmosphere, further supporting the presence of a stratospheric layer (Bourrier et al. 2020b). Additional observations
at high resolution detected significant absorption in the transmission spectrum, including Na, H, K, Li, Ca, Mg, Fe,
Cr, V, Ni, VO, Sc (Bourrier et al. 2020a; Cabot et al. 2020; Ben-Yami et al. 2020; Hoeijmakers et al. 2020; Borsa et al.
2021a; Merritt et al. 2021) and Ba, the heaviest species detected in any exoplanetary atmosphere to date (Azevedo
Silva et al. 2022). Non-detections of Ti and TiO support the hypothesis that titanium is depleted via a cold-trap
mechanism, as proposed by Hoeijmakers et al. (2020).

Chemistry Results: We retrieve a strong water feature and a layer of high altitude clouds. Our Case 1 spectra
displays an offset of G430L with respect to the rest of the spectrum, so we are less confident about these results. No
alkali features can be observed.

Stellar Activity: Reported S-indexes (Suk) and log(Rjy) values: Observations of two transits a few months apart
yielded log(Rjyx) values of -4.814+0.01 (30.11.2018) and -4.8740.01 (06.01.2019) respectively (Borsa et al. 2021b).
Danielski et al. (2022) report an S-index of Sy = 0.184+0.00 and a corresponding log(Rfi) = -5.05+£0.07. These
reported values are all indicative of a low-to-moderate level of activity for WASP-121. Moderate to strong levels of
activity as indicated by the Bayes Factor, low levels of activity and temporal variations according to the SAD and
SAT respectively.

F.17. WASP-127b

Discovery, Observations and Previous Findings: Discovered through the SuperWASP survey (Christian et al.
2006), the heavily inflated super-Neptune WASP-127b, situated at the edge of the Neptune desert, orbits a slowly-
rotating bright G5 star on a retrograde misaligned orbit (Allart et al. 2020). With a mass of 0.18+£0.02 M; and a
radius of 1.3740.04 Ry it is one of the least massive planets found by the WASP project (Lam et al. 2017b). The
first transmission spectrum for WASP-127 b presented a strong Rayleigh slope at blue wavelengths within an overall
cloud-free atmosphere, while the redder optical wavelengths were best explained with TiO and VO absorption features
(Palle et al. 2017). Although debated by some authors (Seidel et al. 2020), the presence of pressure-broadened spectral
profiles of Na has been reported by various studies (Chen et al. 2018; 73k et al. 2019; Allart et al. 2020). Initial
WEFC3 observations indicated a strong water absorption and a cloudy atmosphere for WASP-127b (Skaf et al. 2020).
Later investigations on a complete optical to infrared spectrum obtained with the Hubble and Spitzer Space Telescopes
revealed absorption features from Na, HoO (also detected with the SPIRou spectrograph (Boucher et al. 2023)), and
CO., along with wavelength-dependent scattering from small-particle condensates (Spake et al. 2021). Regarding
helium, dos Santos et al. (2020) did not find a significant in-transit absorption signal around WASP-127 b, attributing
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it to unfavourable photoionization conditions. The lack of a detectable Hel feature is supported by the low coronal
and chromospheric activity of the host star and the old age of the system, leading to a relatively mild high-energy
environment.

Chemistry Results: We retrieve a layer of wavelength-independent clouds and a clear water vapour signature. There
is weak evidence for Na, while the K feature is muted, if present at all.

Stellar Activity: Reported S-indexes (Suk) and log(Rjy) values: Danielski et al. (2022) find an S-index of Syk =
0.14+0.00 and a corresponding log(Rjjk) = -5.1240.09. Claudi et al. (2024) report an S-index of Syx = 0.156+0.004
and a corresponding log( Ry ) = -5.015740.0280 or log( Rk ) = -4.791440.0271 when the correction detailed in Mittag
et al. (2013) is applied. These literature values are both indicative of a lower level of activity for WASP-127. Our
Bayes Factor indicates an inconclusive preference for stellar contamination, coupled with the distance metric which is
the lowest among the whole sample. However, a stronger preference for the active star model (Bayes Factor = 7.75)
is obtained when considering gray clouds and alkali metals in the retrieval setup, suggesting the potential presence of
stellar activity.
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