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A B S T R A C T 

We present an optical transmission spectrum of the hot Jupiter WASP-101b. We observed three primary transits with Hubble 
Space Telescope ( HST )/Space Telescope Imaging Spectrograph, co v ering a wavelength range from 0.3 to 1 μm. The observations 
suffer from significant systematics that we model using Gaussian Processes. Kernel selection for the Gaussian Processes is 
performed in a data-driven approach through Bayesian model comparison. We find a flat and featureless transmission spectrum, 
corroborating a previous measurement obtained with HST /Wide-Field Camera 3 in the 1–1.7 μm range. The spectrum is consistent 
with high-altitude clouds located at less than 100 μbar. This cloud layer completely blocks our view into deeper parts of the 
atmosphere and makes WASP-101b the cloudiest gas giant observed so far. We compute a series of temperature-pressure profiles 
for WASP-101b and compare these to condensation curves for cloud particles, which match clouds composed of silicates. We 
also include 13 transits observed with Transiting Exoplanet Survey Satellite and use these to refine system parameters. 

Key words: methods: data analysis – methods: observational – planets and satellites: atmospheres – planets and satellites: 
gaseous planets. 
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 I N T RO D U C T I O N  

he study of exoplanetary atmospheres has progressed significantly
ince the first detection of an atmosphere just two decades ago
Charbonneau et al. 2002 ). Since then the most powerful space-
nd ground-based telescopes hav e pro vided a wealth of atmospheric
bservations, and this progress has now facilitated the first at-
ospheric population studies (e.g. Sing et al. 2016 ; Crossfield &
reidberg 2017 ; Tsiaras et al. 2018 ). Due to their fa v ourable signal

trength, most of the planets studied in this way are thus far highly
rradiated gas giants (hot Jupiters), which have revealed a great
iversity in terms of atmospheric characteristics. While a variety
f chemical species have been detected in these atmospheres, a key
nding from around 20 yr of hot Jupiter atmospheric observations

s that the presence of clouds and hazes appears to be very common
e.g. Wakeford et al. 2019 ). Using transmission spectroscopy, their
 E-mail: rathcke@space.dtu.dk 
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Pub
resence has been inferred from the muting of spectral features in
he case of clouds and from the slope introduced in the blue part
f the atmospheric spectrum in the case of hazes. Additionally,
he y hav e also been inferred from phase-curv e observations through
he differences in reflectivity across the planet’s disc (e.g. Demory
t al. 2013 ; Garcia Munoz & Isaak 2015 ). While ubiquitous, their
ffect on the spectrum of individual atmospheres is highly varying.
ome planets show signs of a mostly clear atmosphere (e.g. Nikolov
t al. 2018 ; Alam et al. 2021 ), while others present us with a flat
pectrum without any signs of spectral features (e.g. Gibson et al.
013 ). Given the observed di versity, pre vious studies have found
his varying muting effect to represent a continuum from clear to
loudy atmospheres for hot Jupiters (Sing et al. 2016 ; Barstow et al.
017 ; Pinhas et al. 2019 ). By investigating the amplitude of the water
bsorption band at 1.4 μm for 14 planets, Stevenson ( 2016 ) found
hat the probability of clouds and hazes coincide with planetary
emperature. Fu et al. ( 2017 ) expanded the sample size by another
0 planets and found that planets are decreasingly cloudy with
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Table 1. HST /STIS observing information. 

UT date Visit # Grating 
Number of 

spectra Exp. time (s) 

2017-04-24 62 G430L 48 253 
2017-08-24 61 G430L 48 253 
2017-11-07 63 G750L 72 161 
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1 CALSTIS is a collection of software built in the IRAF environment for the 
purpose of STIS data calibration (Katsanis & McGrath 1998 ). 
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ncreasing equilibrium temperature up to 1100 k, then increasingly 
loudy with increasing temperature between 1100 and 1600 K, and 
nally decreasingly cloudy with increasing temperature up to 2300 K. 
n this paper, we investigate the atmosphere of the hot Jupiter WASP-
01b ( T eq ∼ 1550 K) and add it to the context described above. 
WASP-101b was disco v ered in 2013 by WASP-South (Hellier 

t al. 2014 ) and is an inflated hot Jupiter with R = 1.41 ± 0.05 R J 

nd M = 0.5 ± 0.04 M J (Hellier et al. 2014 ), yielding a mean density
f ρ = 0.24 ± 0.03 g cm 

−3 and a surface gravity of g = 6.2 m s −2 .
ts host star is of spectral-type F6 with apparent magnitude V =
0.3 mag and is located in the constellation Canis Major with a
recise location of RA = 06 h 33 m 24 . s 0, Dec. = −23 ◦29 ′ 10 ′′ . With a
emimajor axis of = 0.05 au, it orbits its host star with a period P
 3.59 d, corresponding to an equilibrium temperature of ∼1550 K. 
 previous study of the planet in the Near-Infrared (NIR) using Wide- 
ield Camera 3 (WFC3) mounted on the Hubble Space Telescope 
 HST ) found that the planet exhibits an absence of water vapour as
ell as the absence of a clear atmosphere at a confidence level of
3 σ (Wakeford et al. 2017 ). Here, we expand upon the findings of
akeford et al. ( 2017 ) by including observations in the optical to get

 better understanding of the cloud properties of WASP-101b. The 
aper is structured as follows: Section 2 describes the observations 
nd how the data are reduced, in Section 3 we present our analysis
rocedure and the resulting light curves. We then go on to discuss the
mplications of the results in Section 4 , and conclude in Section 5 . 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

.1 Obser v ations 

e analyse data obtained as part of the Panchromatic Comparative 
xoplanetary Treasury (PanCET) programme (PIs: Sing & L ́opez- 
orales, Cycle 24, GO 14767). In total, we observed three primary 

ransits of WASP-101b with the Space Telescope Imaging Spectro- 
raph (STIS) installed on HST . Two of these transits were observed
sing the G430L grating, while the last was observed with the G750L
rating. The G430L grating co v ers a wavelength range from 0.29 to
.57 μm, while the G750L grating co v ers the range from 0.53 to 1.03
m. With a resolving power of ∼2.7 and ∼4.9 Å per pixel the two
ratings provide resolutions of λ/ �λ ∼ 500 −1000. 
Each transit event was observed during five HST orbits. HST orbits

he Earth once every ∼95 min, of which data collection is halted
or ∼45 min when HST is occulted by the Earth. For each transit
v ent, this strate gy resulted in 5 chunks of ∼50 min time-series data
eparated by ∼45 min gaps with no science data collection. In total,
his lead to 48–72 spectra obtained during each planetary transit. 
bservations were carried out with the 52 × 2 arcsec 2 slit to minimize

lit losses and readout times were reduced by only reading out a
maller 1024 × 128 pixel part of the CCD. With careful treatment of
nstrumental systematics, this approach has previously been shown 
o allow almost Poisson limited signal-to-noise ratio (SNR) during 
ransits (e.g. Huitson et al. 2012 ; Sing et al. 2013 ). See Table 1 for
he specific observing information. 
.2 Cosmic ray correction, data reduction, and spectral 
xtraction 

e now turn to the preparation of the data for further analysis. As
he procedure we use is identical to the one performed in Rathcke
t al. ( 2021 ) for a similar data set, we only briefly explain it here and
efer readers interested in the details to our previous work. The long
uration of the exposures results in several cosmic ray hits on the
ata frames. The CALSTIS 

1 pipeline does not remo v e all of them to
 sufficient degree and we, therefore, utilize the time-series nature of
ur data to correct for this. Similar to the method described in Nikolov
t al. ( 2014 ), we do this by using a difference image approach, where
e compare frames with their neighbours in time to find and replace
ix els that hav e count variations e xceeding a 4 σ threshold. The data
eduction is performed uniformly using CALSTIS v3.4 to bias-, flat- 
nd dark-correct the data before extracting 1D spectra using IRAFs 
P ALL procedure. The AP ALL procedure is run with an aperture of
idth 13, as we find this to provide the lowest photometric scatter

n the out-of-transit data. Additionally, we choose to use APALL 

ith no background subtraction as previous work has shown it to
inimize residual scatter (Sing et al. 2011 ; Nikolov et al. 2015 ).
inally, we map our spectra on to a wavelength solution obtained
rom the corresponding .x1d files. 

 ANALYSI S  

s with the spectral extraction, the analysis procedure also follows 
hat of Rathcke et al. ( 2021 ). We again briefly explain our approach
ut refer interested readers to Rathcke et al. ( 2021 ) for a detailed
xplanation of all the steps. 

.1 Analysis pr ocedur e 

e use a fully Bayesian framework that allows us to simultaneously
odel the light curves and account for systematics in our data. To

o this, we treat each light curve as a Gaussian Process (GP) and
ample using nested sampling. GPs is a powerful modelling tool 
ith widespread applications. In more recent years, the y hav e been

dapted by the exoplanet community where they are commonly used 
o model stellar activity in radial velocity data (e.g. Rajpaul et al.
015 ; Jones et al. 2017 ) and instrumental systematics in transmission
pectroscopy studies (e.g. Gibson et al. 2012 ; Evans et al. 2018 ).
or a more general introduction to GPs, we refer to Rasmussen &
illiams ( 2006 ). Specifically, we developed our analysis framework 

n PYTHON using the GP package GEORGE (Ambikasaran et al. 2015 ),
nd we implement nested sampling via P Y M ULTI N EST (Buchner
t al. 2014 ), which utilizes the underlying M ULTI N EST (Feroz &
obson 2008 ; Feroz, Hobson & Bridges 2009 ; Feroz et al. 2019 )

ode. To model the light curve, we use the analytical transit model
f Mandel & Agol ( 2002 ) as the mean function of the GP. This
nalytical model is a function of the mid-transit times, the orbital
eriod, the planet-to-star radius ratio, the semimajor axis, the orbital 
nclination, and the coefficients describing the limb darkening effect. 
he transit model is implemented by using the BATMAN PYTHON 

ackage (Kreidberg 2015 ), and we account for limb darkening by
sing the non-linear four-parameter function (Claret 2003 ), where 
e fix the four parameters in our fits to values calculated using limb
arkening toolkit( LDT k; Parviainen & Aigrain 2015 ). 
MNRAS 522, 582–594 (2023) 
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.2 Kernel selection by model comparison 

n addition to the mean function, a GP is defined by a kernel function.
n our case, the mean function models the function of interest, while
he kernel simultaneously model systematics that could be either
nstrumental or astrophysical in nature. In contrast to the analytic
odel describing the transit, we do not hav e an y parametric function

o describe the systematics. One of the advantages of using GPs is that
t provides a non-parametric approach that determines a distribution
 v er possible functions that are consistent with the observations
ather than estimating a distribution o v er parameters. The kernel
unction can take many forms of various complexity, and we need
o choose a kernel function that best matches the actual systematics
e are trying to model. To do this our Bayesian framework comes

n handy since the nested sampling provides us with the marginal
ikelihood (or evidence) of a given model allowing us to directly
erform model comparison by comparing the evidences. In other
ords, it provides a direct way of comparing the performance
etween choices of kernel functions and thus determines which
ernel is most appropriate to model the systematics. Using the nested
ampling framework, we conduct a search for an optimal choice of
ernel. This search is performed on the white light curve, and we do
his by using time as our input vector and individually testing a suite
f the following five commonly used kernels: 

(i) Squared exponential: 

( x n , x m 

) = σ 2 exp 

(
− ( x n − x m 

) 2 

2 � 2 

)
. (1) 

(ii) Rational quadratic: 

( x n , x m 

) = σ 2 

(
1 + 

( x n − x m 

) 2 

2 α� 2 

)−α

. (2) 

(iii) M ́atern 3/2: 

( x n , x m 

) = σ 2 

( 

1 + 

√ 

3 | x n − x m 

| 2 
� 

) 

×

× exp 

( 

−
√ 

3 | x n − x m 

| 2 
� 

) 

. (3) 

(iv) Periodic: 

( x n , x m 

) = σ 2 exp 

(
−2 sin 2 ( π | x n − x m 

| /p) 

� 2 

)
. (4) 

(v) Linear: 

( x n , x m 

) = σ 2 ( x n − c ) ( x m 

− c ) . (5) 

Here, x n , x m correspond to the elements in the covariance matrix,
is the amplitude parameter describing the maximum variance

llowed, � is the length-scale parameter, α is the Gamma distribution
arameter, p defines the period between repetitions in the periodic
ernel, and c is a constant term. Besides the abo v e fiv e kernels, we
lso incorporate a white noise kernel in all our fits of the form: 

hite Noise: k( x n , x m 

) = σ 2 
wn δ( x n , x m 

) , (6) 

here σ wn is the white noise amplitude (in our case the photon noise)
or each data point, and δ( x n , x m ) is the Kronecker delta function. 

An y additiv e or multiplicativ e combination of the abo v e kernels is
till a valid kernel, and we use this to expand our search for an optimal
ernel function by systematically trying all two-component additive
nd multiplicative combinations of our five chosen ‘standard’ ker-
els. Following this step, we once again allow an additional kernel
NRAS 522, 582–594 (2023) 
o be added or multiplied on to the two-component kernels, thus
orming a three-component kernel, and once again comparing the
erformance based on the evidence. We find that a three-component
ernel is fa v oured by the data and that introducing a fourth component
orsens the e vidence, indicati ve of our model starting to overfit. As

n Rathcke et al. ( 2021 ), we find that the data itself fa v ours a kernel
f the form: 

( x n , x m 

) = σ 2 
a exp 

(
−2 sin 2 ( π | x n −x m 

| /p) 

� 2 a 

)
exp 

(
−| x n −x m 

| 2 
2 � 2 b 

)

+ σ 2 
b 

( 

1 + 

√ 

3 | x n − x m 

| 2 
� c 

) 

exp 

( 

−
√ 

3 | x n − x m 

| 2 
� c 

) 

+ σ 2 
wn δ( x n , x m 

) , (7) 

here σ a , σ b are the allowed amplitudes, and � a , � b , � c are the
orrelation length-scales on which the model is allowed to vary. 

While the abo v e kernel is fa v oured by the data, we remark that
 range of other kernels also results in relatively high Bayesian
vidences. This indicates that our model selection is mainly able to
eject inferior kernels, but is less sensitive to the exact choice of
ernel from among the best-performing ones. This is underscored
y the best-performing composite kernels producing consistent
ransmission spectra. We use equation ( 7 ) as our kernel in this
ork, but note that future work could perform model averaging, such

hat multiple competing kernels supported by the data would drive
he atmospheric inferences. This would mean that inferences would
ccount for model uncertainty and not just parameter uncertainty. 

.3 White light-cur v e fits 

he determination of the used composite kernel for the GP is found
y performing fits of the white light curves, which are the summation
f the entire dispersion axis. With the exception of the limb darkening
arameters, we allow all the parameters of the analytical transit model
o vary together with the hyperparameters (amplitudes and length-
cales) of the GP. In accordance with common practice, we discard
ll exposures from the first HST orbit and the first exposure of each
ubsequent orbit as they are known to suffer from unique and complex
ystematics arising from the telescope thermally relaxing into its new
ointing position (Brown et al. 2001 ). We conduct the white light-
urve fit jointly for the two G430L grating visits, but separately from
he G750L grating visit. For all the parameters of the analytical transit

odel, we apply broad uniform priors corresponding to ±20 σ from
he Transiting Exoplanet Surv e y Satellite (TESS) inferred values (see
ection 3.5 ). The GP kernel length-scale hyperparameters are only

imited to be between zero and the duration between the first and last
bservation, while the GP amplitude hyperparameters are limited to
ot be larger than the difference between the lowest and highest flux
easurement. While the fits presented in this work uses uniform

riors on the GP hyperparameters, we find that using a Jeffreys prior
ield consistent results. These fits are visualized in Fig. 1 . 

.4 Transmission spectrum fits 

e assemble the transmission spectrum by fitting light curves
roduced by dividing the dispersion axis into spectrophotometric
hannels. To decide on how to bin the spectra, we enforce that each
in should have a signal-to-noise ratio (SNR) of around 1500 and that
he edges of each bin should not coincide with strong spectral lines.
his choice ensures that each bin is not dominated by photon noise,
hile still conserving most of the information from the transmission

pectrum. As an exception to this binning scheme, we also construct



HST transmission spectroscopy of WASP-101b 585 

Figure 1. WASP-101b HST /STIS normalized white light curves from the data obtained during the 3 visits (left to right): visit 62 (G430L), visit 61 (G430L), 
and visit 63 (G750L). Top row: Data points after removing the systematic effects inferred from the GP analyses (blue and red points for the G430L and G750L 

gratings, respectively), with the best-fitting model (solid lines) and the raw light-curve data points prior to the GP analyses (transparent grey points). Bottom 

row: Corresponding O-C residuals, with photon noise error bars. 

Table 2. System parameter results. 

a / R � Inclination ( ◦) 

G430L white light fit 8.41 ± 0.10 85.084 ± 0.109 
G750L white light fit 8.32 ± 0.12 84.918 ± 0.127 
TESS 8.35 ± 0.09 84.934 ± 0.101 
Weighted average 8.36 ± 0.06 84.981 ± 0.064 
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wo narrower bins centred on the Na doublet (5890 Å, 5896 Å) and
he K doublet (7665 Å, 7699 Å) to probe for the presence of the
arrow-line cores of these alkali metals. With the spectrum divided 
nto 26 bins, we then fix all the wavelength-independent parameters 
o the weighted average values quoted in Table 2 and run our fits by
f fecti vely only allo wing R p / R � and the hyperparameters of the GP
ernel to vary. 

While the G430L and G750L gratings probe different wavelength 
e gions, the y do hav e an o v erlapping re gion between 0.53 and 0.57
m. We use this o v erlap to correct for any systematic offset between

he absolute transit depths of the two gratings by running additional 
ts in the o v erlapping re gion range for both gratings. We then use

he difference in the median fitted R p / R � values from the two fits to
niformly offset the G430L portion of the transmission spectrum to 
atch that of the G750L grating. Moreo v er, TESS observ ed WASP-

01b for a total of 12 transits yielding tight constraints on R p / R � . To
ut the transmission spectrum on an absolute scale, we then use the
ame approach and run a fit for the G750L data that corresponds to
he TESS bandpass and offset the entire STIS transmission spectrum 

ith respect to the difference between the TESS transit depth and 
he G750L transit depth in the same bandpass. We find an offset of
 per cent between the two STIS gratings and 0.5 per cent between
TIS and TESS. The detrended binned light curves for all three visits
re shown in Fig. 2 for visits 62 and 61 and Fig. 3 for visit 63. Our
nal stitching-corrected transmission spectrum is printed in Table 
1 and presented visually in Fig. 4 . 
A visual inspection of the transmission spectrum shows no obvious 

igns of absorption from the commonly found alkali metals sodium 

r potassium. Neither does it show any signs of a scattering slope or
ther absorbers and is thus one of the ‘flattest’ transmission spectra
ound to date. To emphasize how flat our resulting transmission 
pectrum is, we also include two cloud-free models with solar 
etallicity in Fig. 4 for reference. 

.5 TESS 

n addition to the HST data, we include a broad-band (0.6–1.0 μm)
ESS point to complement the transmission spectrum as well as 

o put the STIS transmission spectrum on an absolute scale. TESS
bserv ed fiv e transits of WASP-101b in sector 6 (December 2018 to
anuary 2019) and another eight transits in sector 33 (December 2020
o January 2021). To infer the TESS transit depth we use the two-
inute cadence Presearch Data Conditioning light curves, which 

ave already been corrected for instrumental systematics (Jenkins 
t al. 2016 ), followed by the removal of all data points that are
arked by a corresponding quality flag. We discard the first transit

rom sector 33, as it is only a partial transit and fit the remaining 12
ransits individually by extracting a 700 data-point window centred in 
he middle of each transit. This window size corresponds to roughly
3 h and thus supplies plenty of out-of-transit baseline. To carry
ut the fits, we use the analytical transit model of Mandel & Agol
 2002 ) implemented via the PYTHON package BATMAN (Kreidberg 
015 ) as well as a linear trend in time and sample using the
ested sampling algorithm implemented in the PYTHON package 
 LTRA N EST (Buchner 2021 ). We account for limb darkening by using

he non-linear four-parameter function (Claret 2003 ) and fix these to
alues found using LDT k (Parviainen & Aigrain 2015 ). We obtain a
MNRAS 522, 582–594 (2023) 

art/stad1010_f1.eps
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M

Figure 2. WASP-101b HST /STIS observations obtained with the G430L grating during visits 62 (top) and 61 (bottom). Left: Detrended light curves (points) 
and best-fitting transit models (solid lines). The light curves are vertically offset for clarity and are ordered with the bluest bin on top and the reddest bin on 
bottom. Right-hand panel: Corresponding O-C residuals in parts per million. 
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eighted average with 1 σ uncertainties for the inclination = 84.934 ◦

0.101 ◦, a semimajor axis of a / R � = 8.347 ± 0.089, and a planetary
adius R p / R � = 0.10946 ± 0.00024. We visualize the inferred R p / R � 

alues for each of the 12 transits in Fig. 5 together with the weighted
verage and uncertainty. 

.6 Assessing stellar activity 

ere, we investigate if there are signs of stellar activity possibly
ffecting the transmission spectrum that we need to correct for. To
his end, we acquired 248 good nightly photometric observations
excluding occasional transit observations) of WASP-101 during
NRAS 522, 582–594 (2023) 
he five observing seasons 2017–18 through 2021–22 with the
ennessee State University Celestron 14-inch (C14) automated

maging telescope (AIT) located at Fairborn Observatory in southern
rizona (see e.g. Henry 1999 ; Eaton, Henry & Fekel 2003 ). The
bservations were made through a Cousins R filter with an SBIG
TL-1001E CCD camera. Each nightly observation consists of
–5 consecutiv e e xposures of the WASP-101 field of view. The
ndividual frames are co-added and reduced to differential magni-
udes in the sense WASP-101 minus the mean brightness of six
onstant comparison stars in the same field. Further details of our
bserving, reduction, and analysis procedures can be found in Sing
t al. ( 2015 ). 
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Figure 3. Same as Fig. 2 , but for visit 63 observed with the G750L grating. 
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The observations are summarized by season in Table 3 . Due 
o the star’s southerly declination of −23 ◦, the observations were 
ade at high airmass between 1.7 and 3.3, thus compromising 

heir precision somewhat. The standard deviations of the individual 
bservations from their respective seasonal means are given in 
olumn 4 of Table 3 . The average for the five seasons is 0.003 86
ag, roughly 0.001 mag higher than C14’s typical precision. No 

ignificant periodicity is found in any of the individual observing 
easons nor in the complete data set. 

The nightly observations and seasonal mean magnitudes are 
lotted in Fig. 6 as small and large filled circles, respectively. 
he standard deviations of the seasonal means are somewhat larger 

han the size of the plot symbol, indicating there is very little or
o measurable variability in the seasonal means. Considering that 
e find no evidence for significant variability, we are confident to 
roceed with performing inferences about the planetary atmosphere 
ithout performing any corrections for stellar activity. 
 DI SCUSSI ON  

n this section, we compare our obtained transmission spectrum with 
heoretical models in order to examine what information can be 
xtracted from the inferred flat transmission spectrum. As the flat 
ransmission spectrum suggests a high-altitude cloud deck obscuring 
he atmosphere, we explore the possible composition of the clouds. 
inally, we use this section to put WASP-101b in context by
omparing it to similar planets. 

.1 Retrieval with PLATON 

hile intuition suggests the flat transmission spectrum to be dom- 
nated by a high-altitude cloud layer, we run the PLATON 

2 retrie v al
MNRAS 522, 582–594 (2023) 
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Figure 4. The inferred HST /STIS transmission spectrum of WASP-101b (blue and red circles for G430L and G750L gratings, respectively). The error bars 
represent the spectrophotometric bin size (horizontal) and the 1 σ uncertainties obtained from the posterior samples (vertical). Additionally, we include the TESS 
transit depth (green circle). We also compare the observed transmission spectrum to cloud-free forward models computed with PLATON . The two models have 
solar metallicity, where one model includes absorption by TiO and VO (orange) while these two absorbers are excluded in the other (purple). The black dashed 
line is a linear fit included for reference. A scale marking corresponding transit depths in parts per million is inserted to the left of the data. 

Figure 5. Individual transit depths for the 12 transits observed with TESS. The left-hand panel shows the five transits observed in Sector 6 (brown circles), 
while the right-hand panel shows the seven transits observed in Sector 33 (purple circles). Notice the ∼2-yr gap between the two sectors. The red lines denote 
the weighted average and the corresponding 1 σ uncertainties. 

Table 3. Summary of C14 AIT photometry of WASP-101. 

Observing N obs Date range Sigma Seasonal mean 
Season (HJD − 2400 000) (mag) (mag) 

2017–18 31 58172–58229 0.00352 −2.13607 
2018–19 59 58384–58591 0.00370 −2.13906 
2019–20 55 58756–58956 0.00373 −2.13945 
2020–21 68 59108–59327 0.00459 −2.13770 
2021–22 35 59467–59630 0.00376 −2.13819 
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NRAS 522, 582–594 (2023) 
ode (Zhang et al. 2020 ) to check if any information could be ex-
racted from the transmission spectrum. PLATON is a PYTHON package
hat allows the retrieval of atmospheric characteristics. It assumes
n isothermal temperature–pressure (T/P) profile and equilibrium
hemistry but offers a wide range of temperatures, metallicities, C/O
atios, cloud-top pressures, and scattering slopes. Additionally, it
llows for rainout, meaning that species that condensate at the given
emperature will be assumed to sink deep into the atmosphere and be
epleted at the pressure levels probed by transmission spectroscopy.
n addition to the STIS data, we also include the TESS data point as
ell as the WFC3 data from Wakeford et al. ( 2017 ) in our retrie v als.
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Figure 6. Cousins R- band photometry of WASP-101 from the five observing seasons 2017–18 through 2021–22 (small circles), acquired with the C14 automated 
imaging telescope (AIT) at Fairborn Observatory. The star is constant from night to night within each observing season to the limit of our precision. The seasonal 
mean magnitudes are plotted as large filled circles and co v er a range of 0.0034 mag (see Table 3 ). These small changes in the yearly means are roughly consistent 
with the standard deviation of the seasonal means (0.001 33 mag). 
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ince we want to combine data obtained with different instruments 
nd set-ups, we take care by not assuming the absolute transit
epths. This is especially important when including the WFC3 data 
rom Wakeford et al. ( 2017 ), as they used slightly different orbital
arameters in their reduction of the transmission spectrum as well 
s using a ‘common-mode’ correction that remo v es an y absolute
aseline information. Even though we have already stitched the 
ransmission spectrum for the two STIS gratings together using the 
 v erlapping re gion, we note that the fits carried out in the o v erlapping
egion also come with uncertainties and we therefore also want to 
ake this into consideration. 

To account for uncertainties when stitching the spectra, we modify 
he PLATON code to allow for offsets between the different data sets.
pecifically, we use the G750L part of the transmission spectrum 

s a reference and allow the G430L and the WFC3 data to be
niformly offset with respect to the G750L part of the transmis-
ion spectrum. We also modify the PLATON code to sample using
 Y M ULTI N EST . 
We then run three separate retrie v als: one where we allow a grey

loud co v er; another where we invoke hazes (we do this by setting
he haze enhancement factor = 1100, see e.g. Goyal et al. 2019
or details); and a third where we assume the atmosphere is clear
own to the 1 bar pressure level. Common between the three cases
s that we initialize our retrie v al by assuming uniform priors on the
emperature between 800 and 2200 K, a C/O ratio between 0.05 and
, a metallicity between 0.1 and 1000 × solar, and an allowed offset
f ±5 per cent. For the two non-clear atmosphere cases, we disregard
he de generac y between the planetary radius and cloud-top pressure
y fixing the planetary radius in our fits and initialize those two cases
ith allowed cloud-top pressure ranging from 1 μbar to 1 bar. In the

lear atmosphere case, we fix the cloud-top pressure at 1 bar and,
nstead, allow the radius of the planet to vary so as not to disfa v our
his fit if the fixed planetary radius should be slightly off. 

In all three cases, a uniform offset of −1 per cent for the G430L
ata and + 2 per cent for the WFC3 data is fa v oured (with respect
o the G750L data). Because the retrie v al is not able to adjust the
loud-top pressure for the clear atmosphere, the retrie v al instead
nvokes a very high metallicity to compensate since this ef fecti vely
ompresses the atmosphere and hence flattens the transmission 
pectrum. Specifically, the metallicity converges towards the upper 
ound of the prior (1000x solar), which is the maximum value PLATON 

llows. In the two non-clear atmosphere cases the posteriors suggest 
loud-top pressures at less than 100 μbar. All three cases result in
nferred temperatures of 1200–1300 K, which is slightly lower than 
he ∼1550 K equilibrium temperature of the planet. The retrie v al
f temperatures colder than the equilibrium temperature is a known 
ffect in 1D atmospheric retrieval approaches and arises when 1D 

veraged profiles are used to fit atmospheres that in reality will have
MNRAS 522, 582–594 (2023) 
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Figure 7. Atmospheric retrie v al results of the transmission spectrum of WASP-101b. The retrieved models are found using PLATON (Zhang et al. 2020 ) and 
constitute three different cases: a cloudy atmosphere (grey), a hazy atmosphere (pink), and a clear atmosphere (blue). Overlaid are the combined observed 
transmission spectrum uniformly offset by −1 and + 2 per cent with respect to the G750L points for the G430L and WFC3 points, respectively. 
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ifferent morning and evening terminator compositions (MacDonald,
oyal & Lewis 2020 ). 
To e v aluate the goodness of fit we use the Bayesian evidence ratios

etween the three retrie v als and map them into an equi v alent sigma
alue. We find that the cloudy case is strongly fa v oured by 3.9 σ o v er
he clear case, but only slightly favoured o v er the hazy case by 1.7 σ .

e visualize the resulting models from the three retrie v als in Fig. 7 .
e note that the applied offsets to the G430L and WFC3 data shown

n the figure correspond to the values found in the cloudy case. 

.2 Clouds 

he sulphuric acid clouds in the Venusian atmosphere, the familiar
ater clouds known from Earth, and the ammonia, water, and

mmonium hydrosulphide clouds in Jupiter demonstrate that clouds
re omnipresent in the Solar system and come in a wide range of
a v ours. Like wise, observ ations have re vealed that clouds are present

n the vast majority of exoplanetary atmospheres. Specifically, it
as been found that most hot Jupiters have clouds and/or hazes in
he atmospheres to some extent (Sing et al. 2016 ). Wakeford et al.
 2019 ) further investigated a sample of 37 hot Jupiter observations
sing HST /WFC3 and found that the water feature probed in that
avelength range is on average muted to 33 per cent compared

o the amplitude expected in a clear atmosphere. While the Solar
ystem does not host any hot Jupiters, theoretical work suggests that
he temperatures in hot Jupiters allow for exotic clouds not seen
nywhere in the Solar system. By including the short wavelength
o v erage offered by STIS, we find no evidence for a scattering
lope, and our retrie v al using PLATON best describes the transmission
pectrum by invoking high-altitude clouds. Ho we ver, the information
ontent in such a flat transmission spectrum does not directly
ffer clues to the formation and composition of such clouds, but
 substantial body of theoretical work investigating this exists in
he literature (e.g. Ackerman & Marley 2001 ; Helling, Woitke &
NRAS 522, 582–594 (2023) 
hi 2008 ; Powell et al. 2018 ; Gao et al. 2020 ). To speculate on the
omposition of the cloud particles, we can compare temperature-
ressure (T/P) profiles of WASP-101b with condensation curves for
 range of proposed cloud particles. To do this, we start by computing
 set of T/P profiles under various atmospheric assumptions. 

.2.1 Computing T/P profiles 

he temperature structure of a planet’s atmosphere is mainly driven
y the energy balance between the radiative and conv ectiv e processes.
he radiative processes include the deposition of stellar energy in the
lanet’s atmosphere and atmospheric thermal cooling. We adopt the
D radiativ e-conv ectiv e model described in Mendon c ¸a & Buchhave
 2020 ) to work under WASP-101b-like conditions. To represent the
adiative processes, the model uses a two-stream formulation as
xplained in Mendon c ¸a et al. ( 2015 ), which includes the effect of
ultiple scattering. A simple convection adjustment scheme repre-

ents convection. This scheme mixes the enthalpy instantaneously in
 buoyant unstable atmospheric region (Mendon c ¸a et al. 2018 and
alik et al. 2019 ). The model uses k-distribution tables and integrates

he radiative fluxes over 300 spectral bands and 20 Gaussian points,
hich has been shown by Malik et al. ( 2017 ) to be a robust spectral

esolution for hot Jupiter simulations. Our temperature-pressure pro-
les are computed assuming clear atmospheres and take the spectral
roperties of several gases into account. The cross-section line lists
ncluded are H 2 O (Barber et al. 2006 ), CO 2 (Rothman et al. 2010 ),
O (Li et al. 2015 ), CH 4 (Yurchenko & Tennyson 2014 ), O 2 (Gordon
t al. 2017 ), NO (Wong et al. 2017 ), SO 2 (Underwood et al. 2016 ),
H 3 (Yurchenko, Barber & Tennyson 2011 ), OH (Rothman et al.
010 ), HCN (Harris et al. 2006 ), C 2 H 2 (Gordon et al. 2017 ), PH 3 

Sousa-Silva et al. 2015 ), H 2 S (Azzam et al. 2016 ), SO 3 (Gordon et al.
017 ), PO (Prajapat et al. 2017 ), SiH (Yurchenko et al. 2018 ), CaH
Y adin et al. 2012 ), MgH (Y adin et al. 2012 ), NaH (Rivlin et al. 2015 ),
lH (Yurchenko et al. 2018 ), CrH (Burrows et al. 2002 ), VO (McK-
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Figure 8. Computed atmospheric T/P profiles under three different assumptions: (1) a solar metallicity and C/O ratio (blue), (2) a solar metallicity and a C/O 

ratio equal to one (red), and (3) a metal-enriched case with a 100x solar metallicity and a solar C/O ratio (orange). The T/P profiles are indicated by shaded 
regions where the left-most part assumes a perfect thermal mixing and the right-most part corresponds to the dayside temperature. Also plotted are condensation 
cures for various cloud-species computed using VIRGA . 
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mmish, Yurchenko & Tennyson 2016 ), TiO (Ryabchikova et al. 
015 ), AlO (Patrascu, Yurchenko & Tennyson 2015 ), SiO (Barton,
urchenko & Tennyson 2013 ), CaO (Yurchenko et al. 2016 ), Na and
 (Burrows, Marley & Sharp 2000 ; Burrows & Volobuyev 2003 ; Ku-

ucz 2011 ), H – (John 1988 ); collision-induced absorption (CIA) H 2 –
 2 (Richard et al. 2012 ), H 2 –He (Richard et al. 2012 ); and scattering

ross-sections H 2 (Sneep & Ubachs 2005 ) and H (Lee & Kim 2004 ).
In our experiments, the atmosphere is assumed to be in chemical 

quilibrium, and the concentrations of the gas species are estimated 
sing the open-source code FastChem (Stock et al. 2018 ). The chem-
cal concentrations computed are then used to build the k -distribution
ables for three experiments. The first experiment assumes a 100x 
olar metallicity and a solar C/O ratio, the second has a solar
etallicity and a C/O ratio of unity, and the third has both a solar
etallicity and C/O ratio. The experiments are shown in Fig. 8 as

haded regions. The limits to these regions represent the case of
erfect heat transport from the dayside to the nightside and the case
f no heat transport. The two regimes are obtained by adapting the
tellar heating profile in the WASP-101b atmosphere. The adjusted 
tellar heating rates are computed from the following equation: 

d T 

d t 
( p ) | stellar = α

∫ π/ 2 

0 

d T 

d t 
( θz , p ) sin ( θz )d θz , (8) 

here θz is the zenith angle, d T 
d t ( θz , p) is the temperature updates at

if ferent pressure le vels ( p ) due to the stellar irradiation at different
enith angles, and α controls the impact of heat transport: 0.5 
perfect heat transport) and 1 (no heat transport). We apply an 
ight-point Gaussian quadrature integration to solve equation ( 8 ). 
he formulation is similar to the one used in Crisp ( 1989 ). In all

he experiments, we integrate the model in time until the radiative- 
onv ectiv e equilibrium was reached (Malik et al. 2017 ). 
.2.2 Comparing T/P profiles with cloud profiles 

ith the T/P profiles in hand, we then compute condensation 
urves for a range of chemical species that hot Jupiter clouds are
ontemplated to contain and compare them with the atmospheric 
/P profiles. We compute the condensation curves using VIRGA 

Rooney, Batalha & Marley 2021 ). Such a comparison is shown
n Fig. 8 , where the T/P profiles are plotted as coloured areas and
he cloud-particle condensation curves are plotted as dashed lines. 
very part of the atmosphere that lies to the left of a condensation
urve indicates that cloud formation of that particular species is 
a v oured. Thus, we can rule out Na 2 S and MnS clouds in all cases
nd Cr clouds in the case of a non-Solar C/O ratio and metallicity.
o we ver, recent work by Gao et al. ( 2020 ) found that planets with

quilibrium temperatures 950 K < T eq < 2300 K have aerosol
omposition dominated by silicates. Specifically, they predict that 
t the equilibrium temperature of WASP-101b ( T eq ∼ 1550 K) the
erosol opacity should be dominated by Mg 2 SiO 4 (forsterite) with 
nly a very minor contribution from Al 2 O 3 . While they do not
onsider MgSiO 3 (enstatite) in their models, which other studies 
ave found should form together with forsterite (Visscher, Lodders & 

e gle y 2010 ), the point still stands that the main aerosol contribution
hould come from silicates. With this in mind and taken together
ith the compatibility of silicate aerosols with our computed T/P 

rofiles, we speculate that the clouds in WASP-101b are likely to be
ominated by silicates. 
Interestingly, Garcia Munoz & Isaak ( 2015 ) arrived at a similar

onclusion for the aerosol composition in K epler-7b. K epler-7b 
as comparable properties ( R = 1.62 R J , M = 0.44 M J , T eq =
630 K) to WASP-101b, but is not easily accessible to be probed
ith transmission spectroscopy ( V = 13 mag). Instead, Garcia 
unoz & Isaak ( 2015 ) used phase-curve observations combined 
ith the fact that silicate clouds are very reflective leading to a
MNRAS 522, 582–594 (2023) 
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igh geometric albedo to infer the presence of silicate clouds. With
ifferent approaches arriving at the same conclusion, we note that this
peculation is potentially testable with the Mid-Infrared Instrument
MIRI) on the recently launched James Webb Space Telescope
 JWST ) through the major spectral feature from silicate dust around
0 μm (Wakeford & Sing 2015 ). 

.3 Comparing WASP-101b with the hot Jupiter population 

e interpret the optical to NIR transmission spectrum of WASP-101b
n the context of the hot Jupiter population that has atmospheric
bservations. Our results from the 0.3 to 1.7 μm STIS + WFC3
pectrum are in accordance with a high-altitude cloud layer due
o the lack of observed spectral features and the overall flatness
f the spectrum. Sing et al. ( 2016 ) found that hot Jupiters come
n a continuum from clear to cloudy and we seek to investigate
ow our results for WASP-101b fall in this context. Using a sample
ize of 12 planets, Stevenson ( 2016 ) used the strength of the water
eature at 1.4 μm as a proxy for cloudiness and found a dividing
ine in temperature-gravity phase space between cloudy and clear
tmospheres. With its equilibrium temperature of ∼ 1550 K and a
og(g) = 2.8 (cgs), WASP-101b falls close to this divide but does
eside in the region proposed to have planets with clear atmospheres.
ather than using the water feature (observed with WFC3) as a
roxy for cloudiness, Heng ( 2016 ) used observations of the two
lkali metals Na and K in the optical (observed with STIS) and
ound tentati ve e vidence that hotter planets are less likely to be
loudy. With its relatively high equilibrium temperature, WASP-
01b does not fit well with this prediction. Expanding the Stevenson
 2016 ) sample to include 37 planets, Fu et al. ( 2017 ) did not find
 cloudiness dependence on the surface gra vity b ut did reach the
ame conclusion that planets appear less cloudy with increasing
emperature. Again, WASP-101b falls below the proposed correlation
etween the cloudiness (as measured by the strength of the 1.4 μm
ater feature) versus the planetary temperature. Interestingly, two
ther planets (WASP-63b and WASP-17b) with similar equilibrium
emperatures (1508 and 1632 K, respectively) also fall well below
his line. While this sample size is still too small to say anything
ignificant, it is interesting to consider if unaccounted for physics
s responsible for enhancing aerosol production at this temperature.
egardless, these findings at least show that other factors need to be
ccounted for when considering clouds in the context of hot Jupiters.

 C O N C L U S I O N S  

e construct the transmission spectrum of the hot Jupiter, WASP-
01b, from 0.3 to 1.7 μm. We do this by combining HST /STIS ob-
ervations co v ering 0.3–1 μm with previously published HST /WFC3
bservations co v ering 1.1–1.7 μm. To construct the transmission
pectrum, we made use of a Bayesian framework in which we
mployed the usage of Gaussian processes to model instrumental
ystematics simultaneously with performing inferences about the
lanetary atmosphere. We used the analytical transit model of
andel & Agol ( 2002 ) as the mean function of our GP and used a

omposite kernel function that we found through an evidence-based
odel comparison. The main conclusion we draw from our results

s that the combined transmission spectrum is flat and shows no
vidence of absorption features, nor does it show any significant signs
f a scattering slope attributed to the presence of hazes. We employed
 slightly modified version of the PLATON retrie v al code to investigate
hat information could be extracted from the transmission spectrum

nd found that the spectrum is best described by high-altitude
NRAS 522, 582–594 (2023) 
erosols. Indeed, WASP-101b appears to be the cloudiest gas giant
bserved so far. Clouds are fa v oured by 3.9 σ o v er a clear atmosphere
hat is in chemical equilibrium, while clouds are only marginally
a v oured by 1.7 σ o v er hazes. We inv estigated what these clouds
ould be composed of by comparing computed T/P profiles of WASP-
01b with condensation curves of a range of hypothesized cloud
articles. Though we can only rule out Na 2 S and MnS clouds (and
r clouds in two of the three cases we consider), we speculate that

he presence of silicate clouds in the atmosphere of WASP-101b is
ost likely to be the main contribution to the muted spectral features

bserved. This speculation can presumably be tested by attempting
o observationally detect the strong spectral feature of silicate dust
round 10 μm using MIRI aboard JWST . Finally, we note that, given
he relatively hot equilibrium temperature of WASP-101b, theoretical

odels do not predict it to be completely clouded. Ho we ver, this
nding is not surprising as other planets that occupy a similar place

n parameter space have shown signs of clouds and/or hazes. 
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Table A1. HST /STIS broad-band transmission spectrum for WASP-101b together with the used limb-darkening 
coefficients. 

Wavelength range ( Å) R p / R � u 1 u 2 u 3 u 4 

2905–3890 0.1095 ± 0.0012 − 0 .1442 1.0796 − 0 .0603 − 0 .0976 
3890–4160 0.1095 ± 0.0009 − 0 .0435 0.4350 1 .0150 − 0 .6323 
4160–4370 0.1101 ± 0.0008 − 0 .1230 0.7619 0 .5932 − 0 .4646 
4370–4550 0.1099 ± 0.0008 − 0 .0330 0.4152 1 .0049 − 0 .6321 
4550–4730 0.1104 ± 0.0008 − 0 .0793 0.6712 0 .6262 − 0 .4770 
4730–4920 0.1105 ± 0.0008 − 0 .1129 0.9301 0 .1773 − 0 .2873 
4920–5105 0.1101 ± 0.0008 − 0 .0565 0.6682 0 .4954 − 0 .4065 
5105–5300 0.1101 ± 0.0008 0 .0123 0.4235 0 .7403 − 0 .4965 
5300–5505 0.1096 ± 0.0008 − 0 .0230 0.6028 0 .4538 − 0 .3709 
5505–5705 0.1097 ± 0.0008 − 0 .0009 0.5412 0 .4922 − 0 .3842 
5260–5650 0.1097 ± 0.0011 − 0 .0279 0.6381 0 .4118 − 0 .3512 
5650–5875 0.1094 ± 0.0010 − 0 .0956 0.9513 − 0 .0496 − 0 .1576 
5875–5910 0.1100 ± 0.0024 − 0 .0930 0.9440 − 0 .0640 − 0 .1476 
5910–6200 0.1097 ± 0.0010 − 0 .0979 0.9868 − 0 .1588 − 0 .1040 
6200–6400 0.1088 ± 0.0010 − 0 .0997 1.0159 − 0 .2508 − 0 .0592 
6400–6620 0.1089 ± 0.0010 − 0 .1288 1.2013 − 0 .5523 0 .0595 
6620–6800 0.1088 ± 0.0009 − 0 .1066 1.0703 − 0 .3847 0 .0008 
6800–7050 0.1101 ± 0.0010 − 0 .1071 1.0790 − 0 .4258 0 .0210 
7050–7245 0.1097 ± 0.0010 − 0 .1069 1.0878 − 0 .4757 0 .0470 
7245–7445 0.1094 ± 0.0010 − 0 .1068 1.0897 − 0 .5046 0 .0622 
7445–7600 0.1093 ± 0.0010 − 0 .1089 1.1030 − 0 .5379 0 .0760 
7600–7770 0.1089 ± 0.0011 − 0 .1100 1.1164 − 0 .5803 0 .0961 
7770–8200 0.1093 ± 0.0010 − 0 .1124 1.1262 − 0 .6180 0 .1131 
8200–8650 0.1088 ± 0.0011 − 0 .1239 1.1946 − 0 .7723 0 .1813 
8650–9300 0.1097 ± 0.0011 − 0 .1186 1.1578 − 0 .7422 0 .1673 
9300–10245 0.1097 ± 0.0013 − 0 .1053 1.0735 − 0 .6475 0 .1319 

Notes . Note that these are the results obtained after the stitching correction described in Section 3.4 . 
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