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ABSTRACT

We present an optical transmission spectrum for WASP-94A b, the first atmospheric characterization of this highly-inflated hot
Jupiter. The planet has a reported radius of 1.72f8;82 Ryyp, a mass of only 0.4561“8:832 Mjyp, and an equilibrium temperature
of 1508 £ 75 K. We observed the planet transit spectroscopically with the EFOSC2 instrument on the ESO New Technology
Telescope (NTT) at La Silla, Chile: the first use of NTT/EFOSC2 for transmission spectroscopy. We achieved an average transit-
depth precision of 128 ppm for bin widths of ~200 A. This high precision was achieved in part by linking Gaussian Process
hyperparameters across all wavelength bins. The resulting transmission spectrum, spanning a wavelength range of 3800~7140 A,
exhibits a sodium absorption with a significance of 4.9, suggesting a relatively cloud-free atmosphere. The sodium signal may
be broadened, with a best-fitting width of 78ng A in contrast to the instrumental resolution of 27.2 4 0.2 A. We also detect a
steep slope in the blue end of the transmission spectrum, indicating the presence of Rayleigh scattering in the atmosphere of
WASP-94A b. Retrieval models show evidence for the observed slope to be super-Rayleigh and potential causes are discussed.
Finally, we find narrow absorption cores in the Call H&K lines of WASP-94A, suggesting the star is enshrouded in gas escaping
the hot Jupiter.
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1 INTRODUCTION

The field of atmospheric characterization of exoplanets has devel-
oped rapidly since the first detection of an exoplanet atmosphere by
Charbonneau et al. (2002), where sodium absorption was found in
the atmosphere of HD 209458 b using the Hubble Space Telescope
(HST; although this detection has recently been called into question
Casasayas-Barris et al. 2020, 2021). The existence of sodium in
the atmosphere of hot exoplanets had been previously predicted by
Seager & Sasselov (2000) as atomic sodium can exist in the gas phase
at high temperatures. Since then, other hot close-in exoplanets have
been found to have sodium absorption in their atmospheric spectra
(e.g. see summary in Madhusudhan 2019). However, there are still
fewer than thirty sodium detections overall, and the majority have
been made with high-resolution spectrographs, the first examples
being Redfield et al. (2008) and Snellen et al. (2008). Low-resolution
ground-based detections remain challenging and only a handful have
been made to date (e.g. Sing et al. 2012; Nikolov et al. 2016, 2018;
Alderson et al. 2020).
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Soon after the first detection of sodium, carbon, and oxygen were
found escaping the atmosphere of HD 209458 b using ultraviolet
spectra (Vidal-Madjar et al. 2004), while other atomic species such
as potassium were found later in the atmosphere of hot Jupiters at
optical wavelengths (e.g. Sing et al. 2011; Nikolov et al. 2015; Sing
etal. 2015,2016; Chen et al. 2018). In addition, infrared observations
with both space and ground-based telescopes e.g. the HST and the
Very Large Telescope (VLT) commenced detections of molecular
bands such as water and carbon monoxide (e.g. Snellen et al. 2010;
Brogi et al. 2012; Birkby et al. 2013; Deming et al. 2013; Wakeford
et al. 2013; Kreidberg et al. 2014b; Hawker et al. 2018).

Non-detections of molecular and/or atomic species can be of equal
importance as they provide information on the presence of clouds and
hazes in the planetary atmosphere (e.g. Gibson et al. 2013a; Knutson
et al. 2014; Kreidberg et al. 2014a; Louden et al. 2017; Spyratos
etal. 2021). Studies across samples of planets can attempt to identify
the conditions for cloud and haze production, which are potentially
linked to the equilibrium temperature and/or surface gravity of the
exoplanet (e.g. Heng 2016; Stevenson 2016; Crossfield & Kreidberg
2017; Fu et al. 2017).

Opacity by clouds and hazes acts to mute the molecular absorption
bands observed in the infrared, and characterization of clouds and
hazes is thus crucial to determining accurate abundances of molecules
such as water and carbon monoxide (e.g. Benneke & Seager 2012;
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Table 1. Stellar parameters for the binary star system WASP-94 as found by
(1) Neveu-Vanmalle et al. (2014), (2) Teske, Khanal & Ramirez (2016), (3)
Bonomo et al. (2017), and (4) Bailer-Jones et al. (GAIA DR2, 2018).

Table 2. Orbital and planetary parameters for the hot Jupiter WASP-94A b
and the corresponding references. (1) Neveu-Vanmalle et al. (2014); (2)
Bonomo et al. (2017); (3) Garhart et al. (2020).

Parameter WASP-94A WASP-94B Reference Parameter Value Reference
Vinag 10.1 10.5 ) Period, P (days) 3.9501907 15 )
Spectral type F8 F9 (1) Semi-major axis, a (AU) 0.0554700012 2)
Terr (K) 6194 £5 6112£6 (@) Mass, My (Msap) 0456003 @
Age (Gyr) i 2.55+£0.25 2.55+£0.25 2) Radius, Ry (Ryup) 1'721—8:82 )
log g [logjo(cm/s%)] 4210 +£0.011  4.300 £ 0.015 (@) Inclination, i (°) 88.7+0.7 1)
[Fe/H] 0.320 £ 0.004 0.305 + 0.005 2 Surface gravity, log g [logjo(cm/s?)] 2.590f8:8§g 2)
Mas.s Mo) 1.450 :E—(?O(g?o 1.24 :5_ (?0%3 (3. @ Equilibrium temperature, Teq (K) 1508 £+ 75 3)
Radius (Ro) 165370081 143870240 @ Spin-orbit obliquity A (°) 151+ 20 )

Griffith 2014; Line et al. 2013; Sing et al. 2016; Barstow et al.
2017; Heng & Kitzmann 2017; Wakeford et al. 2017, 2018; Pinhas
et al. 2019). Clouds and hazes are best characterized in the optical,
where they are not degenerate with molecular abundances, and work
with LRG-BEASTS and other surveys have shown that ground-based
observations can provide optical transmission spectra with precision
comparable to space-based telescopes (e.g. Todorov et al. 2019;
Alderson et al. 2020; Carter et al. 2020; Weaver et al. 2021). With
the upcoming launch of the James Webb Space Telescope (JWST),
which will provide precise transmission spectra across the near- and
mid-infrared, the measurement of optical transmission spectra will
be crucial for combined analyses to break degeneracies due to clouds
and hazes and measure accurate atmospheric abundances.

The Low Resolution Ground-Based Exoplanet Atmosphere
Survey using Transmission Spectroscopy (LRG-BEASTS; ‘large
beasts’) is a survey initiated in 2016 with the aim to gather a large
sample of transmission spectra of exoplanet atmospheres, mainly
focused on hot Jupiters at optical wavelengths. LRG-BEASTS has
shown it is possible to achieve precisions on 4-m class telescopes that
are comparable to those obtained with 8- to 10-m class telescopes and
HST. Characterizations within LRG-BEASTS include the detection
of hazes, Rayleigh scattering, and grey clouds in atmospheres of
the exoplanets WASP-52b (Kirk et al. 2016; Louden et al. 2017),
HAT-P-18 b (Kirk et al. 2017), WASP-80b (Kirk et al. 2018), and
WASP-21b (Alderson et al. 2020), as well as sodium absorption in
the atmosphere of WASP-21b (Alderson et al. 2020). An analysis of
the atmosphere of WASP-39 b revealed supersolar metallicity (Kirk
et al. 2019), and evidence for TiO was found in the atmosphere of
the ultrahot Jupiter WASP-103 b (Kirk et al. 2021).

In this paper, we present the first transmission spectrum for
the highly-inflated hot Jupiter WASP-94A b (Neveu-Vanmalle et al.
2014). This is also the first exoplanet transmission spectrum using
long-slit spectroscopy with the EFOSC2 instrument at the New
Technology Telescope (NTT).

WASP-94A b was detected in 2014 within the Wide Angle Search
for Planets survey (WASP, Pollacco et al. 2006). WASP-94 is a binary
star system with each star hosting one known exoplanet. WASP-94A
is a star of spectral type F8 with a transiting hot Jupiter orbiting with a
period of 3.95 d, while WASP-94B is a system consisting of a F9 type
star and a non-transiting hot Jupiter with an orbital period of 2.008 d
characterized solely by radial velocity measurements so far (Neveu-
Vanmalle et al. 2014). The stellar parameters for the WASP-94 system
are summarized in Table 1. GAIA DR2 determined the distance of the
system to be 212.46 £ 2.50 pc (GAIA DR2, Bailer-Jones et al. 2018).

WASP-94A and its companion star WASP-94B are of almost
identical spectral type with F8 and F9 and of similar V magnitude
with 10.1 and 10.5 respectively, and they have an angular separation
of 15.03 £ 0.01 arcseconds. This makes them excellent comparison
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stars for each other, which is highly favourable for ground-based
transmission spectroscopy. The two stars have a physical separation
of at least 2700 AU (Neveu-Vanmalle et al. 2014).

WASP-94A b has an inflated radius with 1.72700¢ Ry,, (Neveu-
Vanmalle et al. 2014) and a mass of 0.4567( 03¢ My,, (Bonomo
et al. 2017). By measuring the Rossiter-McLaughlin effect, Neveu-
Vanmalle et al. (2014) found that the orbit of WASP-94Ab is
misaligned and likely retrograde with a spin-orbit obliquity of A =
151° £ 20°. In addition, with its low density and an equilibrium
temperature of 1508 & 75 K (Garhart et al. 2020), one atmospheric
scale height of WASP-94A b corresponds to a transit depth of
262 ppm, making it an attractive target for atmospheric studies.
No transmission spectrum has yet been published of WASP-94A b,
making this the first atmospheric characterization for this highly-
inflated hot Jupiter. The orbital and planetary parameters for WASP-
94A b are summarized in Table 2.

The structure of the paper is as follows. We describe our observa-
tions in Section 2. This is followed by the reduction and analysis of
our data in Section 3 and Section 4, respectively. In Section 5 ,we
discuss our results and in Section 6, we summarize our conclusions.

2 OBSERVATIONS

Observations of WASP-94A took place on the night of the 2017
August 14, using the EFOSC2 instrument (Buzzoni et al. 1984)
mounted at the Nasmyth B focus of the ESO NTT, La Silla, Chile.!
The detector is a Loral/Lesser CCD with a size of 2048 x 2048
pixels, a resolution of 0.12 arcseconds per pixel and an overall field
of view of 4.1 arcmin. The fast readout mode was used and we
applied 2 x 2 pixel binning, resulting in a readout time of 22 s.

For our spectroscopic measurements, we chose a slit that was
custom built on our request, with a width of 27 arcseconds to avoid
differential slit losses between target and comparison star. We also
used grism #11, which provides a spectrum from 37507520 A at
resolution of R ~ 200.

We acquired 477 spectral frames with airmass ranging from
1.70 to 1.00 to 2.41. An exposure time of 30 s was used at the
beginning of the night for 33 frames, afterwards it was changed
to a 45 s exposure to increase the signal to noise ratio. The moon
was illuminated 48 per cent and rose during the second half of the
night having a distance of at least 102° to the target at all times.
39 bias frames were taken, as well as 127 flat frames with different
settings (91 dome flats, 25 sky flats, 11 lamp flats) and 15 HeAr arc
frames for wavelength calibration, which were taken in the morning

!Based on observations collected at the European Southern Observatory under
ESO programme 099.C-0390(A).
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Figure 1. Left: Example science frame with the target WASP-94A (left) and comparison star WASP-94B (right). The horizontal and vertical axis correspond
to the position along the slit and the wavelength, respectively. Note that this is a cropped frame (full frame in 2 x 2 binning is 1030 x 1030 pixels). The ADU
counts are shown with the colourbar. The blue line indicates the position of the cut corresponding to the righthand figure. Right: A cut along spatial direction at
row 400 showing the flux of the two stars in blue. In this example the right star was fitted with the red lines indicating the aperture: dashed lines representing the
edges and the solid one the centre. The background regions are indicated with dashed black lines, while the black crosses mark the mask for the non-fitted star.

after the transit observations. Note that we did not use any of the
flat frames during our final data reduction as using flat fielding
resulted in an increase in noise. This has been seen previously in
the analysis of low-resolution spectra in LRG-BEASTS observations
(e.g. Kirk et al. 2017; Alderson et al. 2020; Kirk et al. 2021), and
has also been found with ACCESS data (Rackham et al. 2017; Bixel
et al. 2019; Espinoza et al. 2019; Weaver et al. 2020; Kirk et al.
2021).

WASP-94B served as a comparison star during the observations
of WASP-94A b in order to perform differential spectrophotometry
to reduce the effects of the Earth’s atmosphere. WASP-94A and
WASP-94B have similar spectral types and their angular separation of
15 arcseconds (Neveu-Vanmalle et al. 2014) is low enough to ensure
very similar perturbations due to the Earth’s atmosphere for both
stars, but large enough so that their respective signals are uniquely
identified (see Fig. 1). This makes the system an ideal target for
long-slit transmission spectroscopy.

3 DATA REDUCTION

The data were reduced using a custom-built PYTHON pipeline
developed for the LRG-BEASTS survey and described in detail by
Kirk et al. (2018, 2017, 2019, 2021) and Alderson et al. (2020). For
this analysis, we modified the methods for cosmic ray rejection and
wavelength calibration, as described below.

First, a master bias was constructed by median-combining 39
individual bias frames, and this was subtracted from each science
frame. In contrast to previous LRG-BEASTS analyses, cosmic rays
were not removed after the spectra were extracted, but at the raw
science frame level. The change of method was chosen to increase the
reliability and sensitivity of cosmic ray detection, and to minimize the
risk of introducing spurious features into 1D spectra by mistakenly
classifying real spectral features as cosmic rays.

By dividing each science image by the previous frame (in the
case of the first frame the subsequent frame was used), we identified
affected pixels and replaced them with the median of the surrounding

pixels. For this, we used a criterion of 160 with o being the standard
deviation of the divided image, resulting in ~50 pixels being replaced
per frame. The median of the surrounding pixels as a replacement
value for outliers was chosen instead of the average as the latter can
be biased towards a higher value as the rise in flux due to cosmic
rays commonly spreads over several pixels.

To extract the spectra an aperture width of 33 pixels was used,
as shown in Fig. 1, and spectral counts were summed within the
aperture. The sky background was fitted using a quadratic polynomial
on a region of 150 pixels on either side of the trace, separated by
20 pixels from the edge of the source aperture. We experimented with
several different values for aperture width, background width, offset
and polynomial order for the background fit; the numbers stated
here were found to be optimal for minimizing the noise. Errors were
calculated based on photon and read noise.

The target and comparison stars are ~70 pixels apart and thus
would disturb the sky background fit, and so the star not being
fitted had to be masked (see Fig. 1). Outliers of at least three
standard deviations were also masked from the fit. Diagnostics
of the spectral extraction and observing conditions are plotted in
Fig. 2.

Following the extraction of each spectrum, wavelength solutions
were found for each individual frame. Unlike in previous LRG-
BEASTS studies, we used RASCAL (Veitch-Michaelis & Lam 2019)
to make an initial wavelength calibration using the gathered HeAr
arc frames. For improved accuracy throughout the time series, we
combined the arc calibration with a solution based on absorption
lines in the extracted stellar spectra. Note that this wavelength
calibration step was computed for each frame individually to account
for wavelength drifts throughout the night (on the order of ~5 pixels
or ~25 A).

For our main analysis, the spectra were binned into 19 wavelength
bins. Of these, 16 have a width in the range 160-220 A, with the
wavelength ranges chosen to avoid bin edges falling on spectral
absorption lines. The remaining three bins have a width of 50 A
centred on the sodium doublet. The wavelength bins are shown in
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Figure 2. Ancillary data for the transit of WASP-94A b, with the colours
blue and red corresponding to the target star WASP-94A and comparison
star WASP-94B respectively. From top to bottom: airmass, pixel shift along
the slit, derotator angle, full width half maximum (FWHM) of the stellar
profile, normalized sky background, and the differential flux (white light
curve).
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Figure 3. The blue and red line correspond to the flux of WASP-94A and the
comparison star. The dashed black lines indicate the edges of the wavelength
bins, the green line shows the central wavelength of the sodium doublet line.

Fig. 3. We also extracted higher-resolution data around the sodium
doublet for analysis of the line width in Section 4.7 (35 bins with
a width of 14 A). The light curves for each bin were computed by
summing the flux within the corresponding wavelength range of each
frame. To correct for the affects of the Earth’s atmosphere each light
curve was divided by the comparison star’s light curve. A white-light
light curve was also computed by defining the whole spectrum as a
single wavelength bin.
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4 DATA ANALYSIS

4.1 Transit model

In order to fit the individual transit light curves, we used the nested
sampling algorithm POLYCHORD (Handley, Hobson & Lasenby
2015a, b) in PYTHON in combination with the BATMAN package
(Kreidberg 2015) and the analytic light curves from Mandel & Agol
(2002).

The fitting parameters included the ratio of planet to star radius,
R,/R., the inclination i of the system, the quadratic limb-darkening
coefficients ul and u2, the scaled stellar radius a/R,, and the time
of mid-transit 7¢. Additional parameters were used to describe
detrending functions, as explained below.

First, the system parameters a/R,, i and T were fitted for using
the white-light light curve (see Table 3). All priors for system
parameters were chosen to be wide and uniform, with lower and upper
limits corresponding to the respective literature values (Table 2)
subtracting and adding three times the respective error. The limb-
darkening coefficients and respective uncertainties were generated
using the Limb-Darkening Toolkit (LDTK) package (Parviainen &
Aigrain 2015). A quadratic limb-darkening law was applied and one
coefficient held fixed to avoid degeneracies (#2). The prior for u1 was
uniform, centered at the generated value with a range corresponding
to the generated error inflated by a factor of four. All priors are
summarized in Table 3.

The parameter values determined from the white-light light curve
were then used as fixed parameters for the binned light curve
fits to ensure the errors in the transmission spectrum reflected the
uncertainties in the wavelength dependence of the planet radius, and
not the uncertainty in the absolute radius.

To model systematic trends in the light curves, we took two
different approaches for detrending in order to demonstrate that our
transmission spectrum is not sensitive to the treatment of systematics.

4.2 Polynomial detrending

A low-order polynomial model was fitted in combination with the
transit model to remove a small overall trend (see Figs 4 and 5).
The best-fitting model for the white-light light curve was quadratic
in time (Fig. 4), while the light curves for the individual wavelength
bins were found to be fitted best by a linear model (Fig. 5).

We experimented with several variations of polynomial functions
and different input files e.g. polynomials of different order with
airmass, sky background, telescope derotator angle or two or more
linear in time and airmass models simultaneously. However, the lin-
ear polynomial in time showed the highest Bayesian evidences with
strong statistical significance i.e. at least a difference in logarithmic
evidence of >5 corresponding to a 99.3 per cent probability (Jeffreys
1983).

The system parameters a/R,, i, and T¢ obtained from the white-
light light curve are shown in Table 3, while the parameters R,/R,,
ul, u2 for each individual wavelength bin are shown in Table 4.

The first wavelength bin showed features in the light curve that are
distinct from the other bins, potentially related to increased extinction
in the Earth’s atmosphere and the much lower flux in this bin (see
Fig. 3). While experimenting with different detrending methods as
well as bin sizes, we found that the transit depth for this particular bin
changed significantly with the type of detrending used. Because of
this poorly defined behaviour, we conducted further analysis without
considering this first wavelength bin and it is excluded from the white
light fit, as well as Figs 5 and 6.
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Table 3. Parameter values obtained from the white-light curve fitting, for both the polynomial and Gaussian Processes (GPs) detrending. The
respective priors placed on these parameters are also listed. Values for semi-major axis a, radius of the star R, and radius of the planet R, and
inclination 7 are listed in Table 2. The values for the parameters for a/R., i, and T¢ listed here were fixed for the spectroscopic light curve fitting.

Parameter Prior distribution and range Polynomial detrending GP detrending
Scaled stellar radius a/R, Uniform a/Ry £30,)R, 7.368f8:8§§ 7.436f8:8%g
Inclination i (°) Uniform i+30; 89.257020 89.42 £0.38

Time of mid-transit T¢ (BJD) Uniform 09 xTc, 1.1 xTe  2457980.681061 £ 0.000038  2457980.68093 + 0.00019
Transit depth R,/R. Uniform  Ry/R, & 30k, /R, 0.10827 £ 0.00017 0.105447 500020
Limb-darkening coefficient u1 Uniform ul + 4o, 0.5326 4+ 0.0049 0.5291'%3%;
Limb-darkening coefficient u2 Fixed - 0.0862 0.0862

j=] =
© (=3
© (=3
(&3] (=)

Normalised flux
(=]
©
©
S)

0.985

0.001 4

0.000 1

Residuals

—0.001 1

-4 -2 0 2 4
Time from mid-transit (hours)

(a) Polynomial

—_
(=1
(=1
(=]

—— GP & transit model
— GP
Transit model

Normalised flux
o o
© ©
[(=} ©
(=} (&3]

0.985 -

1.0002 A
1.0000 A

0.9998 4 -
— kernel 1 —— kernel 2

GP components

0.001 +

0.000 7

Residuals

—0.001

Time from mid-transit (hours)

(b) Gaussian Process

Figure 4. Our white-light transit light curve of WASP-94A b fitted using (a)
a quadratic in time detrending function and (b) a GP. The respective top panels
show the fitted light curve; bottom panels show residuals to the fits. In both
(a) and (b), the red line shows the best-fitting model, while the dashed grey
line represents the transit model including the quadratic detrending model in
(a) and solely the transit model without detrending in (b). In (b), the green
line refers to the overall GP model, and the orange and blue lines show
the contributions from the two GP kernel inputs: sky and derotator angle
respectively.

4.3 Detrending with Gaussian Process Regression

Using GPs is a common technique in exoplanet research to model
correlated noise (Rasmussen & Williams 2006). It has been used in
detrending photometric data (e.g. Carter & Winn 2009; Csizmadia
et al. 2015; Aigrain, Parviainen & Pope 2016; Luger et al. 2017;
Pepper et al. 2017; Santerne et al. 2018; Lienhard et al. 2020; Nowak
etal. 2020; Leleu et al. 2021), in disentangling planetary signals from
stellar activity in radial velocity signals (e.g. Haywood et al. 2014;
Rajpaul et al. 2015; Faria et al. 2016; Rajpaul, Aigrain & Roberts
2016; Sudrez Mascareio et al. 2018; Barragan et al. 2019; Damasso
et al. 2020; Ahrer et al. 2021) and in transmission spectroscopy (e.g.
Gibson et al. 2012a, b, 2013a, b; Evans et al. 2015, 2016; Cartier
et al. 2016; Hirano et al. 2016; Louden et al. 2017; Kirk et al. 2017,
2018, 2019, 2021).

For detrending our light curves with GP regression, we used the
GEORGE package (Ambikasaran et al. 2014) in combination with
POLYCHORD. GPs use hyperparameters which describe functions
modelling the covariance between the data points. In this case, the
hyperparameters take the form of a length scale and an amplitude of
the noise correlation. Note that we did not apply a common noise
model or any other detrending method before fitting the spectroscopic
light curves.

For our fitting we used a combined kernel, a sum of the following
basic kernels: a white noise kernel capturing random Gaussian noise
and two squared-exponential kernels, one with sky background as
an input variable, and the other using telescope derotator angle (see
Fig. 2). We want to highlight here that systematics based on the
derotator are not expected to be very large for the NTT as there
is no Atmospheric Dispersion Corrector, which has been known to
cause large rotation-induced systematics in some VLT/FORS data
(Moehler et al. 2010).

As with previous LRG-BEASTS papers, each input for the GP was
standardized by subtracting the mean and dividing by the standard
deviation, as previously also used by e.g. Evans et al. (2017). We
experimented with different combinations of kernel inputs which
included up to five (airmass, FWHM, position of stars along the slit,
telescope derotator angle, mean sky background). We found that two
kernel inputs (sky and derotator angle) were sufficient to remove the
red noise in the data (Fig. 4). The use of additional kernel inputs
resulted in a lower Bayesian evidence value (Alog Z > 2), it did
not improve the noise in the residuals and also led to degeneracies
between kernel components. For this reason, we used two kernel
inputs (sky and derotator angle) for our final analysis.

Our white-light light curve fit is shown in the middle panel of
Fig. 4 (b) where the GP component contributions of the sky and
derotator as inputs are shown in orange and blue, respectively.
The distributions of the posteriors of the white-light light curve fit

MNRAS 510, 48574871 (2022)

€202 1snBny gz uo 1senb Aq $0E66+9/.58Y//0LSG/oI01HE/SBIUW/WOD dNO"DlWSPESE//:SA)Y WOI) PAPEOJUMOQ


art/stab3805_f4.eps

4862  E. Ahrer et al.

1.00 1 W r 41204
W 43204
W L 45254

0.951
W -4720A
W L 48954

0.90 1 M - 50904

- 53004

5 Rimammany A

s 5505,

& 0.851 W

8 W - 57154
0

= W - 58454

£ 0.801 W | 58954
o

Z W - 59454

W - 60504

0.751 |
W 62354
W L 64304

0.701 W L 66304
W —6840A
W L 70404

0.651

T it~ 5 ~ pomiains- - 701 ppm
T e - " res-+ 695 ppm
T - weme- 1 579 ppm
T et ey - - wi-+ 632 ppm
T ™ e tbestervrmansen- 1 649 PPM
T A “ ~- 1626 ppm
T - G v e -+ 638 ppm
g [T ———— wes-+ 697 ppm
g T N s W . #1732 ppm
21 - S petninae s 1 1287 ppm
1 4t dainamisome dasemiiroimispwenes- | 1327 ppm
T A Y s pniintipnisimitie- 1 1183 ppm
T # Ao A perouiyy weie- - 818 ppm
T A Sty 7667 ppm
1 e s it A w812 ppm
1 b oo i oz T 750 ppm
T %0 e Rl st i i maiampogea- 1 798 ppm
1 o -typnane e w1789 ppm
4 -2 0 2 4

Time from mid-transit (hours)

Figure 5. Left: Light curves for each individual wavelength bin fitted with a transit model and a linear in time detrending model. The wavelength increases
from blue to red from top to bottom. The red lines correspond to the fitted transit models including the linear trend. Right: Respective RMS amplitude of the

residuals for the individual fitted spectroscopic light curves on the left.

including the GP hyperparameters are attached in the Appendix,
Fig. Al.

The final GP kernel function k is then described as the sum of two
exponential-squared basic kernel functions and a white noise kernel
function:

ksa(si, d;. s;.d;) = Alexp [—ny(s; — 5;)*] 4+ exp [—na(d; — d;)*]}
+078;, M

where A is the amplitude of the covariance, s and d are the sky and
derotator inputs, 1, and n, are the sky and derotator inverse length
scales, o2 is the variance of the white noise, and § is the Kronecker
delta. In practice, we fit for the natural logarithm of A, ;, 1,4, and o?
since these vary over orders of magnitude.

In contrast to previous LRG-BEASTS analyses, all spectroscopic
bins were fit simultaneously, sharing the GP hyperparameters for
length scale to capture the common noise shape, while allowing
the amplitude and the white noise to be independently fitted for
each spectroscopic light curve. This was computationally expensive,
but resulted in more consistent detrending between neighbouring
wavelength bins. The two shared parameters across all 18 bins are
the natural logarithm of the inverse length scale of the kernel inputs
sky and derotator angle Inn, and Inn,. Each spectroscopic light
curve j had four individual parameters: transit depth (R,/R.);, limb
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darkening coefficient u1;, logarithm of white noise variance In crjz and
GP amplitude A;. In total 74 parameters were fitted simultaneously.

The fitted spectroscopic light curves are shown in Fig. 6 and
the resulting transmission spectrum in tabular form is displayed in
Table 5, including the retrieved GP hyperparameters.

4.4 Transmission spectrum

Following the light curve fitting, the transmission spectra for both
detrending methods were constructed as shown in Fig. 7. While the
transmission spectrum inferred with parametric detrending shows
less uncertainty, the GP noise modelling provided a slightly better
fit, showing less residual noise (see Figs 5 and 6). The overall shape
of both transmission spectra are very similar, with a slope towards
the blue end of the spectrum and excess absorption at 5893 A (the
centre of the Nal doublet). The detection of the sodium absorption
feature in both spectra demonstrates that the presence of the signal
is not sensitive to our treatment of the systematics.

4.5 Testing the sodium signal

As an independent test of the significance of the sodium absorption,
we extracted average spectra for WASP-94A and WASP-94B for
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Table 4. Transmission spectrum of WASP-94A b in tabulated form using a
linear in time detrending, as plotted in Fig. 7.

Bins (A) Ry/R. ul w2

3800 - 4020 0.1079070 5004 0.871003 -0.0639
4020 - 4220 0.10965T 00026 0.707593 -0.0109
4220 - 4420 0.1083170:90033 0.72+0:53 -0.0275
4420 - 4630 0.1077415:90027 0.6410:03 0.0460
4630 — 4810 0.107667 00020 0.587903 0.0736
4810 — 4980 0.107407 00087 0.5370%3 0.1032
4980 — 5200 0.107091-90028 0.55+0:03 0.0884
5200 — 5400 0.106367 0002 0.517903 0.1080
5400 - 5610 0.107247 500023 0.46750 0.1134
56105818 0.107347900023 0.457504 0.1265
5818 — 5868 0.1075715:90033 0.4170:08 0.1348
5868 — 5918 0.109751 00038 0.431007 0.1269
5918 — 5968 0.1081015:90037 0.42+0:08 0.1315
5968 — 6130 0.107417500021 0.4179:0 0.1334
6130 — 6340 0.107007 50002 0.41750 0.1337
6340 — 6520 0.1074515:90016 0.36709° 0.1404
6520 — 6740 0.107257300017 0.327507 0.1565
6740 — 6940 0.1071075:00030 0.3579:0¢ 0.1429
6940 — 7140 0.10710750002 0.3575:9¢ 0.1434

in-transit (between 2nd and 3rd contact) and out-of-transit times,
and calculated the direct ratio of the two spectra. These are plotted in
Fig. 8. Because the two stars have such similar spectral types, stellar
absorption features cancel, and the out-of-transit ratio spectrum is
featureless (blue points in Fig. 8). In contrast, a strong absorption
feature is seen at the expected wavelength of sodium in the ratio
spectrum for the in-transit data (black points). This excess absorption
during transit must presumably arise in the atmosphere of WASP-
94Ab. Due to the similarity of target and comparison star, this simple
approach allows us to verify the presence of the sodium absorption
without any light curve fitting or detrending.

To estimate the significance of the absorption signal seen in Fig. 8,
we fitted a Gaussian to determine the in-transit flux ratio at the
peak absorption and compare it to the continuum, resulting in a
significance of 4.90.

The spectra in Fig. 8 are binned to 14 A wavelength bins, which
is half the inherent resolution of the spectrum of 27.24 & 0.17 A.
This value was calculated from the FWHM of target and comparison
stars, as well as the instrument/grism resolution with 2 x 2 binning
of 4.08 A/pixel. In Fig. 8, we see an offset of the absorption from the
wavelength of the sodium doublet by one bin i.e. half the inherent
resolution which is within the uncertainty of our wavelength solution.

4.6 Atmospheric retrieval

In order to aid interpretation of the transmission spectrum shown
in Fig. 7, we performed atmospheric retrievals using the PLATON
PYTHON tool by Zhang et al. (2019, 2020), an open-source package
assuming equilibrium chemistry.

To account for clouds and hazes PLATON uses three parameters:
the logarithm of cloud-top pressure, log P.jouq; the power-law index
of the wavelength dependence of the scattering cross-section, « (with
value 4 for Rayleigh scattering); and the logarithm of a scattering
slope multiplying factor, log S. The atmospheric opacity is thus given
by § x A~ with A equal to the wavelength.

Transmission spectrum of WASP-94A b 4863

For our retrieval we considered two different models, one where
the gradient of the scattering slope is fixed to Rayleigh scattering
(e = 4) and one where this parameter is free. Parameters retrieved
in all models are mass of the planet (Mp), radius of the planet at
1 bar (Rp, 1par), the limb temperature (Tiimp), metallicity (log Z/Z),
cloud-top pressure (log P.jouq), and the scattering factor (log ), which
are shown along with their corresponding priors in Table 6. The
range for the priors was mostly chosen to be wide and uniform,
with the exception of the mass of the planet which was described by
a Gaussian prior centred on the measured mass of the planet with
standard deviation of the error (Table 2). The C/O ratio was fixed
to the solar value of 0.53 as we cannot constrain this value due to
the lack of sensitivity to carbon and oxygen bearing species such as
water or carbon monoxide in the optical wavelength range.

We chose to run the PLATON retrieval with a nested sampling
algorithm, which is implemented in PLATON using the PYTHON
package DYNESTY (Speagle 2020). Using nested sampling allows us
to compare Bayesian evidence values for the two models, describing
their statistical significance. The higher the Bayesian evidence value,
the better description of the data, where a difference in logarithmic
evidence AlogZ of >5 between two models corresponds to a
99.3 per cent probability (Jeffreys 1983), i.e. strongly favouring one
model over the other.

The two resulting retrieved models are plotted in Fig. 9. They
are both dominated by an overall scattering slope and a prominent
sodium line that exhibits significant pressure broadening. The cor-
responding parameter values for these retrievals are presented in
Table 6, which also includes the values for the Bayesian evidence.
These results show that while the model including a free scattering
slope resulted in a higher Bayesian evidence value, the difference of
Alog Z = 0.53 4= 0.33 does not equate to strong enough evidence to
rule out the model where the gradient is fixed to Rayleigh scattering
(o =4). Itis interesting to note that all fitted parameters are consistent
between the two models to within 1o, except for the scattering
gradient where the fitted value deviates from the Rayleigh slope
by l.1o.

We note that the retrieved limb temperatures of ~1100 K are
lower than the equilibrium temperature of 1500 K obtained by
Garhart et al. (2020). This is consistent with the expected terminator
temperatures for such hot Jupiters (Kataria et al. 2016). In addition,
such differences between retrieved limb temperatures and equilib-
rium temperatures can also be explained by the single-temperature
retrieval being applied to the differing temperatures and compositions
of morning and evening terminators in the exoplanet’s atmosphere
(MacDonald, Goyal & Lewis 2020).

4.7 The width of the sodium line

Our atmospheric retrieval shows significant broadening in the sodium
line, corresponding to pressure broadening in a relatively cloud-free
atmosphere (Fig. 9). The two wide data points neighbouring the three
narrow bins around the sodium line are also elevated, suggesting the
pressure broadening may be significantly detected in our observed
transmission spectrum. To investigate the sodium line profile further,
we split the spectrum between 5600-6200 A into 35 wavelength bins,
each with a width of 14 A (the Nyquist sampling, see Section 4.4).
The middle bin was centred on the sodium doublet. The spectroscopic
light curves were then fitted using linear detrending, resulting in a
higher-resolution transmission spectrum that is plotted in Fig. 10.
The sodium line remains clearly visible in this higher-resolution
transmission spectrum, and the line profile was fitted with two
different models: a Gaussian with FWHM fixed to the instrumental
resolution (27.24A) and a Voigt profile with an unconstrained
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Figure 6. Left: Light curves for each individual wavelength bin fitted with the transit model and the GP detrending model (red line). The GP detrending model
is also plotted on its own in green. Wavelength increases from top to bottom. Right: Corresponding Residuals for the spectroscopic light curves.

additional width. The latter model is a convolution of the former,
instrumental model, with a Lorentzian describing the pressure-
broadened sodium described by the fitting parameter . The FWHM
of the Lorentzian profile is 2. To account for uncertainties in our
wavelength solution we allowed both models to fit for the centre of
the sodium absorption. The two model fits are included in Fig. 10.

The instrumental width does not fit the sodium line well and
suggests broadening is needed. We find a best fitting FWHM for
the Voigt profile of 78*5) A, where the FWHM of the Lorentzian
component is 68772 A, which is inconsistent with zero at the 1.80
level. The Bayesian evidence for the Voigt model, however, is lower
than the value for the instrument-only broadening model by AZ =
1.69 £0.15.

5 DISCUSSION

5.1 Precision of observations

In this paper we present the first transmission spectroscopy mea-
surements with ESO’s EFOSC2 instrument on the 3.6m NTT.
EFOSC2 is a grism spectrograph, with a simple optical design,
which is favourable for high precision observations. Our wavelength-
dependent light curves shown in Figs 5 and 6 are relatively free of

MNRAS 510, 48574871 (2022)

systematic noise, with the RMS amplitude of residuals only 1.1 x
and 1.4 x above the expected photon noise for each of the detrending
approaches (Sections 4.2 and 4.3). This is better than typically seen
with larger 8—10m class telescopes, where the improved photon
noise often cannot be exploited because the precision is limited by
systematics. Consequently, transmission spectroscopy with medium-
sized telescopes such as the NTT can achieve comparable precision.

In our transmission spectra of Figs7 and 9, we achieve an
average absolute precision of 128 ppm in 200A bins, which is less
than half the atmospheric scale height of our target planet WASP-
94Ab. This precision compares very favourably with single-transit
transmission spectroscopy in low-resolution carried out with much
larger telescopes such as the 8.2 m VLT using the FORS2 instrument
(e.g. 200 ppm for 150A wide bins in Wilson et al. 2020), as well as
from space with HST using the STIS instrument (e.g. 221 ppm for ~
175A wide bins with grism G750L or 175 ppm for ~ 55A wide bins
with grism G430L in Sheppard et al. 2021).

In part, the very high precision of our single-transit observations
arises from the binary nature of the system, with WASP-94B
providing an ideal comparison star of very similar brightness and
spectral type at an ideal separation of just 15 arcsec from the target
(similar to the situation for XO-2b, e.g. Pearson et al. 2019). We
note that this makes WASP-94A b particularly well suited to a future
intensive ground-based programme of atmospheric characterization.
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Table 5. Retrieved transmission spectrum of WASP-94A b in tabulated form
using GP detrending, as plotted in Fig. 7, and the individual retrieved GP
hyperparameters amplitude A and the white noise kernel variance parameter
In o2, The shared hyperparameters are determined to be In 7, = —1.21f?:30
andInng = 0‘26f8:‘5‘§. The fixed values for the limb-darkening parameter u2
are equal to the ones used in the linear detrending and displayed in Table 4.

Bins (A) Ry/R. ul In A Ino?

4020-4220  0.108257590062 071 +£0.03 —14.1737 —17.0718
4220-4420  0.107287590062 073 +£0.03 —14.9737 —18.472§
4420-4630  0.1065675:9007  0.65+£0.03 —15.3733 —21.0737
46304810 0.1063010:990%8 059 +£0.03 —14.8735 -20.4738
4810-4980  0.1062970.9008  0.53 £0.03 —15.4737 -20.373%
49805200  0.1065470000%¢  0.55+£0.03 —15573% —19.3731
52005400  0.1061870:000%¢ 051 +£0.03 —15473] —19.673
54005610 0.1059070:99050 048 £0.03 —14.8735 —16.87}3
5610-5818  0.10681700008  0.46 +£0.03 —15.4737 —16.070%
58185868  0.1066270.000%¢ 045 +£0.04 —17.77§2 —20.07%5
5868 -5918  0.1085970.00070 048 £0.04 —17.77¢9 —19.07%3
5918 — 5968 0.1073759019 046 £0.04 —16.8%31 —20.9%%
5968 - 6130 0.1066810:0006¢ 043 £0.03 —16.073] —17.078
6130-6340  0.1063710909%8 0424002 —17.3%33 —20.6%40
6340 - 6520 0.1064775:99063 0,40 £0.03 —15.9737 —16.67}3
65206740 0.1060370:9961 036 +£0.03 —14.773¢ —17.67%}
6740 - 6940  0.1064210:9%96% 038 £0.03 —17.0735 —19.173%
6940 —7140  0.1064975:9905%  0.38 £0.03 —14.5737 —21.0732
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Figure 7. Transmission spectrum for WASP-94A b determined using two
detrending models: a linear trend in time (blue), and using GP with kernel
inputs based on sky background and telescope derotator angle (black). Note
that the offset between the transmission spectra is a natural consequence
of fixing the values of system parameters, which is necessary in order to
accurately assess the relative uncertainties between different wavelengths.

We also found the absolute precision in the transmission spectrum
with the GP detrending was improved by fitting all light curves
simultaneously while linking the GP hyper-parameters for length-
scale. This allowed us to account for systematic features in the light
curves while imposing similar detrending. The precision is signif-
icantly lower when fitting the light curves with GPs individually,
with an average precision of 181 ppm compared to 128 ppm for
bins ~200 A wide. We illustrate this in Fig. 11, where we show
the different transmission spectra with the three different detrending
methods, from top to bottom with increasing uncertainties.
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Figure 8. Direct ratio of the spectra of our target star (WASP-94A) and
comparison star (WASP-94B) made separately for in-transit (black) and out-
of-transit (blue) times. This shows excess absorption during transit at the
wavelength of the sodium doublet (dashed red line).

5.2 Sodium absorption

Our analysis reveals sodium to be present in the atmosphere of
WASP-94Ab at a significance of 4.90. The absorption feature
is visible in transmission spectra measured with each of our
detrending models (linear polynomial and GP; Fig. 7). We also
confirmed the detection and significance of sodium absorption
independently of our light curve fitting using a direct comparison
of average spectra in and out of transit (Fig. 8). This was possible
because of the very close match between the stellar spectra of
the target star WASP-94A and its binary companion, WASP-94B
(Fig. 3)

Our measured transmission spectrum and its retrieval models using
PLATON in Fig. 9 suggest a pressure-broadened sodium absorption
line arising in a relatively cloud-free atmosphere. To investigate
the sodium line profile further, we extracted a second transmission
spectrum using the full spectral resolution available from our data
(extracted with the Nyquist sampling of 14 A bins; Fig. 10). Our best-
fitting line profile is indeed broader than the instrumental resolution,
with a FWHM of 787$]A (see Section 4.7 and Fig. 10), although
at this spectral resolution the signal-to-noise ratio of our single-
transit observation is low and Bayesian model comparison does not
support the additional free parameter of the broadened model. Further
observations are required to determine whether sodium absorption
in the transmission spectrum of WASP-94A b is indeed significantly
pressure broadened.

Detections of sodium absorption in hot Jupiters remain relatively
rare, especially in the low-resolution regime, with less than ten
cases from HST and only a handful measured from the ground
(e.g. Sing et al. 2012; Nikolov et al. 2016, 2018; Chen et al.
2020). In some cases the detections are disputed, for instance in
the original case of HD 209458 b (Casasayas-Barris et al. 2020,
2021). In most cases the detected sodium lines are consistent with
being narrow, and arising from relatively high in the planetary
atmosphere, with the pressure-broadened absorption from the lower
atmosphere being masked by condensates (e.g. Nikolov et al.
2014; Sing et al. 2016). Only in a few exoplanet atmospheres the
pressure-broadening has been observed so far, such as WASP-39b
(Fischer et al. 2016),WASP-96 b (Nikolov et al. 2018), and WASP-
62b (Alam et al. 2021). If confirmed with higher signal-to-noise
observations, our tentative detection of pressure-broadened sodium
absorption in WASP-94A b would indicate a relatively cloud-free
atmosphere, making it a priority target for infra-red observations
aiming to detect molecular bands and measure atmospheric abun-
dances.
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Table 6. Retrieved parameters for the atmospheric retrieval analysis with PLATON and their respective priors. Values for Tefr and Ry, M, Teq are
listed in Table 1 and Table 2, respectively. The two models, one including the scattering as a free gradient and one fixed to the Rayleigh scattering
(o« = 4). For both models, the C/O ratio is fixed to solar at 0.53 and the stellar radius is fixed to 1.36 Ry, (see Table 1). Posterior distributions of

both models in the form of a corner plot are displayed in the Appendix, Fig. A2.

Priors Fixed to Rayleigh scattering Free scattering gradient
Parameter Distribution Limits Median Best fit Median Best fit
Planet mass M, (Mjup) Gaussian w=M,, o =0036 0.45710:9% 0.465 0458 £0.030 0455
Planet radius R, (Ryup) Uniform 0.9 xR, 1.1 xR, 163910032 1.672 16457003 1.624
Limb temperature Ty (K) Uniform 0.5 X Teg, 1.5 X Teq 10701239 930 1110132 1300
Metallicity (log Z/Z) Uniform -1,3 1.549 1.7 146109 1.61
Cloud-top pressure 1og Pejous (Pa) Uniform -0.99, 5 26114 4.1 26173 2.3
Scattering factor log § Uniform -10, 10 0.8%3¢ 0.2 -2.843% -39
Scattering gradient o Uniform -4,20 fixed to 4 13.5%44 18.8
Bayesian evidence log Z 131.40 £ 0.26 131.93 £0.29
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Figure 9. Obtained transmission spectrum for WASP-94A using the GP simultaneous detrending method (black) and the two PLATON models, one where the
scattering gradient is fixed to Rayleigh scattering (orange) and one where the gradient of the scattering slope is a free parameter (blue). Note that based on the

Bayesian evidence, neither of the models is significantly preferred over the other.

5.3 Scattering slope

Our transmission spectra show a clear and steep upward slope at
the blue end of the spectrum (Figs7 and 9), which is indicative
of Rayleigh scattering in the planetary atmosphere. Similar slopes
have been observed for alike planets such as HD 209458 b (Sing
et al. 2016) and HAT-P-1b (Nikolov et al. 2014), demonstrated in
Fig. 12. Both exoplanets possess close resemblance to WASP-94A b
in physical properties, while also orbiting similar stars (GO type
stars). HD 209458 b has a 3.52-d period, with a mass of 0.69 My, a
radius of 1.38 Ry, (Bonomo et al. 2017) and equilibrium temperature
of 1480 K (e.g. Evans et al. 2015), while HAT-P-1b orbits its host
star every 4.47 d, with a mass of 0.53 My, a radius of 1.32 Ry, and
equilibrium temperature of 1320 K (Nikolov et al. 2014).

We find evidence for a super-Rayleigh slope in the transmission
spectrum (see Section 4.6). The strength of this evidence depends
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of the choice of detrending method, which in turn sets the
precision of the transmission spectrum (Fig. 11). With the smaller
uncertainties estimated with linear detrending, we find reasonably
strong evidence of a super-Rayleigh slope (A log Z = 3.70 £ 0.71
which corresponds to 2 — 2.5¢ significance). However, using
the more conservative uncertainties from the GP detrending
we find the evidence for a super-Rayleigh slope is weaker
(Alog Z =0.54 £ 0.38 which is < lo).

Super-Rayleigh slopes have been observed in several exoplanet
atmospheres before (e.g. HD189733 b, WASP-127b, WASP-21b,
WASP-74b, WASP-104b; Sing et al. 2011; Palle et al. 2017;
Alderson et al. 2020; Luque et al. 2020; Chen et al. 2021). Several
explanations have been suggested for this, including based on
additional opacity sources such as mineral clouds (e.g. Lecavelier
Des Etangs et al. 2008), photochemical hazes — especially for
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Figure 10. Transmission spectrum of WASP-94Ab when sampling at
Nyquist rate (14 A bin width) between 5600-6200 A with two competing
models and corresponding residuals. The blue line corresponds to the
model solely considering instrumental inherent broadening, while the orange
one fits for an extra width equal to a Voigt profile (convolution of the
instrumental profile with a Lorentzian profile i.e. the pressure-broadened
sodium absorption). The expected central wavelength of the Nal doublet is
indicated with the red dashed line.

exoplanets like WASP-94A b with equilibrium temperatures around
1000-1500 K (Kawashima & Ikoma 2019; Ohno & Kawashima
2020), a combination of clouds and haze layers (e.g. Pont et al.
2013) or alternatively stellar activity (e.g. McCullough et al. 2014;
Espinoza et al. 2019; Weaver et al. 2020). Thermal inversion could
potentially push a H, Rayleigh scattering opacity source to a steeper
slope (Fortney et al. 2008), however, planets below ~2000 K are less
likely to have thermal inversions due to species such as TiO and VO
as they are not expected to be in the gas phase at these temperatures
(e.g. Gandhi & Madhusudhan 2019) and given the WASP-94A b’s
equilibrium temperature of 1500K, a thermal inversion on the
dayside atmosphere is unlikely.

In the case of WASP-94A we do not expect stellar activity to play
a significant role as the effects of spots and faculae were estimated
to be <30 ppm for F8-type stars assuming 1 per cent transit depth
(Rackham, Apai & Giampapa 2019), which is not detectable with
our precision and cannot account for the detected slope. In addition,
in the discovery paper by Neveu-Vanmalle et al. (2014) there was no
mention of any photometric variations in the lightcurve of WASP-
94Ab. Nevertheless, we tested this case by running retrieval models
with PLATON including stellar activity instead of the gradient of the
scattering slope. These retrievals included fitting for spot temperature
and spot coverage fraction, which was limited to < 7 per cent as
estimated for F8-type stars by Rackham et al. (2019). These retrievals
confirmed that the stellar activity was not able to account for the
observed blueward slope.

5.4 Evidence for atmospheric escape

As part of our investigation into stellar activity as a potential
explanation of the steep scattering slope (Section 5.3), we checked
whether there is chromospheric emission in the Call H&K lines using
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Figure 11. WASP-94Ab transmission spectra comparing the precision
achieved with three different detrending methods. From top to bottom:
first order polynomial detrending is used for the individual light curves
(98 & 3 ppm precision in 200 A wide bins); GP detrending simultaneously
on all spectroscopic light curves with shared GP hyperparameters for
length scales (128 =+ 2 ppm precision); GP detrending with all bins fitted
independently (181 4 6 ppm precision).
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Figure 12. Transmission spectrum of WASP-94A b (black) in comparison
to the transmission spectra of HD 209458 b (blue) (Sing et al. 2016) and
HAT-P-1b (orange) (Nikolov et al. 2014) as a function of scale height. One
atmospheric scale height corresponds to 262 ppm for WASP-94A b, 166 ppm
for HD 209458 b, and 146 ppm for HAT-P-1b. Both HD 209458 b and HAT-
P-1b have similar properties to WASP-94A b and orbit stars with similar
spectral type (see text for details).

high-resolution observations with the HARPS spectrograph (Mayor
et al. 2003) of WASP-94A.2

2Based on observations collected at the European Southern Observatory under
ESO programme 097.C-1025(B).
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Figure 13. High-resolution HARPS spectrum of WASP-94A: Both Call
H&K lines (top) and zoomed in on the two lines (middle: K line with centre
at 3933.66 A, bottom: H line with centre at 3968.47 A). There is no emission
seen in either of the core lines, instead there is a dip visible, resulting in a
log Ry value of —5.18 & 0.27.

Following Lovis et al. (2011) and using calibrations by Noyes et al.
(1984) and Middelkoop (1982) we calculated the log Ry, of WASP-
94A to be log Ry = —5.18 £ 0.27. This value is below —5.1 which
corresponds to a basal level exhibited by inactive FGK stars and we
found that the H&K lines do not show emission in the core. Instead,
the H&K lines appear to have excess narrow absorption in their core,
which can be seen in Fig. 13. This excess absorption is similar to
that seen in WASP-12b and a number of other hot Jupiters (Fossati
et al. 2013), where it is interpreted as absorption by circumstellar
material escaping the hot Jupiter atmosphere and absorbing the stellar
emission of Call in the H&K lines. This interpretation is supported
by the statistical analysis of a larger sample of stars by Haswell
et al. (2020). It is also supported by the fact that a log Ry value this
low (and in combination with the colour of the star B — V = 0.69)
would suggest a rotation period of 40 days and a high age of 8 Gyr
(Mamajek & Hillenbrand 2008). The rotation period was determined
by Neveu-Vanmalle et al. (2014) to be 19.5days, based on their
measurement of vsin i,, the projected stellar rotational velocity. We
conclude that WASP-94A is most likely enshrouded in gas escaping
from its hot Jupiter.

6 CONCLUSIONS

We have presented a low-resolution optical transmission spectrum of
the hot Jupiter WASP-94A b: the first atmospheric characterization
of this highly-inflated exoplanet. Our observations form part of the
LRG-BEASTS survey and made use of the EFOSC2 instrument
at the ESO NTT, which has not been utilised for transmission
spectroscopy previously. Our transmission spectrum from one full
transit of WASP-94A covers the wavelength range 4020-7140 A,
with an average transit-depth precision of 128 ppm for ~200 A wide
bins. This corresponds to less than half a scale height in the planetary
atmosphere. The binary companion WASP-94B served as an ideal
comparison star with very similar brightness and spectral type to

MNRAS 510, 48574871 (2022)

WASP-94A, resulting in an average RMS-noise to expected photon
noise ratio of 1.15.

We compared two methods for accounting for systematic trends
in our light curves, in order to show that our results are insensitive
to the choice of detrending model. In the first case we utilized a
simple linear detrending approach, while in the second we modelled
the noise using a GP. For the GP, we employed a kernel using sky
background and telescope derotator angle as kernel inputs. We also si-
multaneously fitted all spectroscopic light curves, linking the GP hy-
perparameters for length scales. While this was computationally ex-
pensive, we found this approach provided more consistent detrending
between wavelength bins and an overall improvement in the precision
of transmission spectrum (from an average of 181 ppm to 128 ppm).

Our subsequent analysis of the transmission spectrum reveals
sodium absorption in the atmosphere of WASP-94A b with a signifi-
cance of 4.9¢. The sodium absorption is visible even in a direct ratio
of in- and out-of-transit spectra, and we find evidence for substantial
pressure broadening. Our detection of strong sodium absorption with
probable pressure broadening indicates a clear atmosphere.

In addition, our transmission spectrum shows a steep blueward
slope at short wavelengths. Although our retrievals are consistent
with Rayleigh scattering, the best-fitting slope is much steeper.
A super-Rayleigh slope might be caused by mineral clouds or
photochemical hazes.

Finally, we note that the relatively clear atmosphere of WASP-
94A b combined with availability of an ideal comparison star makes it
aprime target for further atmospheric characterization, and especially
abundance measurements in the infrared.
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APPENDIX A: POSTERIOR PLOTS

~ y \ |/ \
£ ? )
\ / /

: ) /// \ - /

S —

L1755 11756 89.5  90.0 90.5 T.415 T7.440 T7.465 0.1053

Te(days) i(°) a/Ry R,/ R

051 052 0.53 —17 —16 2.5 3.0 35 —05 00 05 10 —17.0 —16.6
ul nA Inna Inn; Ino?

Figure A1. Corner plot of the posterior distributions of parameter values as determined by the white-light light curve fit using a GP to model systematics. Some
of the parameters describe the transit: time of mid-transit T¢, inclination i, scaled stellar radius a/Ry, transit depth R,/Ry, and limb-darkening coefficient ul;
while the GP is described by the amplitude A, the logarithmic inverse length scales In 54 and In 5 and the variance of the white noise kernel In 2. All retrieved
parameters and their prior distributions are summarized in Table 3 and further described in the main text of the paper.
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Figure A2. Posterior distributions of the parameters fitted by the two atmospheric retrieval models using PLATON as shown in Fig. 9 with all retrieved values
and uncertainties displayed in Table 6. Following the same colour code, blue represents the retrieved parameters fitted by the free scattering gradient model and

orange describes the distributions of the parameters when the gradient was fixed at Rayleigh scattering i.e. « = 4.
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