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ABSTRACT

We present ground-based optical transmission spectroscopy of the low-density hot Jupiter WASP-88b covering the wavelength
range of 4413—8333 A with the FOcal Reducer Spectrograph (FORS2) on the Very Large Telescope. The FORS2 white
light curves exhibit a significant time-correlated noise that we model using a Gaussian process and remove as a wavelength-
independent component from the spectroscopic light curves. We analyse complementary photometric observations from the
Transiting Exoplanet Survey Satellite and refine the system properties and ephemeris. We find a featureless transmission
spectrum with increased absorption towards shorter wavelengths. We perform an atmospheric retrieval analysis with the AURA
code, finding tentative evidence for haze in the upper atmospheric layers and a lower likelihood for a dense cloud deck. While
our retrieval analysis results point towards clouds and hazes, further evidence is needed to definitively reject a clear-sky scenario.

Key words: methods: data analysis —techniques: spectroscopic —planets and satellites: atmospheres —stars: individual: WASP-

88 —planetary systems.

1 INTRODUCTION

Since the first detection of a constituent in the atmosphere of a planet
outside the Solar system (Charbonneau et al. 2002), transmission
spectroscopy has become the central tool for probing the atmo-
spheric composition and structure of transiting exoplanets. During
a planetary transit, part of the observed starlight filters through the
planetary atmosphere depending on the composition. This causes
small, wavelength-dependent variations in the apparent planet radius,
which can inform us about the physical and chemical conditions
of exoplanet atmospheres. Model spectra of irradiated hot-Jupiter
atmospheres free of clouds predict broad spectral signatures of Na
and K in the optical and strong molecular absorbers, e.g. H,O in the
infrared and, for very hot environments, TiO and/or VO in the optical
(Seager & Sasselov 2000; Sudarsky, Burrows & Pinto 2000; Brown
2001; Hubeny, Burrows & Sudarsky 2003; Fortney et al. 2010).
However, increased opacity from clouds can effectively reduce the
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strength of absorption features across the entire optical wavelength
range and excess scattering from hazes can add an increasing slope
with decreasing wavelength. Such mechanisms are often associated
with flat transmission spectra (e.g. Gibson et al. 2013a,b, 2017;
Espinoza et al. 2019; Wilson et al. 2020). Observational constraints
for each scenario are key to our understanding of the diversity of
exoplanetary atmospheres, the processes of planetary formation and
evolution, and the formation and occurrence of clouds and hazes.
The Hubble and Spitzer Space Telescopes (HST and Spitzer)
have been paramount in the field with a multitude of atmospheric
compositional constraints, including absorption from atomic (e.g.
Sing et al. 2008, 2015; Nikolov et al. 2014) and molecular species
(e.g. Deming et al. 2013; Huitson et al. 2013; Wakeford et al. 2013;
Sing et al. 2016; von Essen et al. 2019). Significant progress has
also been made from the ground, exploiting techniques such as
broad-band photometry (e.g. Mancini et al. 2013; Nikolov et al.
2013), long-slit spectroscopy (e.g. Sing et al. 2012), and multi-
object spectroscopy (e.g. Bean, Miller-Ricci Kempton & Homeier
2010; Gibson et al. 2013a, 2017; Nikolov et al. 2016). The latter
method has been extensively applied to a number of hot Jupiters
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using the FOcal Reducer Spectrograph (FORS2; Appenzeller et al.
1998; Boffin et al. 2016), installed on the Very Large Telescope
(VLT), with success in placing constraints on the abundances of Na
and K and distinguishing clear from cloudy and hazy hot-Jupiter
atmospheres (Bean et al. 2010, 2011; Sedaghati et al. 2015, 2016,
2017; Lendl et al. 2016; Nikolov et al. 2016, 2018, 2021; Gibson
et al. 2017; Carter et al. 2020; Wilson et al. 2020).

Observations to date reveal that most exoplanet atmospheres
exhibit some level of haze/cloud in their atmosphere (Sing et al.
2016) and scattering slopes have been detected across the whole
continuum, from low (HATS-8b; May et al. 2020) to intermediate
(WASP-43b; Weaver et al. 2020) surface gravities, and from warm
Saturns (HAT-P-18b; Kirk et al. 2017) to ultra-hot Jupiters (WASP-
12b; Sing et al. 2016). While in some cases the slopes can be a result
of stellar activity (e.g. McCullough et al. 2014; Rackham et al. 2017),
most can be explained with physical properties and composition of
the planetary atmosphere. H, scattering, metal clouds, and products
from photochemical reactions (e.g. Lecavelier Des Etangs et al. 2008;
Pinhas & Madhusudhan 2017; Ohno & Kawashima 2020) provide
a viable explanation of some of the observed negative slopes, with
each new observation helping elucidate the mechanisms shaping
these atmospheres.

In this paper, we report the optical transmission spectrum of the
low-density hot Jupiter WASP-88b, obtained with the VLT FORS2
instrument. Our observations are part of a large VLT exoplanet
survey that aims to explore the diversity of exoplanetary atmospheres
by contributing to the growing catalogue of planetary atmospheres
observed in transmission. FORS2 observations will also provide
highly complementary optical transmission spectra for the upcoming
James Webb Space Telescope (JWST;, Gardner et al. 2006). In
addition, we report updated physical properties of the system from
observations with the Transiting Exoplanet Survey Satellite (TESS;
Ricker et al. 2015).

This paper is organized as follows: Section 2 details the obser-
vations and reductions. Section 3 presents the white and spectro-
scopic light-curve analyses. Section 4 summarizes the transmission
spectrum, and Sections 5 and 6 present our results, discussion, and
conclusions.

1.1 The WASP-88b system

WASP-88b is a transiting hot Jupiter (Delrez et al. 2014) with a
mass of 0.52 My, and a radius of 1.63 Ry,,, which corresponds to
a low surface gravity of 4.8 m s~ and mean density of 0.11 pyy,
(see Section 3.1). The planet moves on a 4.95 d circular orbit around
an F6 dwarf of mass 1.29 My and radius 1.93 Rg. The star has an
effective temperature of 6450 K and a solar metallicity (SWEET-
Cat;! Andreasen et al. 2017), resulting in an equilibrium temperature
for the planet of 1740 K. Simulated cloud-free atmospheres around
this temperature predict a transition from pressure-broadened Na
and K lines to TiO and VO in the optical transmission spectrum
(Fortney et al. 2008, 2010). The low planet surface gravity suggests
an extended atmosphere with a pressure scale height of 1300 km,
assuming a mean molecular weight of 2.3 amu. This makes WASP-
88b a good target for atmospheric characterization via transmission
spectroscopy. The expected atmospheric signal, i.e. the variation in
the transit depth over one pressure scale height, is estimated to be
A$ = 2HR,/R? ~ 170 ppm (Winn 2010).

! www.astro.up.pt/resources/sweet-cat/
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Magnetic activity in a transiting planet host star can affect the
transit shape and transmission spectrum due to the presence of dark
spots on the stellar surface. In the case of WASP-88, this can be
safely ignored because there is evidence that the star is inactive. At
6450 K, the star is too hot to show significant spot activity, and there
is no rotational modulation in its long-term light curve to a limit of
1 mmag (Delrez et al. 2014). We performed a period analysis on the
TESS data (see below) with the transits removed, which showed no
signals to a limit of 0.3 mmag. We also have spectra of the calcium H
and K lines that show a deep line core and no trace of chromospheric
emission (data currently under analysis).

The WASP-88 system is also known to have a faint nearby star.
High-contrast imaging with the SPHERE instrument on the VLT
showed a companion at an angular distance of 3.350 & 0.015 arcsec
that is fainter by 7.60 £ 0.53 mag in the K band than the planet host
star (Bohn et al. 2020). The contamination from nearby companions
can affect the shape of a measured transmission spectrum, e.g.
the emblematic case of WASP-103 (Southworth & Evans 2016;
Lendl et al. 2017; Wilson et al. 2020). However, for WASP-88, the
faintness of the companion star means its effect on our observations
is negligible.

2 DATA ACQUISITION AND REDUCTION

2.1 VLT FORS2

We observed two complete transits of WASP-88b using the VLT low-
resolution spectrograph FORS2 (Appenzeller et al. 1998) mounted
on the Unit Telescope 1 Cassegrain focus at the European Southern
Observatory (ESO) in Paranal, Chile. These time series observations
were performed during the nights of 2017 August 19 and 24 as
part of program 199.C-0467 (PI: Nikolov). We observed only one
suitably bright reference star in the FORS2 field of view and took
advantage of the multi-object spectroscopy mode to simultaneously
acquire spectra of our target and the reference star, which is known as
2MASS J20381555—4829215 and is located at an angular separation
of 2.7 arcmin. The two spectra were collected separately by the two
CCDs of the red detector. We made use of the MXU mode and
devised a custom built mask with slits of size 22 arcsec x 132 arcsec
for both stars. The broad slits were applied to minimize differential
slit light losses due to seeing fluctuations. We also optimized the
duty cycle to a readout time of ~30s by selecting a binning of 2 x
2. In addition, due to the long duration of the observations (>8 h),
we used a range of integration times to adjust for variations in flux.
This is not a problem for the detectors, as FORS2 CCDs are linear
up to saturation.

We employed the dispersive element GRIS600B (hereafter blue or
600B) to record the first transit, which covers the wavelength range
from 3300 to 6200 A. The sky was clear throughout the observation
with low-level atmospheric turbulence keeping seeing above 1 arcsec
(0.82—1.8 arcsec) during most of the campaign. We followed the
target as it ascended from an airmass of 1.38 to an airmass of 1.09
and then descended to an airmass of 2.21. In total, 206 spectra were
collected within a period of 8 h 12 min and with integration times
of 30, 100, or 120 s.

The second transit was observed using the dispersive element
GRIS600RI (hereafter red or 600RI) in conjunction with blocking
filter GG435, which isolates the first spectral order. The red grating
was utilized to cover the spectral region between 5200 and 8400 A.
During this night, the sky was mostly clear and photometric con-
ditions were observed in the early hours of August 25. The target
was tracked as it ascended from an airmass of 1.39 to an airmass of
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Figure 1. Normalized example spectra from the FORS2 600B (left) and 600RI (right) grism transits. The green line indicates WASP-88, while the magenta
line represents the reference star. The grey bands define the range of each wavelength bin used in our analysis. The yellow regions indicate the spectral range

for the white light curves.

1.09 and then descended to an airmass of 2.22. The seeing remained
below 1 arcsec most of the night, reaching a low of 0.4 arcsec and
a high of 1.94 arcsec. Both the target and the reference star were
monitored for 8 h 19 min resulting in 494 exposures with integration
times between 25 and 80 s.

We then proceeded with the reduction of the data by employing
a custom-built, IDL-based pipeline commonly used in FORS2
analyses (e.g. Nikolov etal. 2016, 2018; Carter et al. 2020). Our initial
step was to subtract the bias frames and perform flat-field corrections
to the raw images. However, we found no significant improvements to
the data and opted to carry out our analysis without these corrections.
To extract the aperture of each spectrum, we made use of the APALL
subroutine included in the IRAF package and performed simple box
summation. We identified an aperture radius of 21 pixels to be the
best solution that minimizes the scatter in the out-of-transit data for
both data sets. We also defined sky background regions on both sides
of each spectrum and subtracted the median count values from the
spectral trace. These regions were located 30—80 pixels away from
the spectral peak. This step is important, as it also removes the bias
level. Normalized example spectra of WASP-88 and the comparison
star are shown in Fig. 1.

To establish a wavelength solution for the stellar spectra, we used
an emission lamp at the end of each observation. We applied a mask
that is very similar to the one used during stellar tracking but with
a slit width of 1 arcsec. From this, we determined a wavelength
solution for each spectrum by estimating the centroid location of the
most prominent lines through Gaussian fitting and then performing
low-order Chebyshev polynomial fits to the computed centroids.
We accounted for minor sub-pixel displacements in the dispersion
direction during each observation by cross-correlating the extracted
spectra against a reference Doppler-corrected rest frame.

2.2 TESS

WASP-88 was recently observed using the TESS satellite (Ricker
et al. 2015) in short cadence, in Sector 27. This light curve contains
16 511 points, which cover 24.4 d at a sampling rate of 120.1 s, with
a short break near the middle for the transmission of data back to

Earth. Four complete transits occur within these data, and there are
no gaps in sampling within them. There is partial coverage of one
more transit, which we neglected.

We downloaded the TESS data for WASP-88 from MAST?
and extracted the PDC fluxes (Jenkins et al. 2016), imposing a
requirement that the quality flag must equal zero. We then removed all
data further than 1.5 transit durations from the midpoint of a transit,
leaving a total of 1998 data points. We normalized each transit to
unit flux by fitting and dividing out a straight line to the data either
side of each transit.

3 ANALYSIS

3.1 TESS

The previous analysis of WASP-88 (Delrez et al. 2014) was based
on five transit light curves, of which only two covered all four
contact points. The existence of the TESS data (Section 2.2) allows
this situation to be improved. We modelled the TESS data with
the JKTEBOP code (Southworth 2013) following the precepts of
the Homogeneous Studies project (Southworth 2012, and references
therein). After an initial fit to determine the orbital ephemeris, we
condensed the data by sorting according to orbital phase and binning
each successive five data points together. This phase-binning process
yielded 400 binned data points with an effective sampling rate of
150s.

This light curve was modelled using JKTEBOP, with the parameters
of the fit being the sum of the fractional radii (r, + r, where r, = %

andr, = %, R, is the radius of the star, R, is the radius of the planet,
and a is the semimajor axis of the relative orbit), the ratio of the
radii (k = :i’), the orbital inclination (i), the out-of-transit light level
and the phage of mid-transit. A circular orbit was assumed based on
the results of Delrez et al. (2014). Although there is a nearby star
included in the PSF of the TESS data (Bohn et al. 2020), we assumed
that contaminating light was negligible because Southworth et al.
(2020) found that stars more than 3 mag fainter have a negligible

Zhttps://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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Table 1. Parameters of WASP-88 obtained from analysis of the TESS light
curve. When two sets of errorbars are given, they refer to the random
and systematic uncertainties, respectively. The Tefr and [Fe/H] come from
Andreasen et al. (2017).

Parameter Value

Light-curve parameters

Orbital period (d) 4.954 0045 £ 0.000 0020
Time of transit (BJD/TDB) 2456474.731 54 £ 0.000 87
e+ o 0.1577 139992

k 0.0869 0019

i (degrees) 89.7%92

. o451 458

o 0.01261 +5:500%%
Physical properties

Tefr (K) 6450 £ 61

[Fe/H] 0.03 + 0.04
Stellar mass (Mg) 1.288 fg:g%g tgggg
Stellar radius (Rg) 1.93 tg:(lé tgigi
Stellar log g (c.g.s.) 3.976 70057 T0.003
Stellar density (o) 0.179 tgiggg
System age (Gyr) L7553 40%
Planet mass (Mjup) 0.520 75066 5:007
Planet radius (Ryyp) 1.63 fg(l)% fgg:

+0.64

4.84 100
+0.016
0.112 %5 06

1737134

+0.00048 +0.00031
0.06189 —0.00032 —0.00040

Planet surface gravity (m s~2)
Planet mean density (0up)
Planet equilibrium temperature (K)

Semimajor axis (au)

effect on analyses such as the current one. For reference, we find that
the fractional light contribution of this object in the TESS band is only
(9.1 £ 4.1) x 1075 using the calculation method from Southworth
et al. (2020).

Limb darkening was implemented using the quadratic, square root,
logarithmic, and cubic laws (Southworth 2008). Fits were obtained
for two approaches for each law: with both coefficients fixed at
theoretical values and with one coefficient fitted while the other was
held fixed. The values of the limb darkening coefficients were taken
from Claret (2017).

Uncertainties in the fitted parameters were calculated using Monte
Carlo and residual-permutation algorithms (Southworth 2008),
which have been found to be consistent with errorbars returned from
several types of MCMC analyses (Maxted et al. 2020). An additional
contribution to the uncertainties is the variation between fits with
different limb darkening laws, and this was assessed and added in
quadrature to the larger of the Monte Carlo and residual-permutation
errorbars. The final photometric parameters are given in Table 1. A
plot of the TESS data and best fit is given in Fig. 2.

The physical properties of the system were determined using
the 7., rp, i, and orbital period from the JKTEBOP analysis, the
effective temperature and metal abundance from Andreasen et al.
(2017), and the velocity amplitude of the star (K, = 53.4J_r2:§ ms 1)
from Delrez et al. (2014). Using these quantities, we identified the
value of the velocity amplitude of the planet (K),) that gave the
best agreement between the measured 7. and radius of the star
compared to the predictions of five different sets of theoretical stellar
evolutionary models (see Southworth 2010). Uncertainties in all the
input parameters were propagated by a perturbation analysis and
added in quadrature for each output parameter.

MNRAS 506, 2853-2870 (2021)
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Figure 2. TESS light curve (blue circles) and phase-binned light curve (red
circles) of WASP-88 compared to the best fits found using the JKXTEBOP code
(black solid lines). The residuals of the fits are shown offset to the base of the
figure. All data are shown versus orbital phase for clarity. The phase-binned
data are those used to determine the physical properties of the system, whereas
the unbinned data were utilized for determination of the orbital ephemeris.

The final physical properties of the WASP-88 system are given
in Table 1. Systematic uncertainties were measured from the scatter
of each output parameter over the results for the five different sets
of theoretical stellar models used. The final parameters are in good
agreement with those found by Delrez et al. (2014), although we find
a modestly smaller radius of the star and thus planet. The measured
Teir of the star is difficult to match to its density obtained from
the light curve, leading to a significant systematic uncertainty in
the stellar mass. We quote the modified equilibrium temperature as
defined by Southworth (2010).

3.2 VLT FORS2

We produced two white light curves (one from each data set) and
56 spectroscopic light curves (20 from the first night and 36 from
the second). The two observations covered the wavelength range
from 4413 to 6173 A and from 5293 to 8333 A. The spectroscopic
channels were sorted into narrow bins of 80 and, in some cases,
160 or 240 A following most of the same spectral bands presented
in Nikolov et al. (2018). The wavelength region between 4013 and
4413 A was excluded from the rest of our analysis due to low signal-
to-noise ratio. To correct for atmospheric effects, including variations
in extinction due to shifting airmass and contamination from telluric
lines, we divided the flux of the target by the flux of the reference
star.

3.2.1 White light curves

To model the white light curves, we treated the data as a Gaussian
process (GP) by utilizing the PYTHON GP package GEORGE (Foreman-
Mackey 2015). Under the GP condition, the data are described by
a multivariate normal probability distribution p, which consists of
a mean function T that defines the deterministic input from the
transit and a covariance matrix K that describes the stochastic noise
component (Gibson et al. 2012; Gibson 2014):

p(D16,¢)=N(f|T(t0), K). )
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Here, D represents the data, N signifies the multivariate normal
distribution, fis a vector of the relative flux measurements, 6 are the
transit model parameters, and ¢ is the hyperparameter vector of the
kernel function. Vector ¢ specifies the central exposure times after
their conversion from modified Julian Dates (MJDs) to barycen-
tric Julian Dates (BJDs) using the PYTHON library barycorrpy
(Kanodia & Wright 2018). This converter offers a clock correction,
a geometric correction, and an Einstein correction (for a detailed
explanation, see Eastman, Siverd & Gaudi 2010).

For the mean function, we employed the open-source package
BATMAN (Kreidberg 2015) to compute the model transit light curves.
This code is able to compute model transits from a wide range of
stellar limb darkening laws. During the parametrization procedure,
we adopted the quadratic limb darkening law (Kopal 1950) as it is
computationally less demanding than more complicated laws and
has been proven to deliver relatively accurate results in numerous
studies of planetary atmospheres (e.g. Nikolov et al. 2016; Gibson
et al. 2017). In this case, BATMAN follows the analytic algorithms
described in Mandel & Agol (2002). To validate the reliability of
our choice, we performed the same analysis using the more complex
four-parameter non-linear law (Claret 2000). The two approaches
were found to produce consistent results and agree at the 1o level.

To model light-curve systematics, we chose the Matérn 3/2 kernel
(for a more in-depth explanation, see Roberts et al. 2012). Our
choice is motivated by the significant light-curve systematics and
the fact that this kernel can be differentiated a finite number of times
making it less smooth than the squared exponential kernel (infinitely
differentiable), which is the other common choice in such analyses.
Furthermore, Gibson et al. (2013a) found through empirical methods
that the Matérn 3/2 kernel performs better than other kernels in light
curves with time-dependent noise such as the ones from the blue and
red data sets (the rate of change of the rotator angle is a function of
time). The covariance matrix is then defined as

K = 52(1 + \@Dnm) CXP(—*/gDnm) + 8!‘!"1(0’100()2! ()

where £ is the height scale or correlation amplitude, 8,,, is the Kro-
necker delta, o, are the spectrophotometric uncertainties, determined
from an assumption of pure photon noise, and D,,, is given by

N
(wl),ll - lbv,m)z
Dnm = Z (_L_2 5 (3)

v=1

where 1, are the length-scale parameters for each external sys-
tematic variable 1, used. The hats here indicate that the variables
are standardized (i.e. their values are set on the same scale by
subtracting the mean and dividing by the standard deviation). We
also fit for a multiplicative factor o,, which rescales our photon
noise uncertainties to more realistic values and is the same for all
flux measurements.

We considered a variety of auxiliary systematic variables for the
kernel functions of our datasets, including airmass, positional drifts,
rotator angle changes, full width at half-maximum (FWHM), sky
background, and ambient pressure and temperature, and determined
that each transit light curve is best described by a different set of
systematics (see Fig. B1 for the real-time trends in selected ancillary
variables). More specifically, after an inspection of the posterior dis-
tributions and the fitted light curves, we concluded that the influence
of physical parameters in the observed blue light curve is negligible.
We therefore chose to assume only time W, =  as a detrending factor
in this case. However, for the red data, we found that a combination
of shifts in the dispersion (x) and cross-dispersion (y) directions
and the rate of change of the rotator angle (z) significantly improve
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the shape of the posterior distribution and increase the precision
of our estimated parameters whereas time alone shows a strong
correlation with the transit depth. In addition, the rotator angle could
still be affected by inhomogeneities in the spatial transmission of
the longitudinal atmospheric dispersion corrector despite a recent fix
(Boffin et al. 2016). Thus, we opted to use three systematic variables:
W, = (W, W, W3) = (X, , 2). We also examined the impact of a lin-
ear trend described by a function of time or airmass. We observed no
significant divergence from the simpler mean function models and so
a polynomial of this kind was excluded from the rest of our analysis.

We allowed four transit parameters 6 = (o, Rp/R,, a/R,, i), a
white noise term o, and a set of hyperparameters ¢ = (¢, 7,,) to
vary freely in our fit for each white light curve. The planet-to-star
radius ratio R,/R,, the semimajor axis to stellar radius ratio a/R, and
the orbital inclination i were initially placed to the values from Table 1
with the time of mid-transit set to the expected value according to
the ephemeris given in the same table. We computed the theoretical
values for the two limb darkening coefficients u; and u, using the
Stagger-grid (Magic et al. 2015). The 3D model stellar atmosphere,
from which the coefficients were derived, was generated by taking
into account the closest values to the metallicity, surface gravity, and
effective temperature reported in Delrez et al. (2014). We considered
cases where one or both limb darkening coefficients vary freely in
the fit but noticed this leads to poor constraints on their values.
Consequently, we opted to fix the two coefficients to their theoretical
values. We also fixed the eccentricity to O (assuming a circular orbit)
and the period to the value obtained from TESS. Finally, we applied
log-uniform priors to the hyperparameters and uniform priors to all
other parameters.

The optimized transit and kernel parameters and their uncertainties
were retrieved from a Markov chain Monte Carlo sampling process.
We employed the affine invariant ensemble sampler (Goodman &
Weare 2010) from the PYTHON implementation EMCEE (Foreman-
Mackey et al. 2013) to marginalize the posterior distribution. This
method was chosen over standard MCMC algorithms as it explores
the parameter space quickly and efficiently from a set of walkers that
steadily progress to higher likelihoods in the probability distribution
through random linear combinations with other members of the
ensemble. We opted to adopt a group of 150 walkers and determined
the best-fitting result in two three-stage iterations. In stage 1, we
initialized our walkers to be close to the literature estimates (for the
transit parameters) or some arbitrary values close to ones from other
targets (for the hyperparameters) and ran an MCMC chain of 500
steps. We then re-initialized our walkers to a tight region around the
position of the walker with the best likelihood and performed a new
run with the same amount of steps. This stage was included to accel-
erate convergence towards the optimal solution. The final production
chain was executed in 5000 steps and the median results from the
marginalized posterior distribution of the second iteration are shown
in Table 2. The full distributions can be seen in Figs A1 and A2.

We performed a second fit to both light curves by fixing 7, to the
values recovered from the first fit, and a/R, and i to their calculated
weighted means. Any data points that deviated from the first GP fit
by more than three times the standard deviation of the residuals were
discarded in our analysis. The new model fit for the blue and red
light curves, along with the noise component is shown in Fig. 3.

3.2.2 Spectroscopic light curves

A widespread practice in transmission spectroscopy is the application
of a common mode correction to the spectrophotometric light curves
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Table 2. Parameters from the white transit light-curve analysis.

Parameter Value Prior
P (d) 4.954.0045 (fixed)
e 0 (fixed)
Blue (first fit)
1o (BJD/TDB) 2457985.703 457500070 14 (~0.01, 0.01)
0.0046
Ry/R. 0.088570:004¢ U (0.03,0.15)
alR,, 6.227024 U 4,9
i (degrees) 86.071057 U (80, 90)
U 0.327 (fixed)
u 0.363 (fixed)
Ina ~8.5729 U (=20, 15)
Int, 2.9+ U (~15,15)
0 (from first iteration) 4311702 U (0, 10)
red (first fit)
1o (BJD/TDB) 2457990.657 35 £+ 0.00045 U (—0.01, 0.01)¢
0.0032
Ry/R, 0.086870 003 U (0.03,0.15)
alR,, 6.62016 U 4,9
i (degrees) 87.687058 U (80, 90)
uj 0.193 (fixed)
u 0.364 (fixed)
1.12
Ina —10.33% 2% U (-20, 15)
Inty 6.2117 U (—15,15)
0.81
Inty 114708 U (—15,15)
Int, 2.641023 U (—15,15)
0 (from first iteration) 3.52+£0.13 U (0, 10)
Weighted mean:
alR, 6.49 £ 0.14
i (degrees) 87.07793%
Blue (second fit)
0.0037
Ry/R, 0.088215:0057 U (0.03,0.15)
Ina ~8.572} U (—20, 15)
Int, 2,913 U (—15,15)
0o (from first iteration) 0.8310.03 U (0, 10)
Red (second fit)
0.0031
Ry/R, 0.085815:0051 U (0.03,0.15)
Ina —10.5670%8 U (-20, 15)
In 7y 59412 U (~15,15)
Inty 0.8110:7 U (-15,15)
Int, 217158 U (—15,15)
o (from first iteration) 0.88 +0.03 U (0, 10)

“For the time of mid-transit, we use the expected values from the ephemeris
given in Table 1 and we assume these to be O for the prior ranges.

due to the presence of a wavelength-independent noise component
in all the time series of the same data set (e.g. Sing et al. 2012; Lendl
etal. 2016; Nikolov et al. 2016, 2018). We applied the same technique
to the spectroscopic light curves obtained from the blue and red data
sets. To acquire the common mode factors, we divided the raw white
light curves by the median GP model. We then corrected the binned
transit light curves by dividing the raw, spectroscopic relative fluxes
by this common trend.

The transit modelling of each spectroscopic light curve was
performed following the same procedure described in the white-light-
curve analysis. A simple GP kernel of time was employed to express
the impact of additional wavelength-dependent systematics. More
complex kernels were rejected under the assumption that most of the
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contribution from physical factors is modelled out during common
mode correction. Furthermore, any remaining residuals were found
to be fitted well by time alone. Again, the best-fitting parameters were
determined through a three-stage MCMC likelihood maximization
procedure. The only difference here was that the step size in the last
run was reduced to 1000 steps. We found that higher step sizes made
no difference to the computed results.

The fixed and retrieved parameters from the second white-light-
curve fits were used as the transit input for the spectroscopic light
curves and their values were held fixed throughout the rest of the
investigation. An obvious exception is the transmission spectrum
parameter R,/R,, which was considered to be a free parameter in
the modelling of each light curve. The theoretical limb darkening
coefficients, in each case, were determined in the same way as in
the white light analysis with the quadratic coefficient being kept
fixed and the linear one allowed to vary in each fit. We tested
configurations where both limb darkening parameters were either
fixed or variable and found no improvement to the fit. We also
checked a version without common mode correction and observed
that the limb darkening coefficients behaved in a similar fashion to
the white light by settling at significantly lower values than expected.

Again, a second iteration was performed to reduce the impact
of outliers. During this iteration, the free parameters remained the
same and the deviating data at the 3o level were removed following
an identical approach to the combined light curves. Figs 4 and 5
show the various fitting stages of the blue and red spectroscopic light
curves and the residuals from the best-fitting models. The retrieved
values of Ry/R, and u; are reported in Table CI.

4 TRANSMISSION SPECTRUM

We constructed the transmission spectrum for the blue and red
data sets separately using the planet-to-star radii ratios obtained
during the spectroscopic analysis. We found mean values of R,/R, =
0.0884 £ 0.0035 (blue) and R,/R, = 0.0865 £ 0.0024 (red), which
are in excellent agreement with the R,/R, estimate from TESS (see
Table 1). We also identified an offset of magnitude A(R,/R,) =
0.0006 £ 0.0026 in the overlapping region between the two data
sets. The offset is small, showcasing the consistency of using the
same stochastic technique in both the white and spectroscopic
analyses. The somewhat large uncertainty here stems from the
residual and system parameter errors and is a natural outcome of
the flexible GP fit which also considers unaccounted for noise from
instrumental, atmospheric or astrophysical sources, including any
residuals from the fixed limb darkening coefficients in the white-
light-curve analysis.

Since we do not have any prior spectrophotometric information
from previous observations, we applied the offset to the blue data set.
Our choice to use the red data set as a reference can be justified by the
fact that the blue data exhibit more severe atmospheric extinction.
In addition, during the white light analysis, we model noise as a
function of time only in the blue curves whereas in the red curves
we use an assortment of physical parameters.> Time as a noise
factor is quite flexible in its behaviour and can smoothly follow
the features within the data. This can have a detrimental effect in
the estimation of system parameters, and especially the transit depth,
as it can move the values away from truth with the insertion of
considerably large error bars. The physical parameters, however,

3A preference for more complex GP models in the red data set was also
observed in the analysis of WASP-39b (Nikolov et al. 2016).
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Figure 3. VLT FORS2 white-light transit light curves of WASP-88b. The black line indicates the GP model and the green dashed line displays the
systematics model. The transparent grey regions show the 1o, 20, and 3o error of the residuals (from darker to lighter shades), with error bars indicating the

spectrophotometric uncertainties.
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Figure 4. Spectroscopic light curves for the blue data set of WASP-88b with shorter wavelengths indicated by blue data points and longer wavelengths indicated
by brown data points. The light curves are offset from unit flux for clarity. First panel: Raw light curves. Second panel: Common-mode corrected light curves
and their respective GP fit. Third panel: Detrended light curves and their respective best-fitting transit model. Fourth panel: Residuals from the best-fitting model
and their 1o spectrophotometric uncertainties (vertical error bars). The transparent grey boxes indicate the 3o region of the residuals.

appear more robust to this effect as they may account for some of
the spikes observed in the data. After the vertical displacement was
implemented, we computed the weighted mean R,/R, values in the
common region of the two data sets. We then fitted a horizontal line to

the flat spectrum and evaluated our fit using the Bayesian information
criterion (BIC) (Schwarz 1978). This criterion is useful for model
selection and penalizes complexity, offering a solution to potential
overfitting. We found that the horizontal fit gives a BIC value of 38.0.
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Figure 5. Same as Fig. 4, but for the red data set. Shorter wavelengths are indicated by light green data points and longer wavelengths by dark red data points.

The generated transmission spectrum of WASP-88b is illustrated within 20 of this mark). This rather flat shape is enhanced by
in Fig. 6. the complete absence of the sodium and potassium features in the

On inspection, the spectrum appears featureless with no significant wavelength regions of ~5890 and ~7700 A, respectively. Another
deviations from a straight, horizontal line (all irregularities are characteristic of the spectrum is the steady upward slope towards
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Figure 6. The transmission spectrum of WASP-88b before offset correction
(top panel), after offset application (middle panel) and after estimation of the
weighted mean values in the overlapping region (bottom panel). Blue and red
indicate the two different data sets, while green indicates the combined final
data set. The brown dashed line depicts a fit to the Rayleigh slope, whereas
the dotted magenta line depicts a straight, horizontal fit.

shorter wavelengths that may indicate possible scattering in the
atmosphere from small particles. We investigated the observed
slope following the reasoning of Lecavelier Des Etangs et al.
(2008), where atmospheric opacity as a function of wavelength is
described by a scattering cross-section in the form o = o¢(AMAig)".
Here, index y defines the scattering slope, which can be deter-
mined from the transmission spectrum as it is proportional to the

slope d(lz"lﬁ*)'

H dhnx
In this equation, H is the atmospheric scale height and is given by
k/‘i;;q, where kg is the Boltzmann constant, Ty, is the equilibrium

temperature, 4 is the mean molecular weight, and gj, is the surface
gravity of the planet. Fitting a line with two free parameters (i.e.
slope and intercept) to the entire spectrum results in a BIC value of
25.8, which is lower than the value found from the horizontal line
fit and indicates that the scattering fit is better (ABIC = 12.2). From
the slope and the values of stellar radius, planet gravity and planet
equilibrium temperature from Table 1 we estimated an index value of
y = —12.31’_%1(7). This value suggests greatly enhanced scattering and
cannot stem from Rayleigh scattering alone (y = —4). Nevertheless,
excess scattering is not unusual among hot Jupiters and has been
observed before (e.g. Alam et al. 2020; Chen et al. 2021).

Transmission spectrum of WASP-88b 2861

5 DISCUSSION

In this section, we set our transmission spectrum up against simu-
lated atmospheres in an attempt to explain the observed slope and
featureless shape. We examined the data using both forward models
and retrieval techniques and evaluated our findings with respect to
theoretical predictions and currently observed trends in exoplanets
with similar characteristics.

5.1 Generic grid

We first compared the observed transmission spectrum to synthetic
spectra from a set of distinct model atmospheres. Goyal et al. (2018)
created an extensive grid of forward models based on the one-
dimensional plane—parallel radiative—convective equilibrium ATMO
model (Amundsen et al. 2014; Tremblin et al. 2015, 2016). The
library is updated on a regular basis (Goyal et al. 2019a,b, 2020) and
has been used previously to decipher exoplanet atmospheres (e.g.
Carter et al. 2020; Wilson et al. 2020). We used the publicly available
generic version* that assumes isothermal pressure-temperature pro-
files, equilibrium chemistry and includes opacities from 19 chemical
species and from collision induced absorption due to H,—H, and
H,-He interactions (Goyal et al. 2019a). Model atmospheres with
varying temperature, surface gravity, metallicity, C/O ratio, scattering
hazes, uniform clouds, and condensation scheme were considered.
An in-depth description of the methodology, the code, and the grid
parameter set-up can be found in Goyal et al. (2019a).

For our purposes, we adopted a surface gravity of 5 m s~2, which
is close to the computed value of 4.84 m s2, and considered a
reasonable range of planetary temperatures (800-2000 K) in steps
of 100 K. We also made a further assumption that the structure of
the atmosphere follows a solar abundance, corresponding to a solar
C/O ratio, and that the system is described by a solar metallicity (in
agreement with Delrez et al. 2014; Andreasen et al. 2017). Since
condensation is computed in two different ways (locally only or
with rainout), we explored both cases. In the local condensation
approach, each atmospheric layer is independent and any material
that forms condensates is depleted only from that specific layer.
On the other hand, in the rainout scenario, condensing material is
depleted from the local layer of the atmosphere and all layers above
it under the assumption that any droplets created will sink to deeper
layers leaving the low pressure, upper atmospheric layers devoid of
condensate species. Finally, we examined three parametrizations:
a clear atmosphere, an atmosphere with a uniform cloud deck
described by a cloudiness factor of 1, and an atmosphere with
enhanced Rayleigh scattering expressed by a wavelength-dependent
haze enhancement factor of 1100 (see Goyal et al. 2019a, for
additional details).

To determine the best-fitting model, we computed the mean value
of the model transit depth for each respective bin and performed a
least-squares minimization by considering the vertical displacement
between the measured and computed values of Ry/R, as the only
free parameter. The best model is then established from the lowest
BIC value. We noticed that the choice of condensation scheme had
no significant effect on the simulated transmission spectrum but we
opted to focus our investigation on the rainout scenario for easier
comparisons with the models presented in Section 5.2. We find that
the model transmission spectrum resembling a hazy atmosphere at
1800K results in the best match to our measured data, with the

“https://exoctk.stsci.edu/generic
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cloud-free and cloudy cases performing slightly worse, obtaining
ABIC values of 6.4 and 6.6, respectively, when the same temperature
is assumed.

5.2 PLATON

Another, more flexible, tool that allows comparisons with theoretical
spectra obtained through forward modelling is PLATON (PLanetary
Atmospheric Tool for Observer Noobs; Zhang et al. 2019, 2020).
This PYTHON package offers a somewhat wider range of tempera-
tures, metallicities, and C/O ratios while making most of the same
assumptions (isothermal pressure—temperature profiles, equilibrium
chemistry). It also provides a choice between atmospheres where
condensation occurs (corresponding to the rainout mode in the
generic grid) and one where all chemical species remain in their gas
phase. Additionally, it includes a larger set of opacities (from over
30 chemical species), although it should be pointed out that most of
the added molecules have null impact on the generated transmission
spectrum and, thus, any disparities from the grid of Goyal et al.
(2019a) are primarily attributed to differences in the opacity tables
of the most prominent chemical species. One key distinction from
Goyal et al. (2019a) is that cloudiness here is described by a cloud-
top pressure (i.e. an atmospheric layer where clouds are formed and
below which no light can penetrate) instead of a cloudiness factor.
Furthermore, the wide supported range in the cloud-top pressure and
the scattering factor make PLATON an ideal tool to explore extremities
in the form of very high altitude clouds or super-Rayleigh scattering.

Here, we utilize PLATON as an extra probe into the gaseous envelope
of WASP-88b. To produce a relatively accurate theoretical model, we
initialize the planet mass and the planet radius to the values reported
in Table 1. We do the same for the star radius while we take the values
for the star’s effective temperature and metallicity from Andreasen
et al. (2017) and assume a solar C/O ratio. The model transmission
spectrum is then generated from the grid through interpolation and
we follow the same fitting process using the same range of planetary
temperatures described in Section 5.1. For comparability reasons, we
adopt the rainout condensation scheme, although we recognize that
the initial parameter configuration is slightly different in this instance.
This is because our main goal is to understand the atmosphere of
WASP-88b and not to evaluate the performance of various libraries
(see Zhang et al. 2019, for a direct comparison between the two
libraries). Furthermore, it should be noted that due to the different
way the cloud deck is portrayed in this case, we expect some deviation
from the previous result. After setting the scattering factor to 1100
to simulate haze and the cloud-top pressure to 1 Pa to model a
high-altitude cloud deck, we find that our best-fitting transmission
spectrum advocates a temperature of 1400 K and the presence of
haze in the atmosphere of WASP-88b, whereas clouds and a clear
atmosphere are less likely (ABIC values of 7.5 and 6.8 at this
temperature). The results here reveal a lower temperature at the
day—night terminator region but are very similar to the outcome in
Section 5.1 and verify our initial assessment of an upward Rayleigh
slope towards the bluer wavelengths (see Section 4) in an otherwise
flat transmission spectrum.

Fig. 7 shows the produced transmission spectrum, along with
the best-fitting forward models from the generic grid and PLATON,
following our main methodology described in Sections 3 and 4. A
cloudy atmosphere for WASP-88b was also inferred from parametric
light-curve fits. These fits included various polynomial combinations
of external systematic parameters without cross terms and up to a
second degree. However, we found that the parametric approach is
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Figure 7. The transmission spectrum compared to forward models using
PLATON (top, Zhang et al. 2019) and the generic grid (bottom, Goyal et al.
2019a). We fit for three distinct simulated atmospheres (clear, cloudy, and
hazy) and find a marginal preference for the hazy case, even though all cases
produce relatively good fits.

likely affected by unaccounted-for systematics and leads to results
where the models are unable to fit the data properly.

For completeness, we also employed PLATON to check how stellar
activity can influence the transmission spectrum. We examined a
range of spot temperatures and fractional coverages using forward
models. We find a slightly better fit to the transmission spectrum
but only for implausibly large spot coverage fractions. We therefore
do not take this as evidence for the presence of stellar activity in
WASP-88.

5.3 AURA

We lastly analysed the observed transmission spectrum using the
latest version of the AURA free retrieval code (Pinhas et al. 2018;
Welbanks & Madhusudhan 2019), which couples a forward model-
generating component with the PYMULTINEST package for parameter
estimation and Bayesian model comparison (Buchner et al. 2014).
AURA generates forward models using a line-by-line radiative transfer
calculation, treating the terminator atmosphere as plane—parallel and
in hydrostatic equilibrium while assuming that chemical species are
uniformly distributed in altitude.

In this work, we consider atmospheric opacity contributions from
H,0 (Rothman et al. 2010), Na, and K, with the latter two including
the effects of H, broadening (Welbanks et al. 2019). Opacities arising
from H,—H; and H,—He collision-induced absorption (Richard et al.
2012) are also considered. We additionally include the effects of
clouds and scattering hazes, modelling clouds as grey opacity
and incorporating scattering hazes as a modification to Rayleigh
scattering above the cloud deck, given by: o = aoo(A/Ag)?, where
o9 = 5.31 x 107?7 cm? is the H, Rayleigh scattering cross-section
at Ao = 350 nm, while a and y are free parameters. Lastly, we
parametrize the terminator pressure—temperature profile using the
six-parameter prescription of Madhusudhan & Seager (2009). Our
model atmosphere has 14 free parameters in total: three for the
volume mixing ratios of H,O, Na, and K, six for the pressure—
temperature profile, four for clouds, hazes, and their fractional
coverage, and one for the reference pressure at the planet’s radius.
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Figure 8. The median retrieved transmission spectrum of our AURA retrieval (black) and corresponding 1o and 20 contours (dark and light turquoise,
respectively). Vertical dashed lines denote the locations of the Na and K absorption peaks.

For the volume mixing ratios of the three chemical species, we
use log-uniform priors ranging from 10~'2 up to 10~!. For the
temperature at the top of the atmosphere, we use a uniform prior
between 800 and 2000 K to allow for a broad range of pressure—
temperature profiles while excluding any unphysical solutions. For
the two haze parameters, we use priors that are log-uniform between
10~* and 10'° for a and uniform between —20 and 2 for y.

Our retrievals are unable to constrain the abundances of Na, K,
or H,0, finding that the data are best explained by an effectively
featureless transmission spectrum with a slight slope due to the
presence of scattering from high-altitude hazes. The median trans-
mission spectrum as well as the 1o and 20 contours are shown in
Fig. 8. We constrain the two haze parameters to be log(a) = 5.534_1:3?
and y = —14.421"31:22. The full marginalized posterior probability
distributions are shown in Fig. 9. To quantify the significance of our
haze detection using Bayesian model comparison, we carried out
a second retrieval using an atmospheric model including clouds but
not hazes, fixing the scattering parameters to values corresponding to
simple H, Rayleigh scattering, i.e. a = 1 and y = —4. This retrieval
used clouds to explain the data, yielding a flat spectrum. We find
that the detection significance for scattering hazes is marginal, at
2.5 o. This indicates that while high-altitude scattering hazes are
most likely present, we are unable to definitively rule out clouds as
the cause for the flat spectrum.

We do not find any significant evidence for the presence of any
other chemical species in the atmosphere. For the case described
above, the abundances of H,O, Na, and K are largely unconstrained,
as shown in Fig. 9, with 20 upper limits approaching mixing ratios
of ~1072 for H,O and Na and ~10~* for K. We also investigated
the possibility of other chemical species by conducting retrievals
involving various high-temperature molecules, including TiO, VO,
AlO, and several metal hydrides, but found no significant evidence

for any of these. Finally, we also investigated the possibility of
stellar activity impacting observations. We conducted retrievals using
the AURA retrieval code’s stellar heterogeneity functionality, which
models the effects of star-spots and faculae, as described in Pinhas
etal. (2018), and was recently used to analyse the spectrum of WASP-
110b (Nikolov et al. 2021). Our retrievals found no evidence for the
impact of stellar heterogeneity on the transmission spectrum.

5.4 WASP-88b in context

The indication that WASP-88b is likely to be hazy and/or cloudy
is not very surprising. Widespread clouds have so far been found
almost ubiquitously among hot Jupiters probed in transmission and
were predicted by Fortney (2005). Such findings have inspired several
efforts to quantify the expected cloud coverage for various planetary
atmospheres (Heng 2016; Sing et al. 2016; Stevenson 2016). All
these studies use metrics based on the strength and width of certain
spectral lines and suggest that the fraction of clouds and hazes at high
altitudes is inversely proportional to the level of irradiation. In other
words, planets with lower equilibrium temperatures tend to have
cloudier atmospheres, which translates to muted or even blocked
atomic/molecular features. Moreover, Stevenson (2016) also defined
a surface gravity threshold above which planets are more likely to
be cloud free. According to this study, planets with an equilibrium
temperature below 700 K or a log surface gravity below 2.8 have a
higher chance to be cloudier. Interestingly, WASP-88b (T.q = 1737 K,
log g, = 2.68) meets the second criterion but not the first one. This
should come as no surprise, however, as there is now mounting
evidence that clouds can be common even at higher equilibrium
temperatures (e.g. Wakeford et al. 2017; Espinoza et al. 2019; Alam
et al. 2020; McGruder et al. 2020; Yan et al. 2020).
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Figure 9. Marginalized posterior probability distributions obtained from our AURA free retrieval. While the mixing ratios of the three chemical species remain
unconstrained, we are able to constrain the two haze parameters, a and y. We show the posterior distributions of the two haze parameters, as well as that of the

fractional coverage of clouds and hazes, ¢, at the bottom left for clarity.

A few notable examples of planets with similar equilibrium
temperatures and relatively low surface gravities, for which a
transmission spectrum in the entire optical regime has been obtained,
include HAT-P-32Ab (Alam et al. 2020), HAT-P-41b (Wakeford et al.
2020; Sheppard et al. 2021), WASP-17b (Pinhas et al. 2019), and
WASP-31b (McGruder et al. 2020). Most planets in this sample were
found to have some level of cloudiness and/or haziness, with WASP-
17b showing evidence of K (Sedaghati et al. 2016) and Na (Wood
etal. 2011; Zhou & Bayliss 2012; Sing et al. 2016) absorption. Signs
of K absorption were initially detected for WASP-31b as well (Sing
et al. 2015), but later ground-based observations at low and high
resolution confidently disproved this space-based result, finding no

MNRAS 506, 2853-2870 (2021)

trace of the alkali metal in the atmosphere of this planet (Gibson
et al. 2017, 2019; McGruder et al. 2020). Furthermore, a slope in
the visible region due to scattering in the atmosphere can also be
found in HAT-P-32Ab (Mallonn & Strassmeier 2016; Alam et al.
2020) and WASP-31b (McGruder et al. 2020). It therefore seems
that WASP-88b’s characteristics are not unique among this small
group of planets, although it should be added that the scattering
slope in this case is more than one and a half times steeper than the
ones found for HAT-P-32Ab and WASP-31b.

Such a steep slope is quite challenging in its interpretation and
a heterogeneous stellar surface due to increased magnetic activity
could be a plausible reason for this. However, our photometric
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variability analysis from WASP and TESS and additional
spectroscopic data that probe the chromosphere show no signs of
magnetic activity (see Section 1.1). Furthermore, a retrieval analysis
with AURA confirms that star-spots and faculae do not have an
impact on the transmission spectrum. This strongly indicates that
the transmission spectrum is not affected by stellar phenomena and
that the slope is best explained by physical mechanisms within the
planetary atmosphere.

Given the planet’s equilibrium temperature, it is possible that the
atmospheric conditions favour the condensation of silicate species,
although the loosely constrained, lower temperature value obtained
from the retrievals suggests that sulphide condensates could be
dominant at the day-night terminator (Parmentier et al. 2016).
The same study also infers a lack of corundum and iron clouds
at these temperatures. Pinhas & Madhusudhan (2017) go a step
further and show that a steep slope, such as the one observed for
WASP-88b, could be a signature of sulphide clouds. However, a
more recent study by Gao et al. (2020) disputes the idea of metal
sulphide cloud formation due to nucleation energy barriers. Another
potential explanation for the super-Rayleigh slope seen here could
be the formation of photochemical haze in an atmosphere with very
efficient eddy mixing (Ohno & Kawashima 2020), but WASP-88b
falls somewhat outside the reported equilibrium temperature range
for this process (1000-1500 K). Future observations with higher
precision will be crucial for the understanding of the atmosphere
of this inflated hot Jupiter.

6 CONCLUSION

We present the first transmission spectrum of WASP-88b: a hot,
gaseous, transiting planet with a low density and a low surface
gravity. A revision of the system parameters from 7ESS is mostly
in line with the reported parameters in the discovery paper, with
some minor adjustments to the stellar and planetary radii leading
to a slightly higher planet-to-star radius ratio. This higher value is
backed up from low-resolution spectroscopy with the ground-based
VLT FORS2. We employed this instrument to observe two complete
transits of WASP-88b using two different gratings that explore the
optical regime and cover the wavelength region between 4413 and
8333 A. We then constructed a combined transmission spectrum from
a total of 45 transit depth values. We found that the spectrum has
an overall featureless shape and an enhanced upward slope towards
shorter wavelengths. Subsequent analysis with atmospheric forward
models and retrievals unveiled the plausible presence of high-altitude
haze and did not eliminate the possibility of clouds.

A vital check when spectral slopes of this magnitude are observed
is to examine whether stellar activity plays any role in this. However,
we find no signs of photometric variability and/or chromospheric
emission and our retrievals with AURA do not detect evidence of
any external influence from the star on the shape of the transmis-
sion spectrum. We consider this information more than enough to
conclude with high confidence that the star is inactive and therefore
that stellar activity is likely not responsible for the slope seen in the
transmission spectrum of WASP-88b.

Nevertheless, additional monitoring is required to get a more
precise picture of the atmosphere and to decisively rule out a clear
atmosphere. Complementary observations with the HST and the
JWST in the near-infrared are important to further constrain the
atmospheric properties of this planet. The presence or absence of H,O
features in the transmission spectrum could help distinguish between
the cloudy and hazy possibilities, so a water abundance estimation
could provide an idea of how cloudy this atmosphere really is.
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APPENDIX B: AUXILIARY VARIABLES
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Figure B1. Detrending variables as a function of time for the blue (left) and red (right) data sets. From top to bottom, the figure includes airmass, displacements
in the x- and y-axis, FWHM, and the speed of the rotator angle.
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APPENDIX C: TRANSMISSION SPECTRUM PARAMETERS

Table C1. Transmission spectrum and limb darkening coefficients from the combined spectroscopic light curves.

Wavelength range (A) Ry/R, uy u

4413—4653 0.09160-004 0.392+0.078 0.336
4653—4733 0.093970-00% 0.42270:95 0.355
4733—4813 0.10097 90059 0.43179069 0.347
4813—4893 0.08850-004 0.26470073 0.416
48934973 0.088070-00%8 0.34870077 0.374
4973-5053 0.08731000%° 0.44910963 0.340
5053-5133 0.0873F0-003¢ 0.28110:97 0.358
5133-5213 0.08550-0040 0.333+0.987 0.353
5213-5293 0.090470.079 0.33670008 0.371
5293-5373 0.08867 00028 0.255+0:062 0.365
5373-5453 0.089210:0028 0.170+3:0%9 0.400
54535533 0.0893790028 0.26870-05 0.361
5533-5613 0.0904+0:0021 0.260700% 0368
5613-5693 0.089079002> 0.18370:038 0.369
56935773 0.0847790029 0.20370:-06 0.376
57735853 0.0878+09023 0.242+09% 0.358
5853—5933 0.086710 0052 0.247700% 0.380
5933-6013 0.086110:0022 0.1987005 0.377
60136093 0.087470:9024 0.12670:961 0.374
6093—6173 0.0864 00023 0.165+0:038 0.358
6173—6253 0.087479008 0.20579065 0.378
6253—6333 0.091479-003¢ 0.2567 0087 0.364
6333—6413 0.08620-003¢ 0.070799%% 0.375
6413—6493 0.087570:00%9 0.29970062 0.379
64936573 0.088710-009 —0.074701% 0.391
6573—6653 0.0866 70003 0.22270:-067 0.390
6653—6733 0.085079005¢ 0.20775.9%2 0.369
67336813 0.0873 100034 0.170* 3.7} 0.361
6813—6973 0.0873F0:00%8 0.26710.9%8 0.363
6973—7053 0.086779003 0.236*007; 0.363
7053—7133 0.0862+0.0033 0.176* 008 0.361
7133-7213 0.0844 70003 0.1727000 0.351
7213-7293 0.085210.09%0 013170001 0.360
72937373 0.08350:99% 0.13110:9%1 0361
73737453 0.08640:9939 0.1610070 0.360
74537533 0.0843F0-0030 0.212H0:-080 0.357
7533-7693 0.0852790028 0.1507906¢ 0.361
7693—7773 0.086370003° 0.1787008¢ 0.351
7773-7853 0.085610:0047 0.23010:192 0.362
7853-7933 0.087715:90%° 0.38310:0% 0.355
7933-8013 0.0854F0-004¢ 0.24110:1%9 0.352
80138093 0.0828F0-0046 0.396 0080 0.348
80938173 0.0875790043 0.25770086 0.353
81738253 0.0848700018 0.18270:9% 0.349
8253-8333 0.0792150030 0.2247005 0.349

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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