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1 INTRODUCTION

ABSTRACT

We report transmission spectroscopy of the bloated hot Jupiter WASP-74b in the wavelength
range from 4000 to 6200 A. We observe two transit events with the Very Large Telescope FOcal
Reducer and Spectrograph (VLT FORS2) and present a new method to measure the exoplanet
transit depth as a function of wavelength. The new method removes the need for a reference
star in correcting the spectroscopic light curves for the impact of atmospheric extinction. It
also provides improved precision, compared to other techniques, reaching an average transit
depth uncertainty of 211 ppm for a solar-type star of V=9.8 mag and over wavelength bins
of 80 A. The VLT transmission spectrum is analysed both individually and in combination
with published data from Hubble Space Telescope (HST) and Spitzer. The spectrum is found
to exhibit a mostly featureless slope and equilibrium chemistry retrievals with PLATON
favour hazes in the upper atmosphere of the exoplanet. Free chemistry retrievals with
AURA further support the presence of hazes. While additional constraints are possible
depending on the choice of atmospheric model, they are not robust and may be influenced
by residual systematics in the data sets. Our results demonstrate the utility of new techniques
in the analysis of optical, ground-based spectroscopic data and can be highly complementary
to follow-up observations in the infrared with JWST.

Key words: methods: data analysis — techniques: spectroscopic — planets and satellites:
atmospheres — planets and satellites: gaseous planets — stars: individual: WASP-74 — planetary
systems

scattering signatures of clouds and hazes (see e.g. Charbonneau
et al. 2002; Snellen et al. 2008; Bean et al. 2010; Stevenson et al.

Transiting hot Jupiters with inflated radii are some of the most
prominent targets for atmospheric characterisation. During a
planetary transit, part of the starlight is transmitted through the
upper layers of their extended planetary envelopes, resulting in a
wavelength-dependent variation of the planetary radius. The radius
variation can provide insight into the structure and composition
of the planetary atmosphere and can be explored via transmission
spectroscopy. Transmission spectroscopy has gained momentum in
recent years by successfully identifying spectral species, including
Na, K, H;O, AlO, TiO and CO,, as well as the absorption and
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2014; Kirk et al. 2017; Nikolov et al. 2018; von Essen et al. 2019;
Carter et al. 2020; Chen et al. 2021a,b; The JWST Transiting
Exoplanet Community Early Release Science Team et al. 2022).

Observations to date have revealed that close-in, irradiated ex-
oplanets may experience atmospheric escape under the extremely
high levels of stellar irradiation. This phenomenon is now increas-
ingly being observed in multiple hot exoplanets across a large mass
range from Jupiter-mass down to Neptune-mass planets (Vidal-
Madjar et al. 2003, 2004; Lecavelier Des Etangs et al. 2010; Kulow
et al. 2014; Ehrenreich et al. 2015; Lavie et al. 2017; Bourrier et al.
2018; Spake et al. 2018; dos Santos et al. 2019; Ninan et al. 2020).
Gradual atmospheric loss of volatiles could also be visible during a
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planetary transit as it can cause a deeper transit depth and a longer
transit duration in light curves obtained from observations made in
the violet and ultraviolet wavelength regions. Furthermore, a spec-
troscopic analysis could potentially reveal a significant difference
in the transit depth observed at blue and red wavelengths.

1.1 The WASP-74 system

Motivated by the potential of this technique, we performed a search
for the blue-optical increase of the planet radius during the tran-
sit of exoplanet WASP-74b. The WASP-74 system (Hellier et al.
2015; Mancini et al. 2019; Garhart et al. 2020; Luque et al. 2020;
Bagtiirk et al. 2022) consists of an F9 dwarf star with a mass of
~1.3Mp and a radius of ~1.5 R and an inflated hot Jupiter with a
mass of ~0.9 Myyp and a radius of ~1.4 Ryyp. The host star has an
effective temperature of ~6000 K and a metallicity of ~0.4 (Sousa
et al. 2021). Gaia Data Release 3 data give slightly lower values of
5800 K for Tg and of 0.2 for [M/H] (Gaia Collaboration et al. 2016,
2022; Babusiaux et al. 2022). The exoplanet has a high equilibrium
temperature of 1900 K, a moderate surface gravity of 10ms~2 and
completes a full orbit in 2.1 days. A search for transit timing varia-
tions from archival, published and new data by Bastiirk et al. (2022)
revealed no trends of any kind to the time of mid-transit consistent
with a stable orbit.

Previous observations of the exoplanet have been contradic-
tory with Mancini et al. (2019) reporting absorption from strong
molecular absorbers in the optical and Luque et al. (2020) detecting
a steep upward slope from the near-infrared to the blue-optical end
of the transmission spectrum. Fu et al. (2021) found no evidence
of metal absorbers or extreme scattering slopes. High-resolution
measurements by Lira-Barria et al. (2022) suggest that some metals
may be present in the atmosphere and report the possible detec-
tion of atomic aluminium. Tsiaras et al. (2018) concluded from
observations in the infrared that WASP-74b is likely to be cloudy
or water-depleted. Mancini et al. (2019) presented two deeper and
longer-than-predicted transits obtained using the Bessell U-band at
the Danish 1.54-m telescope. These light curves were disregarded
in their analysis under the assumption that they were strongly af-
fected by systematic effects. A large transit depth at blue-optical
wavelengths could reveal the presence of an extended exosphere,
which has motivated us to obtain follow-up observations at short
optical wavelengths.

Given that some of the published results firmly indicated
stronger absorption levels in the optical and up to the near-infrared,
it should be pointed out that WASP-74 is a quiet star. Hellier et al.
(2015) and Fu et al. (2021) monitored the star photometrically and
established that the star is magnetically inactive. Long term ground-
based surveillance of WASP-74 found largely invariable light curves
and no periodic signals down to at least 1 mmag (Hellier et al. 2015;
Fu et al. 2021). This suggests that the radius discrepancy observed
between different observations is likely not a result of variable stel-
lar flux caused by the presence of spots and variations in their
occurrence and distribution on the stellar surface.

To observe the system, we utilised the FOcal Reducer and low
resolution Spectrograph (FORS2, Appenzeller et al. 1998) mounted
on the Very Large Telescope (VLT) at the European Southern Ob-
servatory (ESO) in Paranal, Chile. This instrument has already been
widely used to characterise the atmospheres of other hot exoplanets
(Beanetal. 2010, 2011; Sedaghati et al. 2015, 2016, 2017a,b; Lendl
et al. 2016; Nikolov et al. 2016, 2018, 2021; Gibson et al. 2017;
Carter et al. 2020; Wilson et al. 2020; Spyratos et al. 2021).

We then analysed the data following a series of techniques

and developed a new method that circumvents the requirement for
a comparison star in the spectroscopic analysis. Our new method
takes the best-fit model from the white light curve analysis and
considers only the raw target light curves in the common-mode
correction and the subsequent spectroscopic fits (see Section 3.2.1
for more details on common-mode correction). In some ways, this
new technique presents similarities to the approach developed by
Panwar et al. (2022), which we also consider in our investigation. In
the essence of that method, the fit is also applied to the target light
curves but differs from our own method in that the common-mode
is used as a regressor to a stochastic Gaussian Process (Rasmussen
& Williams 2006; Gibson et al. 2012) instead of being removed by
the usual linear operation.

We found that our new method significantly improves the pre-
cision of the transmission spectrum parameters compared to both
the classic method (by 71%) and the Panwar et al. (2022) method
(by 49%). This precision translates to a mean transit depth uncer-
tainty of 210 ppm for our new method. The constructed transmission
spectrum revealed a steep slope, as well as a reasonable agreement
with HST results (Fu et al. 2021). The result suggests a plausibly
hazy atmosphere for WASP-74b, in accordance with findings from
Luque et al. (2020).

This paper is organised as follows: Section 2 outlines the ob-
servations and describes the data reduction procedure. Section 3
presents the steps followed for the combined (white) and binned
(spectroscopic) light curve analyses. Section 4.1 discusses the out-
comes and the obtained transmission spectrum. Section 4.2 reveals
results from a retrieval analysis using PLATON and section 6 sum-
marises our conclusions on the atmosphere of WASP-74b.

2 OBSERVATIONS AND REDUCTIONS

We observed two complete transits of WASP-74b using FORS2 as
part of ESO program 0101.C-0716 (P.I. Southworth). These ob-
servations were carried out on the nights of June 20th and August
19th 2018. A third transit was also observed on May 21st but was
discarded from our analysis due to its low quality owing to the poor
observing conditions throughout that night.

We utilised the multi-object spectroscopy mode of the instru-
ment to collect spectra of the target and three comparison stars
(2MASS J20181210-0107143, 2MASS J20180844-0102001 and
2MASS J20180810-0101305). We used broad slits (22”"x22"") to
reduce differential slit losses caused by seeing variations. To im-
prove the duty cycle, we used a binning of 2x2, which reduced
readout to ~ 30 sec. The spectrum of the brightest comparison star
(2MASS J20181210-0107143) was recorded on the second CCD
chip whereas the two fainter comparison stars were recorded on
the same chip as the target. The second CCD chip was highly cor-
rupted by unknown systematic effects during the June observation
(i.e. the data points were greatly scattered throughout most of the
observation with the light curve showing significant variations from
one data point to another), and so a relative flux transit light curve
could not be obtained on that date for the brightest reference star.
We, therefore, chose to rely on the two fainter nearby stars for our
analysis. We investigated the out-of-transit data of the comparison
stars (individually and combined) and found that the light curve of
the second brightest reference star (2MASS J20180844—-0102001)
resulted in the least amount of scatter. Hence, we opted to use this
star to correct for any atmospheric effects.

During both nights, we utilised grism GRIS600B to obtain the
spectra of the target and the comparison stars. This dispersive ele-
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ment produces spectra covering the wavelength region from 3300
to 6200 A. We observed under clear weather conditions throughout
most of the two nights with seeing fluctuating between 0.3”" and
1.7”, but remaining below 1”7 in most of the recordings. A thin
cirrus cloud crossed over the field during the middle of the transit
for the August data set while the June data set had an integrated
water vapour that was nearly three times higher compared to the
August observation. Trends in water vapour and other optical state
parameters can be seen in Figure B1. The target and the reference
stars were monitored for 4 hours and 30 min on the first night cov-
ering airmass from 1.09 to 1.50, and for 5 hours and 15 min on the
second night covering airmass from 1.09 to 1.47. Data collection
was suspended for ~7 min after the transit in June due to technical
issues. Since these data were out-of-transit and sufficient data had
been collected for the time before, during and after the transit, we
decided to remove all data after the observed gap in the recording.
This resulted in 333 and 378 exposures, respectively, with integra-
tion times spanning from 16s to 35s.

The data were reduced using the methods detailed in Spyratos
et al. (2021) and Nikolov et al. (2016, 2018). When performing
spectral extraction, we used an aperture radius of 15 pixels for both
transit observations as it minimised the observed scatter in the out-
of-transit data. Furthermore, we specified background regions
from 25 to 30 pixels away on both sides of the middle of the spec-
tral trace for each column. The pixels from both background
regions were used to compute a median value, which was then
subtracted from the pixels included in the extraction aperture
for each column of the two-dimensional spectra. Example one-
dimensional spectra from the target and the three comparison
stars are shown in Fig. 1.

We produced spectrophotometric light curves covering the
wavelength region between 4013 and 6173 A. In particular, we cre-
ated 25 narrow spectroscopic bins of 80 A in width to explore the
planet-to-star radius ratio as a function of wavelength, and one large,
white channel to get the initial system parameters. We adopted a bin
with a wider width of 240 A for the wavelengths between 4013 and
4253 A to compensate for the lower signal-to-noise ratio at these
wavelengths. We did this for the target and the comparison stars
of each data set. We then obtained the white light curves from the
combined light of the entire wavelength range investigated by di-
viding the summed flux of the target by the summed flux of the
second brightest reference star. These relative fluxes were used in
the white light curve analysis (Section 3.1). We also constructed
differential light curves for each bin, which we used in our initial
(classic) approach (Section 3.2.1).

3 DATA ANALYSIS
3.1 White light curves

The white light curves show that the two data sets do not exhibit sig-
nificant flux variations, indicating high atmospheric transparency.
Nevertheless, the systematics were still substantial and so we chose
to handle them stochastically by using a Gaussian Process (GP)
framework (Gibson et al. 2012) to extract the transit parameters.

A transit light curve can, thus, be expressed by a multivariate
normal distribution that consists of two parts. One is the stochastic
noise component that is represented by a Matérn 3/2 kernel, which
we use throughout this work, and the other is the deterministic mean
function that defines the transit. In this study, we use the Python
GP toolbox george (Ambikasaran et al. 2015; Foreman-Mackey
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Table 1. WASP-74b system and noise parameters.

Parameter Value Prior

Period (d) 2.1377445 (fixed)

Eccentricity 0 (fixed)

a/R. 4.82 (fixed)

i (degrees) 79.86 (fixed)

uy 0.29 (fixed)

20-06-2018

Ina -15.41%0:37 U(-20,15)

In 7 -3.54%041 U(-15,15)

. 0.00016

co 1'00008t8'8338§4 U09,1.1)

cl 0.000087+9-900084 U(-0.1,0.1)

1o (BIDpp)  2458289.77937 + 0.00038 U(-0.01,0.01)*
0.00072

Ry/R. 0.09883+0-00072 U(0.03,0.15)

Uy 0.420+0-%40 UQ©,1)
0.077

B 1.546+0-077 U(0,10)

19-08-2018

Ina -15.81+0.21 U(-20,15)

In 7 -6.21%0:30 U(-15,15)

Iny -0.4970:23 U(-15,15)

- 0.000070

co 1.000265+0-900070 UW09,1.1)

ci 0.000897 + 0.000046 U(-0.1,0.1)

fo (BJDrpp)  2458349.63287 + 0.00023 U(-0.01,0.01)*

Rp/R. 0.0951 + 0.0013 U(0.03,0.15)
0.043

uj 0.41 1t8‘§)4§ U©,1)

.11
B 1.410%0-412 U(0,10)

*The prior of the time of mid-transit is set around the expected value from
the ephemeris reported in Mancini et al. (2019).

2015) to disentangle the noise from the transit light curves. The
covariance function K,,;,,, assumed in our study, is given by:

+ Snm (0pB)* (1)

where ¢ is the characteristic amplitude or height scale, 7y, are the
characteristic length scale parameters for the noise variables W,
considered, 6, is the Kronecker delta, and o, are the spectropho-
tometric shot noise uncertainties multiplied by a constant factor S.
The circumflex symbols indicate the external systematic variables
that are set to the same scale through subtraction of the mean and
division by the standard deviation.

In our analysis, the mean function is a product of a model transit
light curve and a linear function of time. To compute the model tran-
sits, we utilised the open source python package batman (Kreidberg
2015) assuming a quadratic limb darkening law (Kopal 1950) and
the analytic formulae provided by Mandel & Agol (2002). Through-
out our work, time refers to the central exposures times, which were
converted from Modified Julian Dates to Barycentric Julian Dates
(BJD) using the Python software barycorrpy (Kanodia & Wright
2018).

We examined various external noise variables (W, ) to deter-
mine the kernel function that best describes each data set. We ex-
plored several noise factors, including spectral shifts, changes in
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Figure 1. Example spectra of WASP-74 and three reference stars. The blue line indicates the target whereas green, brown, and magenta represent
three reference stars. The shaded grey bands represent the spectroscopic channels and the yellow region shows the wavelength range used for the

combined light analysis.
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Figure 2. White transit light curves of WASP-74b. The two data sets (blue dots) are plotted with their 10 spectrophotometric errors increased by the
multiplicative factor S (vertical bars). The black dashed line represents the noise model and the red line indicates the GP fit. The transparent green areas
illustrate the 1, 2 and 3 o~ scatter of the residuals from darker to lighter shades, respectively.

the rotator angle, FWHM, and time. These GP kernel inputs could
contribute to the shape of the light curves either separately or in
combination. We found that a kernel function of the rotator angular
velocity (x) for June, and a kernel function of the rotator angular
velocity and the displacement in the cross-dispersion axis (y) for
August led to low residual scatter (353 and 328 ppm, respectively)
and were therefore selected for the white light curves. We examined
results for the transmission spectra obtained assuming different
noise configurations and found good agreement between these
results (i.e. the produced transmission spectra were very similar
in shape and transit depth uncertainties). Thus, we determined

that the choice of regressors in the white analysis had a negligible
effect on the final result that was obtained based on the method-
ology presented in Section 3.2.4.

To compute the best-fit kernel and transit parameters and
obtain their uncertainties, we followed the same Markov Chain
Monte Carlo (MCMC) sampling procedure outlined in Spyratos
et al. (2021). We used the default ensemble sampler included in
the python package emcee (Foreman-Mackey et al. 2013), which
explores the parameter space through a set of walkers that gradu-
ally move towards the maximised likelihood. To get the optimised
parameters, we performed one fit that consisted of two iterations.

MNRAS 000, 1-16 (2021)
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The iterations involved two burn-in phases with 150 walkers and
500 steps each, and one production phase with the same amount
of walkers and 2000 steps. Before the first phase, the walkers for
the transit parameters were initialised in a limited space around the
reported or expected values from Mancini et al. (2019). These walk-
ers were re-initialised before the second burn-in phase to a narrow
zone around the location of the walker with the best probability to
expedite convergence towards the maximum likelihood.

We allowed three transit parameters (fo, Rp/Rx, u1), a multi-
plicative factor §, two or three kernel parameters (£, 7w, , Tw, ), and a
linear trend, parameterized with ¢( and c1, to run as free parameters
during the white transit light curve MCMC fit. The semi-major axis
to stellar radius ratio (a/R.) and inclination (i), were fixed to the
measurements reported in Mancini et al. (2019), to enable a direct
comparison of the VLT transmission spectrum with the spectrum
from HST reported by Fu et al. (2021), who made use of the same
system parameters. We also fixed the orbital period to the value
reported by Mancini et al. (2019) and assumed a circular orbit. The
time of mid-transit (p) was initially set to the predicted value from
the ephemeris given in Mancini et al. (2019) and the planet-to-star
radius ratio (Rp/Rx) was also placed to the values reported there.
Furthermore, the quadratic limb darkening coefficients were pro-
duced from synthetic spectra of 3D model stellar atmospheres. For
their estimation, we employed the Stagger-grid (Magic et al. 2015)
and used the closest match to the temperature, surface gravity and
metallicity presented in Hellier et al. (2015). We let the linear limb
darkening coefficient (11) vary freely, and kept the quadratic one
(up) fixed. We used log-uniform priors for the kernel parameters
and uniform priors for all other parameters. Another iteration was
performed after the removal of any outliers located further than
three times the standard deviation of the light curve residuals. The
median GP fit parameters from the marginalised posterior of the
second iteration are shown in Table 1 and the median GP model
along with the systematics model and the residual errors are shown
in Fig. 2.

3.2 Spectroscopic light curves

We analysed the spectroscopic light curves following the method-
ologies listed below and in Table 2, aiming at the most efficient
removal of systematic effects and the highest precision in the transit
depths. We considered four approaches:

e the classic method, where relative (target-to-reference star)
spectroscopic light curves are produced, then common-mode cor-
rected and modelled with a GP kernel of time,

o the Panwar et al. (2022) method, where the raw spectroscopic
fluxes of the target are fitted with a GP of the common-mode and
time,

e a modified version of the Panwar et al. (2022) method, where
the mean function is described by the product between the transit
model and an exponential of airmass, and

e our new method, where the common mode is computed by
dividing the raw white light curve of the target by the best-fit transit
model, and then the raw spectroscopic light curves of the target are
divided by the common-mode for the relevant observation and fitted
with a GP that includes a regressor of time and a mean function of
the transit model multiplied by the exponential of airmass.

MNRAS 000, 1-16 (2021)

3.2.1 The classic approach: target-to-reference star relative flux

Under this classic approach, we applied a common mode correc-
tion to the relative, target-to-comparison star, spectroscopic fluxes,
following the steps of previous FORS?2 analyses (e.g. Nikolov et al.
2016, 2018; Sousa et al. 2021). The common-mode was simply de-
termined by dividing the white relative flux by the median transit
GP fit. The relative spectroscopic light curves were then divided
by this common trend to remove wavelength-invariant systematic
effects.

Following the common-mode correction, the spectroscopic
light curves were analysed under a GP framework similar to the
one described in the white analysis. During this process, any ad-
ditional interference was assumed to be a function of time as any
significant systematics due to instrumental effects were accounted
for in the common-mode correction step. The transit parameters
were then computed by obeying the same fitting procedure outlined
in Section 3.1 for the white light curves.

Parameters that were initially allowed to vary were the transit
parameters Rp/R. and uj, the multiplicative factor 3, and the noise
parameters In @ and In 7;. Time was now considered as part of the
GP kernel and, thus, a linear function of time was not included.
These parameters were fit separately for each spectroscopic light
curve. The remaining parameters were fixed to the values acquired
from the white light curve analysis and were, therefore, the same for
all spectroscopic channels. A total of two outliers were identified
and removed, and the fit was repeated in a second iteration.

3.2.2  The Panwar et al. (2022) approach: target raw flux and
assuming common-mode as a regressor

A major limitation of the classic method, in the case that the refer-
ence stars are significantly fainter than the target, is the propagation
of scatter from the reference to the target light curves. This addi-
tional scatter is visible in the relative, common-mode corrected,
spectrophotometric light curves, and can introduce more system-
atic effects. This leads to an increase in the uncertainties of the
parameters obtained from fits of such light curves. Specifically, a
comparison between the uncertainties of the fitted relative radii of
the VLT and HST data sets, shows excessive uncertainty, over a fac-
tor of five for the VLT spectrum, when using this classic approach.
Part of this lower precision may also be attributed to atmospheric
effects due to the non-photometric conditions at the time of the
observations and to differential effects caused by colour differences
between the two stars.

To solve this issue, we ignored the flux from the comparison
star completely in the spectroscopic fits and only used the raw light
curves from the target. We also provided the common-mode from
the raw white light curves as a regressor to the GP, following the
method detailed in Panwar et al. (2022). According to this approach,
the common-mode does not need to be used in the usual way to
linearly correct the spectroscopic light curves, but can instead be
included in the GP function as a regressor. The new kernel function
was therefore modified to include both time and common mode as
noise decorrelation factors.

We then implemented a GP fit on the raw spectroscopic light
curves from the target, while adhering to the same recipe outlined
in Section 3.2.1. We allowed the same transit and noise parameters
to vary freely in the fit, plus one additional noise parameter that
described the common-mode. This adaptation resulted in fits that did
not require the need for a comparison star and, remarkably, increased
the precision in the obtained transmission spectrum by 26% (see
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Figure 3. Spectroscopic light curves for the WASP-74b data set from June 20th 2018 from our new method. Data are indicated by dots and the relevant
1 o spectrophotometric uncertainties rescaled by a factor 3 are displayed by vertical error bars. Shorter wavelengths are plotted in dark blue whereas longer
wavelengths are shown in yellow. For clarity purposes, the light curves are offset from their original out-of-transit flux value of ~1. First panel: Raw target
fluxes. Second panel: Raw fluxes after being divided by the common mode from the raw white light curves. The GP model is indicated with a red continuous
line. Third panel: Fluxes after decorrelation, and median transit model. Fourth panel: Best-fit residuals and their 1 o~ residual region (yellow shaded area).
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Table 2. A summary of the approaches considered for the analysis of the spectroscopic light curves. The initials T and E stand for the transit model and the

airmass exponential, respectively.

Method Light curve CM* correction ~ GP regressors ~ Mean function o5 (ppm)?
Our new method Target Yes time TxE 211
Classic method Target/Reference Yes time T 719
Panwar et al. (2022) Target No time, CM T 533
Modified Panwar et al. (2022)  Target No time, CM TxE 412

@CM: common-mode, ? &7 5: mean transit depth & = (Rp/ R.)? uncertainty in parts-per-million (ppm)

Table 3. Transmission spectrum and limb darkening coefficients from the
combined data set of WASP-74b.

Wavelength Range A Ry/R. uy u

4013 - 4253 0.09650*9-0013¢  0.641*0:021  0.195
4253 - 4333 0.097050:001¢4  0.627+0.920  0.156
4333 - 4413 0.0961070:00127  0.487+0-040  0.240
4413 - 4493 0.0983870:00162  0.549*0.027  0.259
4493 - 4573 0.0968570:00089  0.511+0-029  0.262
4573 - 4653 0.09737+0-000L  0.555*0:91%  0.250
4653 - 4733 0.0964670:00086  0.488+0.01>  0.259
4733 - 4813 0.09513*0-00086  0.469*0-022  0.273
4813 - 4893 0.09742+0:-00213  0.364+0-962 (356
4893 - 4973 0.0946970:0007¢  0.397+0.033  0.312
4973 - 5053 0.09390*0-000%  0.417*0917  0.274
5053 - 5133 0.0945370-00080 0.394+0.016  0.285
5133 - 5213 0.09457+0-00083  0.408*0016  0.287
5213 - 5293 0.09482+0:00089  0.349*0.020 0.316
5293 - 5373 0.09555*0-0012%  0.401*0-%47  0.312
5373 - 5453 0.0916870:00123  0.258*0.041  0.356
5453 - 5533 0.09495*0-00060  0.303*0-917 0.311
5533 - 5613 0.09233*0:-00110  0.293+0-026 0,321
5613 - 5693 0.09462*0-00162  0.357+0-941  0.319
5693 — 5773 0.0937170:0090 027540028 0,339
5773 — 5853 0.093620-0008%  0.288*0-926 0311
5853 — 5933 0.09608*0:0009  0.256*9-040  0.340
5933 - 6013 0.09358*0:-00117  0.270*0-033  0.344
6013 — 6093 0.0936370:00073  0.214*9.023  0.340
6093 — 6173 0.0938470:00133  0.248+0-026 0,320

Table 2). We note that a similar improvement in precision was
also achieved by Panwar et al. (2022) for ground-based data of
HAT-P-26b.

3.2.3  Our modification to the Panwar et al. (2022) approach:
taking extinction into account

As starlight enters the Earth’s atmosphere, it interacts with atmo-
spheric constituents and so part of it is effectively blocked before
reaching the Earth’s surface. This phenomenon is known as at-
mospheric extinction and is described by the Beer-Lambert Law.
The raw light curves therefore assume a characteristic form that
is defined by an exponential curvature. Other physical factors may
also affect the shape of these light curves, but the contribution from
atmospheric extinction tends to be dominant. The index of the expo-
nential is a function of the optical depth, which, in its simplest form,

e v exponential
\ --- exponential+additional systematics
1.005 exponential+additional systematics+transit model
x
3 1.000
=
] 3
N
© 0.995 k/
g 993 p
2 c
0.990 a+b+c
0.985

—0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 0.100
Time since mid-transit (days)

Figure 5. An example of a spectroscopic light curve fitted with a GP
based on our new method. On the lower left, a smaller subplot depicts
each individual contribution separately (from top to bottom) and then
combines them for the final result. Here, ‘a’ represents the exponential
of airmass, ‘b’ represents the additional systematics, modelled by the
GP of time, and ‘¢’ represents the transit model.

is expressed as the product between airmass and a coefficient that
determines extinction. In reality, this coefficient is the sum of vari-
ous coefficients that describe absorption and scattering events that
reduce the incident light as it travels through the atmosphere. The
nature of the extinction coeflicient can therefore be quite complex,
but an exact derivation of each absorption and scattering coeffi-
cient is not required for our purposes as extinction can be evaluated
by one free parameter in the fit. The extinction coefficient is also
wavelength-dependent, resulting in variation in the curvatures for
each spectroscopic light curve.

Parametric functions of airmass are widely used in high-
resolution transmission spectroscopy to perform telluric correc-
tions. For example, one of the first studies that used such a function
for this purpose was by Vidal-Madjar et al. (2010). Their study
was able to determine Earth’s optical transmission spectrum based
on observations of a lunar eclipse. Other studies soon followed by
applying telluric corrections in this manner to high-resolution atmo-
spheric observations of exoplanets. For instance, Astudillo-Defru &
Rojo (2013) used an exponential function of airmass to correct for
extinction effects and detect calcium and possibly other elements in
the atmosphere of HD 209458b, whereas Wyttenbach et al. (2015)
did the same to detect sodium in the atmosphere of HD 189733b.

On this basis, we deduced that the raw, target light curves
should be described by an exponential function of airmass. We,
therefore, adjusted our mean function to include this additional
parametric function. This means that the mean function u was now
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described by:
p (280,21, 0) = [age™ %] T(1;6), )

where ¢ is time in BJD, z is the airmass, and ap and a; are coefficients
that define the exponential trend. T represents the transit model
expressed by the transit parameters 6. ag is expected to be around
unity since the light curves are normalised and a;, the extinction
coeflicient, is anticipated to settle at small values.

We also adapted the fitting process and inserted an addi-
tional step before the GP fit. The initial step included performing a
Levenberg-Marquardt fit to the out-of-transit data in order to obtain
the initial guesses for the exponential parameters ag and a;. We
found that getting initial values for the airmass exponential trend
aided the GP fit towards the best solution for the system. This non-
linear least squares fit was carried out by making use of the python
package Imfit (Newville et al. 2016). During this process, five to
six deviating data points were removed per spectroscopic light
curve for the August data set due to cloud effects.

We then executed a slightly more complex GP fit on the entire
transit light curves. This fit comprised a GP kernel of time and the
two-component mean function formulated earlier that consists of
the transit model and the exponential of airmass. The new config-
uration enabled tighter constraints, especially towards the edges of
the spectrum where the scatter tended to be higher. This resulted
in greatly reduced error bars for Rp/R., with an average decrease
of over 40% compared to the initial analysis. We, therefore, find
that the inclusion of an exponential in the mean function improves
Rp /R precision in the method of Panwar et al. (2022).

3.2.4  Our new approach

With the application of the Panwar et al. (2022) prescription and
the inclusion of a parametric function of airmass, we achieved a
substantial reduction of the uncertainties by nearly half. Despite this
promising result, a deviation in precision still remained compared
to the results from the HST (Fu et al. 2021). The greater than
double size of the error bars implied that the potential to probe the
planetary atmosphere was affected considerably and this rendered
atmospheric retrievals less informative.

Another way to tackle this problem was to perform the usual
common-mode correction technique but only to the light curves of
the target. To achieve this, we first obtained the common-mode by
dividing the raw, white transit light curve of the target by the median
transit model from the relative white flux analysis. We then divided
the raw, spectroscopic light curves of the target by this common-
mode to get the common-mode corrected fluxes. We applied such
a correction to each of the two data sets and then proceeded to the
fits.

By following a similar procedure to the one described in Sec-
tion 3.2.3, we first modelled the out-of-transit data using an expo-
nential function of airmass and performed a Levenberg-Marquardt
minimisation procedure. During this procedure, three outliers
were identified and discarded. From there, we obtained initial
guesses for the two systematic parameters of the parametric func-
tion. The initial assumptions for the transit parameters were acquired
from the estimates in the white light analysis and the theoretical val-
ues for the limb darkening coefficients of each spectroscopic light
curve were taken again from the Stagger-grid spectra. We then per-
formed GP fits of time to the full time-series of the common-mode
corrected target light curves, taking into account that the mean func-
tion was once more described by a transit model multiplied by an
exponential of airmass.
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The transit parameters Rp/R. and u; and all noise parameters
were allowed to vary freely throughout the MCMC sampling pro-
cess, whereas f(, a/Rs, i and u) were maintained at fixed values as
before. This method reduced the size of the Rp/R. error bars by a
further ~ 50%. The various fitting stages of this analysis, as well as
the best-fit residuals are shown in Figs. 3 and 4, and the transmission
spectrum parameters Rp /R, u1 and u; are presented in Table 3. In
addition, Fig. 5 shows an example GP fit of a spectroscopic light
curve from our new method and indicates the contribution of
each separate part of the model to the final fit.

As illustrated in Figs. 3 and 4, the shape of the spectrophoto-
metric light curves after common-mode correction takes a convex-
flat-concave form (from top to bottom). This is because, in reality,
the common-mode corrected light curves are a ratio of exponentials
with different extinction indices. More specifically, it is a ratio be-
tween the exponential from the white light curve and the exponential
from each spectroscopic light curve. Scattering is higher in the blue
and therefore the blue light curves largely preserve the exponential
form of their extinction energy distribution when divided by the
common-mode. This is not the case in the red, where scattering is
less and the exponential extinction from the common-mode domi-
nates over the red light curves inverting their shape. The disparity
in the extinction indexes is nearly zeroed in the mid-wavelength
transition zone where the light curves obtain a nearly flat shape. In
our analysis, we assume this ratio as one coeflicient to simplify and
accelerate calculations.

4 RESULTS
4.1 The blue-optical trends of the planetary radius

Results from the individual analyses of the June and August data
sets, as well as the combined results, are presented in Fig. 6. A
constant offset between the two data sets was determined in all
cases. For our new method detailed in Section 3.2.4, this offset was
found to be ARp /R, =0.0033 + 0.0037. We associate this offset with
differing observing conditions between the two nights, with June
being more affected by turbulence and water vapour and August
more affected by clouds (see also Fig. B1). We applied the offset for
each respective analysis to the June observation and then calculated
the weighted mean Rp/ R.. between the two observations to create
the combined transmission spectrum. The produced transmission
spectrum shows no evidence of a significant increase in the transit
depth and duration at blue wavelengths that could be attributed to
atmospheric escape (see Section 1).

Taking a closer look at the transmission spectrum from our
new approach, we do not detect any obvious, constant features in
the individual transmission spectra that would indicate absorption
from atomic or molecular species. In addition, the blue end of the
spectrum shows an increasing scattering slope (see also Figs. 7
and 8) that is comparable to the result found from ground-based
photometry (Luque et al. 2020). Regardless of the slope, the aver-
age planet-to-star radii ratios are in good agreement with the HST
transmission spectrum of Fu et al. (2021). The Fu et al. (2021) spec-
trum is in partial agreement with retrieval run 2 from Luque
et al. (2020), which ignores the two I-band measurements at
~8000 A. The retrieval of Luque et al. (2020) also includes the
WFC3 data, as computed by Mancini et al. (2019), but with an
offset applied that brings the data closer to Fu et al. (2021). The
key difference in the space-based data, apart from the simple
Rayleigh scattering slope, is that the Spitzer data points are a bit
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Figure 6. Transmission spectra of WASP-74b from each considered approach, with the individual spectra of each data set on the left and the combined
VLT spectra on the right. A constant offset is applied to the June data (black) to bring them to the same level as the August data (red). The combined
VLT/FORS2 spectrum (blue) is compared with the result from HST/STIS observations (light green) for each case. From top to bottom, we show results
from a) our new method, b) the classic method, c) the Panwar et al. (2022) method, assuming time and common-mode as GP regressors, and d) the
modified Panwar et al. (2022) method that includes an exponential function of airmass.

lower with respect to the results from Luque et al. (2020) (see
Fig. 7). One difference between our analysis and the analysis of
Fu et al. (2021) is that we assume quadratic limb darkening and
allow for a free limb darkening coefficient during the fit, whereas
Fu et al. (2021) keep all coefficients fixed to theoretical values
from the four-parameter law. This change was important here to
mitigate potential effects from the Earth’s atmosphere. Fig. 7 illus-
trates how this combined transmission spectrum compares against

other results from the literature.

4.2 Atmospheric retrieval using PLATON

versatile code! that allows for quick investigations of exoplane-
tary atmospheres using a wide range of temperatures, metallici-
ties, carbon-to-oxygen (C/O) ratios, cloud-top layers and scattering
slopes. PLATON has proven to be a useful tool in constraining the
atmospheric properties of several hot exoplanets (e.g. Chen et al.
2021a; Sheppard et al. 2021; Kirk et al. 2021; Jiang et al. 2021;
Abhrer et al. 2022).

We performed two atmospheric retrieval analyses, one that
considered only the VLT data and another that also included the
published WASP-74b spectroscopic data from Fu et al. (2021).
We considered equilibrium chemistry, rainout condensation and an

We utilised the PLATON software (Zhang et al. 2019, 2020) to

retrieve the atmospheric properties of WASP-74b. PLATON is a

! https://platon.readthedocs.io/en/latest/
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Figure 7. WASP-74b transmission spectrum using data from four studies. The light green circles are from Fu et al. (2021), the yellow circles are from
Luque et al. (2020), and the turquoise circles are from Mancini et al. (2019). The blue circles represent the results from this work.

Table 4. PLATON atmospheric retrieval results for WASP-74b.

Parameter Prior VLT VLT+HST+Spitzer
Ry (Ryup) UO5Ry, 1.5R,)  1.33+0.03 1.34+0.03
T, (K) U(950, 1900) 1602+193 1310+25%
B U(.1, 10) 1.2340-21 1.36 £ 0.10
10g ficatter U(-4, 10) 11423 7.412
log(Z/Zo) U(-1,3) 0.3070% 1.18+1-96

0.68 0.69
C/o U(0.05,2) 0.94+0-68 0.97+0:5
10g Peloudiop U(-3.99, 8) 4.073 3.7%27
scatter slope U(0, 20) 15927 3.2733

isothermal atmosphere for the planet. The free parameters involved
were the planetary radius and temperature, the C/O ratio, the metal-
licity, two scattering parameters (scattering factor and slope), and
one cloud parameter (cloud-top pressure). In addition, we scaled our
measurements by a multiplicative factor . To get the optimised val-
ues for the atmospheric parameters we followed a multimodal nested
sampling procedure (dynesty, Speagle 2020) and used 1000 live
points. The transmission spectra from the retrieval processes are
shown in Fig. 8, and their posterior distributions can be seen in
Fig. A1, for which details are given in Table 4.

The VLT-specific analysis revealed a scattering slope of
15.9&'1 and a log scattering factor of 1133l The retrieval result
is slightly skewed towards the upper slope limits but is in agreement
with a simple scattering slope fit, which gives a scattering slope
value of 13.9 + 3.4. The upward scattering slope towards shorter
wavelengths computed here is comparable to the one estimated by
Luque et al. (2020).

When we incorporate the HST and Spitzer data points, we see
that our results are closer to the ones from Fu et al. (2021). We
find slightly higher values for the scattering slope (3.2t31'51) and the
log scattering factor (7.4t11%) compared to Fu et al. (2021), but
both are within 1o-. This is to be expected given the larger errors
obtained in the VLT data sets and the rather restricted bandwidth
of these observations. HST STIS/WFC3 and Spitzer data explore
a much wider spectral range (ultraviolet to infrared) and, hence,
they dominate the retrievals towards the atmospheric parameters
reported in Fu et al. (2021). Despite that, we observe a degree of
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Figure 8. Retrieved transmission spectra of WASP-74b from PLATON
for the VLT analysis (top) and the combined VLT+HST+Spitzer analysis
(bottom).

consistency between ground and space-based observations with the
C/O ratio and the cloud-top pressure (i.e. the atmospheric layer
below which most clouds are expected to form) settling at similar
values. Metallicity, on the other hand, is found to be higher than
expected. This result comes naturally as we use broader priors for
log(Z/Zs) compared to Fu et al. (2021). Furthermore, a retrieval
assuming an offset for the VLT data set leads to similar results as
the offset is small.

An additional retrieval analysis assuming a flat (cloudy)
model was also conducted for the combined VLT, HST and
Spitzer data set. In this model, the cloud-top pressure was fixed
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to 0.001 Pa and the scattering parameters were fixed to Rayleigh
scattering. To compare the hazy model with the flat model we
used the log Bayesian evidence values (log.Z) computed by
dynesty. We found that the log evidence is higher for the hazy
model and that the difference Alog. Z between the two models
is greater than 5 (Alog. Z = 10.65). This result indicates that
the hazy model is strongly favoured over the flat model (Kass &
Raftery 1995).

4.3 Atmospheric retrievals using AURA

We also carry out retrievals using the AURA retrieval framework
(Pinhas et al. 2018). AURA couples a forward model generator
with a robust Bayesian parameter estimator based on the MultiNest
nested sampling algorithm (Feroz et al. 2009; Buchner et al. 2014).
Forward model transmission spectra are generated by modelling
the planet’s terminator as a hydrogen-dominated 1D plane-parallel
atmosphere in hydrostatic equilibrium. AURA then carries out a ra-
diative transfer calculation, considering opacity contributions from
H;-H; and Hj,-He collision-induced absorption, as well as sev-
eral gaseous chemical species. The mixing ratios of all chemical
species are free parameters in our model. Clouds are modelled as a
grey opacity present at all altitudes below the cloud deck pressure,
which is a free parameter. Hazes are modelled as a modification
to Rayleigh scattering above the cloud deck, with a cross-section
o = aoy(1/g)Y, where op = 5.31 x 107! m? and Ay = 350 nm,
while a and y are free parameters. Our model allows for a patchy
coverage of the terminator atmosphere by clouds/hazes, given by ¢,
the coverage fraction.

For the specific case of WASP-74b, we consider models in-
cluding opacity contributions from H,O (Rothman et al. 2010),
CHy (Yurchenko & Tennyson 2014), NH3 (Yurchenko et al. 2011),
HCN (Barber et al. 2014), CO (Rothman et al. 2010) and CO,
(Rothman et al. 2010), as well as Na and K (Welbanks et al. 2019).
Given the planet’s high temperature, we also include TiO (McK-
emmish et al. 2019) and VO (McKemmish et al. 2016), as well as
the metal hydrides FeH, CrH and TiH (Bauschlicher et al. 2001;
Dulick et al. 2003; Burrows et al. 2005; Tennyson et al. 2016). We
additionally carry out retrievals that include AlO (Patrascu et al.
2015), discussing the effect its inclusion has below.

‘We find our retrieval on the combined WASP-74b observations
produces a spectral fit with muted chemical absorption features,
while not producing any precise constraints for the composition of
the atmosphere, as shown in Fig. A2. Specifically, our retrieval
produces a posterior distribution for the mixing ratio of H>O that is
peaked but largely unconstrained, with a 20~ upper limit of 10723,
corresponding to a ~10x solar elemental oxygen abundance.
The same is seen for the mixing ratio posterior distributions of K
and CO, with corresponding 20 upper limits of 1072 and 10718,
respectively. The upper limits are equivalent to a ~10,000x solar
elemental enhancement for K and ~50x solar for C.

Our retrievals also find a strong spectral contribution from
hazes. This gives rise to the scattering slope seen in Fig. 9, which
decreases with wavelength to reach the two Spitzer photometric
points that lie lower relative to the other observations. Our retrieval
constrains the Rayleigh enhancement factor, log(a), to 7.23'_2 and
the scattering slope y to —7.2f%'g. It also finds that hazes partially
cover the terminator atmosphere, with a coverage fraction of O.6t%%.

For our retrieval that includes AIO, we once again find a
strong spectral contribution from Rayleigh-like hazes, retrieving
haze parameter constraints that are largely consistent with those

obtained with our other retrieval. Specifically, log(a) is constrained
to 5.5‘:11'2, while y is constrained to —13.7t3'12 and the coverage
fraction to 0.6’:%%.
strained to an unrealistically high value of ~ 1073->. While metal
oxides such as AlO are expected to be present in the atmosphere of a
high-temperature planet like WASP-74b, the retrieved mixing ratio
is ~ 5 dex higher than equilibrium expectations for solar elemental
abundances. This is due to Al additionally being present in other
more abundant refractory species under chemical equilibrium
(Woitke et al. 2018), thereby requiring a significant elemental
enhancement to give rise to high A0 mixing ratios. The retrieved
spectral fit displays numerous small AlO absorption features in the
optical, which are partially masked by the haze spectral contribu-
tions. Given the unphysically high retrieved mixing ratio and the
nature of its resulting spectral contributions, it is likely that the
retrieved AlO constraints are driven by small noise features.

Additionally, the mixing ratio of AlO is con-

5 DISCUSSION
5.1 The benefits and drawbacks of our new method

The novel approach we presented in the spectroscopic analysis is
based on the raw flux of WASP-74 and therefore eliminates the
additional scatter that comes with taking the comparison star into
account. In that respect, this method is similar to Panwar et al.
(2022), where the fit is also performed on the raw light curves of the
target. This is also the reason why both methods show a significant
reduction in the light curve scatter, reaching almost 80% of the
photon noise limit.

Another key element of our new approach is the use of an expo-
nential of airmass that models extinction effects. While parametric
functions of airmass have been applied to target-to-reference star
fluxes before (e.g. Sedaghati et al. 2015), here we isolate the target
and apply such a function to the spectroscopic flux of the target
only. We found that the inclusion of this parametric function in the
spectroscopic light curve models improves the fit considerably in
both the Panwar et al. (2022) method and our own novel approach
and offers enhanced precision. At the same time, the produced trans-
mission spectra have a similar characteristic shape, showcasing the
reliability of our new method.

Not only that, but our new method provides remarkably low
uncertainties that are comparable to the HST space-based results.
This outcome is more extraordinary considering that, in this study,
we use a more conservative approach based on GPs. We attribute
this improvement to the smoother shape of the common-mode cor-
rected light curves. In the Panwar et al. (2022) recipe, the GP tries to
account for systematic effects in the raw spectroscopic light curves
using both time and common-mode as regressors. This parameter-
isation is applied to raw fluxes and may have more difficulties in
evaluating discontinuities caused by unaccounted for systematics
and other effects such as cloud crossings. In our new method, the
noise contribution from aerosols is greatly corrected for linearly dur-
ing common-mode correction owing to the relatively homogeneous
distribution of the clouds in the June and August observations.

Despite its success in generating a credible and precise trans-
mission spectrum, our new method depends on the curvature of
the light curves due to the inclusion of the airmass exponential.
This means that our method is limited to ground-based data, where
the Earth’s atmosphere plays a fundamental role in the observed
shape of the light curves. Furthermore, the use of this model is less
effective for light curves that demonstrate linear trends.
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Figure 9. Retrieved spectral fit obtained by AURA. The median retrieved spectrum is shown as a black line, while darker and lighter shaded regions denote the
corresponding 1o and 20 regions. Yellow diamonds denote the median retrieved spectrum binned down to match the observations.

Another limiting factor is the common-mode correction itself,
which can potentially cause a systematic “domino effect” from one
spectroscopic light curve to another. For example, a cosmic ray
affecting certain wavelengths or an increased scatter in parts of
the detector, due to detector cosmetics, can influence other light
curves by introducing systematics from one light curve into another.
This is because the common-mode assumption may describe white
noise for the most part but can be affected by certain systematic
trends in specific wavelength regions. If these systematic effects are
dominant, then they can introduce additional interference in other
parts of the spectrum. Our outlier removal algorithm may correct
for cosmic rays but detector artifacts can be trickier and may be
present in multiple data points or the entire observations.

Traditionally, the use of parametric functions meant that a
comparison star was the only way to correct for atmospheric effects
due to the inflexibility of these functions to reliably fit light curves
that exhibit unknown systematics. This is also evident from the
Levenberg-Marquardt fits that show inconsistencies in some of the
light curves and is one of the reasons why these fits were only
used to obtain initial guesses. The emergence of GPs, however,
has challenged this approach, because GPs can take into account
unaccounted for systematics. Both the Panwar et al. (2022) approach
and this new method rely on this notion to construct a convincing
transmission spectrum.

We note that the improvement in the transit depth presented
in this study was found for blue-optical data for a specific target
and may vary for other wavelengths and other targets. We also
stress that out-of-transit data is available for our study, which
facilitates the determination of the exponential coefficients. Data
sets with a limited number of out-of-transit data points may
not be well-suited for this new approach. In addition, while the
comparison star is not considered in the spectroscopic light curves,
it is still being employed in the white light curve analysis to obtain
the transit model used in the common-mode correction. This also
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differentiates our approach from Panwar et al. (2022) who removed
the need for a comparison star entirely. Nonetheless, our new method
provides a valuable and useful alternative that can immensely aid the
characterisation of exoplanetary atmospheres providing increased
precision.

5.2 WASP-74b in context

WASP-74b has an equilibrium temperature that places it in the tran-
sitional region between hot Jupiters and ultra-hot Jupiters (~1500-
2000 K). This is a temperature range that has not yet been studied in
detail and when the surface gravity of WASP-74b is taken into ac-
count, the sample of investigated hot Jupiter atmospheres becomes
quite small. CoRoT-1b (gp=10.65 ms_z, Teq=1915 K, Southworth
2011), and WASP-79b (gp=8.39ms’2, Teq=1716 K, Brown et al.
2017) are two exoplanets with similar bulk characteristics that are
part of this sample and have been observed in low resolution. CoRoT-
1b has mostly been observed in the infrared, with data revealing
a featureless spectrum and indicating an atmosphere obscured by
clouds (Schlawin et al. 2014; Ranjan et al. 2014; Glidic et al. 2022).
WASP-79b, on the other hand, is more intriguing as it seems to have
an inverted slope towards bluer wavelengths. Such a characteristic
may be indicative of stellar contamination from unocculted faculae
(Rathcke et al. 2021). In addition, H,O, and possibly H™ and FeH,
were also detected (Sotzen et al. 2020; Skaf et al. 2020; Rathcke
et al. 2021). These findings make WASP-74b the only planet of the
group with signs of strong scattering within its atmosphere.

An enhanced scattering slope towards bluer wavelengths is not
unusual and is progressively being observed in more exoplanetary
atmospheres (e.g. Pont et al. 2013; Alam et al. 2020; Alderson
et al. 2020; Chen et al. 2021a; Ahrer et al. 2022). While such
slopes can be associated with stellar heterogeneity (e.g. McCul-
lough et al. 2014), there is currently no indication that the star is
active (Hellier et al. 2015; Fu et al. 2021). It is, therefore, more
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likely that the result is influenced by physical processes within the
planetary atmosphere and/or contamination from unknown noise
sources. If we consider that the effect is intrinsic to the planetary
atmosphere, then photochemical processes or mineral condensation
could play a role. For example, the formation of hydrocarbon hazes
due to photochemical reactions could produce slopes in the trans-
mission spectra (Kawashima & Ikoma 2019; Ohno & Kawashima
2020), but the equilibrium temperature of WASP-74b is somewhat
higher than the reported maximum limit of 1500 K. Furthermore,
sulphide species, such as manganese sulphide, could condense at
high altitudes to form clouds. Manganese sulphide can produce very
steep slopes but tends to form condensates at lower temperatures
(Pinhas & Madhusudhan 2017). Other candidates include silicate
species, such as enstatite, and alumina. These species can form
mineral clouds at temperatures closer to the retrieved temperature
of WASP-74b, but the produced slope tends to be less steep. Gao
et al. (2020) found that silicate aerosols are likely dominant at tem-
peratures above ~950K and that cloud formation due to iron and
metal sulphides is largely inhibited by low nucleation energies.

6 SUMMARY

Previous works to understand the atmosphere of WASP-74b have
so far been inconclusive leading to very conflicting outcomes, with
Mancini et al. (2019) tentatively hinting at molecular absorbers in
the atmosphere, Luque et al. (2020) showing potential evidence for
increased, super-Rayleigh scattering, and Fu et al. (2021) indicating
Rayleigh scattering that extends well into the infrared. Fu et al.
(2021) also performed an eclipse retrieval analysis finding an overall
featureless spectrum in the infrared and possible methane absorption
based mostly on a single Spitzer 3.6 um data point.

In this study, we presented transmission spectroscopy results
from observations obtained using the ground-based VLT FORS2
instrument. The data were collected using the dispersive element
GRIS600B and we explored the blue-optical wavelengths for three
nights. The first night was subsequently rejected due to cloudy
weather affecting most of the observation.

We analysed the two remaining data sets in combination and
considered a series of different methodologies in the spectroscopic
analysis in our effort to reduce scatter and achieve higher precision.
We ultimately developed a new method that bypasses the necessity
to include reference stars in the spectrophotometric light curve fits.
The new method is similar to the novel approach presented by
Panwar et al. (2022) and has two main characteristics: 1) common-
mode correction is applied on the raw spectroscopic light curves of
the target, and 2) the effects of extinction are modelled out during
the fits with the aid of an exponential function of airmass. We found
that this technique improved the fit considerably by minimising
uncertainties and providing reliable results.

Our analysis did not reveal a substantially higher planetary
radius at the blue end of the optical spectrum and so found no signs
of strong absorption at those wavelengths. This suggests that an
evaporating atmosphere is unlikely and that the observations in the
U-band by Mancini et al. (2019) are in all likelihood affected by
unstable weather conditions during the time of the observations, as
acknowledged by those authors.

A retrieval analysis with PLATON to the VLT result, based on
equilibrium chemistry, revealed an enhanced scattering slope that
is very similar to the one reported by Luque et al. (2020). However,
the steepness of the slope was reduced when additional HST and
Spitzer data were incorporated in the retrieval. This result is not

that surprising considering that the space-based spectrum is more
extended and advocates the presence of clouds (Fu etal. 2021). Even
so, the scattering parameters in the combined case were found to
be slightly increased compared to the findings from Fu et al. (2021)
but the difference was determined to be smaller than 1o.

‘We then conducted retrievals on the combined VLT, HST and
Spitzer data set using the AURA retrieval framework. This frame-
work provides a somewhat different view of the planets’ atmospheric
structure in the terminator region and allows for free chemistry. This
distinction enables AURA to explore more atmospheric properties,
including the abundances of alkali metals, water, metal oxides and
metal hydrides. We found that the broad spectral retrievals with
AURA also favour an enhanced scattering slope suggestive of haze
in the atmosphere of WASP-74b. Interestingly, when we include
AlO in the retrievals, we obtain an AlO mixing ratio that is sev-
eral orders of magnitude higher than expected. The temperature of
this planet could favour the presence of this mineral, but the unre-
alistically high abundance retrieved likely suggests minor noise
contributions.

Despite the substantial corruption from systematic effects, we
managed to obtain a relatively precise transmission spectrum. Ad-
ditional spectroscopic observations in the blue, as well as compli-
mentary observations in the red and near-infrared will offer a better
understanding of the hot Jupiter’s atmosphere and will help clear up
the picture for this transiting hot Jupiter. The newly commissioned
JWST will be able to spectroscopically observe the redder wave-
lengths beyond 0.6 um and will, therefore, immensely help efforts
to decipher the properties of WASP-74b.
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APPENDIX A: ATMOSPHERIC RETRIEVAL
DISTRIBUTIONS

Here we present the corner plots for the posterior distributions of
WASP-74b from the atmospheric retrievals using PLATON and
AURA.

APPENDIX B: OPTICAL STATE PARAMETERS

We also include a visual representation of the behaviour of some
optical state parameters throughout the transit observations in June
and August 2018.

This paper has been typeset from a TRX/IATEX file prepared by the author.
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Figure Al. The PLATON atmospheric retrieval distributions of WASP-74b using the combined VLT data set (orange) and the combined

VLT+HST+Spitzer data set (purple).
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obtained with AURA using the combined VLT+HST+Spitzer dataset.

ribution

rior dist

rieved poste

Figure A2. The ret

MNRAS 000, 1-16 (2021)



Cross-Dispersion Dispersion
(rad/day) FWHM (px) Displacement (px) Displacement (px) Airmass

Rate of change of
the Rotator Angle

Precipitable Water
Vapour (mm)

11

12

13

14

0.2

e
=]

|
=
]

|
=]
£

|
=
-]

15

The blue-optical transmission spectrum of WASP-74b
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Figure B1. Auxiliary variables with respect to time for the two data sets analysed. The displayed parameters, from top to bottom, are airmass, shifts in the
dispersion and cross-dispersion axes, FWHM, the rate of change of the rotator angle, and the integrated water vapour.
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