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ESPRESSO high-resolution transmission spectroscopy
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ABSTRACT

Aims. We report on ESPRESSO high-resolution transmission spectroscopic observations of two primary transits of the highly irradi-
ated, ultra-hot Jupiter-sized planet, WASP-76b. We investigated the presence of several key atomic and molecular features of interest
that may reveal the atmospheric properties of the planet.

Methods. We extracted two transmission spectra of WASP-76b with R ~ 140 000 using a procedure that allowed us to process the
full ESPRESSO wavelength range (3800-7880 A) simultaneously. We observed that at a high signal-to-noise ratio, the continuum of
ESPRESSO spectra shows ‘wiggles’, which are likely caused by an interference pattern outside the spectrograph. To search for the
planetary features, we visually analysed the extracted transmission spectra and cross-correlated the observations against theoretical
spectra of different atomic and molecular species.

Results. The following atomic features are detected: LiI, Nal, Mg1, Call, Mn1, K1, and Fe 1. All are detected with a confidence level
between 9.2 o (NaT) and 2.8 o (Mg1). We did not detect the following species: TiI, Cr1, NiI, TiO, VO, and ZrO. We impose the
following 1 o upper limits on their detectability: 60, 77, 122, 6, 8, and 8 ppm, respectively.

Conclusions. We report the detection of LiI on WASP-76b for the first time. In addition, we confirm the presence of NaI and Fe as
previously reported in the literature. We show that the procedure employed in this work can detect features down to the level of ~0.1%
in the transmission spectrum and ~10 ppm by means of a cross-correlation method. We discuss the presence of neutral and singly

ionised features in the atmosphere of WASP-76b.

Key words. planets and satellites: atmospheres — planets and satellites: individual: WASP-76b

1. Introduction

Planets orbiting late-type stars are ubiquitous, as demonstrated
by the thousands of planets discovered to date'. Their numbers
have been steadily increasing during the last decades thanks to
multiple spectroscopic and photometric surveys carried out by,
for example, the space missions Kepler (Borucki et al. 2010)
and TESS (Ricker 2014), and the ground-based spectrographs
HARPS (Mayor et al. 2003), HARPS-N (Cosentino et al. 2012),
HIRES (Vogt et al. 1994), CARMENES (Quirrenbach et al.
2016), and MARVELS (Alam et al. 2015). Moreover, their num-
bers and our knowledge of exoplanets will increase thanks to new

* Based on guaranteed time observations collected at the European
Southern Observatory under ESO programme 1102.C-0744 by the
ESPRESSO Consortium.

I https://exoplanetarchive.ipac.caltech.edu

Article published by EDP Sciences

and future observing facilities like ESPRESSO (Pepe et al. 2010,
2021), CHEOPS (Rando et al. 2018), HPF (Mahadevan et al.
2014), JWST (Gardner et al. 2006), PLATO (Rauer et al. 2014),
NIRPS (Wildi et al. 2017), and SPIRou (Moutou et al. 2015).
Exoplanetary research is now approaching the deep study and
characterisation of the atmospheres of the extrasolar planets.

It is of great interest to investigate transiting exoplanets and
their atmospheres, and to learn about their bulk chemical com-
positions. In particular, highly irradiated gaseous planets are a
key target for atmospheric characterisation due to their intrin-
sic properties, such as their proximity to the parent host star,
their transit depth, and their transit duration. Charbonneau et al.
(2002) reported the first detection of an exoplanet atmosphere by
means of HST transmission spectroscopy. However, Casasayas-
Barris et al. (2020, 2021) raised some doubts over that detection,
showing that it could be explained by the Rossiter-McLaughlin
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effect. In spite of this, Charbonneau et al. (2002) opened a new
era in the study of the atmospheres of transiting exoplanets. The
first neutral sodium detection in HD 209458 b with a ground-
based telescope was made by Snellen et al. (2008) as well as for
HD 189733 b by Redfield et al. (2008). Several chemical species
have already been reported in the atmospheres of tens of the so-
called ultra-hot Jupiters (UHJs), which are giant gaseous planets
with typical equilibrium temperatures (7¢q) above #2200 K (see
Parmentier et al. 2018). In particular, Fe 1,11 and Ti 1,11 have been
detected in the atmosphere of the UHJ Kelt-9 b (Hoeijmakers
et al. 2018, 2019). In addition, Fe 1,11 has also been reported
in other UHJs such as MASCARA-2b (Casasayas-Barris et al.
2019), WASP-121b (Gibson et al. 2020; Hoeijmakers et al. 2020),
or WASP-76b (Ehrenreich et al. 2020). Other species such as He,
Na, Mg, K, V, Cr, CO, CHy, or water vapor have been reported
in the atmospheres of tens of highly irradiated gaseous planets
(e.g. Barman et al. 2015; Wyttenbach et al. 2015; Sheppard et al.
2017; Chen et al. 2018; Nortmann et al. 2018; Parmentier et al.
2018; Allart et al. 2018, 2019; Alonso-Floriano et al. 2019; Seidel
et al. 2019; Hoeijmakers et al. 2020).

Spectroscopy is currently a powerful tool able to detect
atomic or molecular features in the transmission spectra of tran-
siting exoplanets, which in turn are key to revealing their internal
chemistry and surface compositions. The Echelle Spectrograph
for Rocky Exoplanets and Stable Spectroscopic Observations
(ESPRESSO; see Pepe et al. 2010, 2021) is the new generation
high-resolution spectrograph at the 8-m Very Large Telescope
(VLT) at Paranal, Chile. ESPRESSO at the VLT offers an excel-
lent opportunity for atmospheric characterisation, given the large
collecting area of the VLT. This is a key factor for achieving the
necessary signal-to-noise ratio (S/N) per resolution element dur-
ing the critical and limited observational windows of transiting
exoplanets. In addition, studying the atmospheres of gas giant
planets at optical wavelengths is a complement to future observa-
tions at much longer wavelengths by JWST (Gardner et al. 2006)
and Ariel (Tinetti et al. 2016).

In this work, we present the detailed analysis of the transmis-
sion spectrum of WASP-76b using ESPRESSO data. WASP-76b
orbits an F7 V star with my = 9.5 mag with an orbital period of
approximately 1.8 d (West et al. 2016; Ehrenreich et al. 2020).
WASP-76b is an inflated UHJ with roughly one Jupiter mass
and twice its radius with an equilibrium temperature of more
than 2200 K. Thus, it is a perfect target for atmospheric charac-
terisation given its high equilibrium temperature and the high-
metallicity of the host-star (see Seidel et al. 2019; Ehrenreich
et al. 2020; Edwards et al. 2020; von Essen et al. 2020). We
analysed the same data as in Ehrenreich et al. (2020) with
the objective of exploring which spectral atomic and molecular
species can be detected using ESPRESSO.

This manuscript is organised into the following sections: the
ESPRESSO observations are presented in Sect. 2; the extrac-
tion of the transmission spectrum is described in Sect. 3; while
the stellar characterisation of WASP-76 can be found in Sect. 4;
the transmission spectrum is analysed in Sect. 5; and finally, the
summary and conclusions are given in Sect. 6.

2. Observational data

We collected several high-resolution echelle spectra covering
two transits of the ultra-hot Jupiter, WASP-76b, using the HR21?2

2 HR2I uses a binning of a factor of 2 in the direction perpendicular to
wavelength.
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Table 1. Summary of WASP-76b transit observations.

Number of spectra

Date Total In-transit Out-of-transit  fexp (S)
2018-09-03 36 20 16 600
2018-10-31 70 38 32 300
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Fig. 1. Example of our telluric correction procedure in the K1 region.
Top panel: uncorrected spectrum (black dashed line) and corrected
spectrum (red dots). Bottom panel: best telluric correction solution for
a WASP-76 spectrum in this particular wavelength range.

mode of ESPRESSO covering the optical wavelengths from
3800 to 7880 A with R ~ 140 000. These two transit observations
were carried out as part of the ESPRESSO Guaranteed Time
Observations under ESO programme 1102.C-744. The observa-
tions were reduced using the ESPRESSO reduction pipeline®.
The pipeline delivers the necessary products to further process
the data; for example, barycentric corrected radial velocities (V;),
the stellar fluxes together with their uncertainties, wavelengths
(in vacuum), and S/N.

The two transits of WASP-76b were observed on the follow-
ing Universal Time (UT) dates: 2018 September 03 (first transit,
hereafter T1) and 2018 October 31 (second transit, T2). On
both occasions, we observed the target uninterruptedly for ~2 h
before, during, and ~2 h after the transit. In T1, we collected
a total of 36 ESPRESSO spectra with an individual exposure
time of 600 s; in T2, we acquired 70 spectra of 300 s each. The
average S/N of each individual observation is about 120 per
pixel element at ~5500 A (see Ehrenreich et al. 2020). For T1,
we performed longer exposure times than for T2 due to weather
constraints (i.e. poor seeing). Unfortunately, the ESPRESSO
atmospheric dispersion corrector (ADC) is not built to correct
the atmospheric transmission above an airmass of 2.2. Thus,
we discarded two spectra for both transits because they were
not suitable for any meaningful transmission spectrum retrieval
and later analysis. Other details regarding the observations for
these two transits of WASP-76b can be found in Table 1, while
information on the dates and radial velocities can be found in
Ehrenreich et al. (2020).

3 https://www.eso.org/sci/software/pipelines/


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039511&pdf_id=0
https://www.eso.org/sci/software/pipelines/

H. M. Tabernero et al.: ESPRESSO high-resolution transmission spectroscopy of WASP-76 b

Table 2. Molecfit parameters used to correct telluric lines.

Parameter Value Description

ftol 1073 x? tolerance

xtol 107> Tolerance for the molectfit fitted variables
fit_cont 1 Continuum fitting flag

cont_n 3 Degree of polynomial continuum
fit_res_gauss 1 Gaussian kernel

res_gauss 3.5 Kernel size (pixels)

kernfac 6.0 Kernel size measured in units of the kernel FWHM
list_molec H,0,0, Molecules to be synthetised

Table 3. Orbital and physical parameters for the WASP-76 system.

Parameter Value Reference
Stellar parameters
Tet 6316 = 64 K This work
logg 4.13 + 0.14 dex This work
[Fe/H] 0.34 + 0.05 dex This work
A(L1) 2.47 dex This work
& 1.38 + 0.07 km s7! This work
M., 1.45 + 0.02 M, This work
R. 1.77 £ 0.07 Ry, This work
my 9.5 mag West et al. (2016)
n 5.12 + 0.16 mas Gaia Collaboration (2018)
d 195 + 6 pc Gaia Collaboration (2018)
Planet parameters
P 1.809886 + 0.000001 d Ehrenreich et al. (2020)
M, 0.92 + 0.03 My Ehrenreich et al. (2020)
Ry 1.83 = 0.05 Ry Ehrenreich et al. (2020)
K 0.1193 + 0.0018 km s~! Ehrenreich et al. (2020)
0% —1.0733 £ 0.0002 km s~ Ehrenreich et al. (2020)
e 0 Assumed
w 90 Assumed

0.94

0.96

0.98

1.00

Quotient Flux

1.02

1.044°

1.06
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Fig. 2. Wiggle correction for a residual spectrum. Upper panel: origi-
nal residuals (red) and the cubic splines used to fit the wiggles (black).
Lower panel: final residual spectrum after removing the wiggles.

3. Data analysis
3.1. Telluric correction

The telluric lines have to be removed from the data before
extracting the transmission spectrum of WASP-76b, as they

Table 4. Chemical abundances relative to solar value ([X/H]) for

WASP-76.
SpeCieS [XH]  Tlines  Miines
(dex) (dex)
CI 0.19 0.03 3
O1 0.21 0.01 3
Nar1 0.48 0.05 4
Mg1 0.32 0.04 2
Sil 0.36 0.09 22
K1 0.39 - 1
Cal 0.41 0.09 18
Ti1 0.35 0.06 18
Crl 0.38 0.07 10
Mn1 0.32 0.01 3
Nil 0.35 0.05 33
1.0150
1.0125
1.0100
5 1.0075 ]
i, 1.00507 Mg Na H L
&
& 1.0025 1
1.0000
0.9975
0.9950 . : : : . . .
5000 5250 5500 5750 6000 6250 6500 6750 7000
A(A)

Fig. 3. Transmission spectra for WASP-76b in the 5000-7000 A range:
a few key features are shaded in grey. The T1 is the top spectrum and
T2 is the bottom one. A binning of 0.1 A has been applied to the data
for clarity. All wavelengths are given in vacuum.

might contaminate the final result. To that aim, we gathered the
processed 1D sky-corrected spectra provided by the ESPRESSO
reduction pipeline. We corrected for the telluric absorption lines
by means of the Molecfit* software suite (Smette et al. 2015;
Kausch et al. 2015). The spectra provided by the ESPRESSO
pipeline were already corrected for the Barycentric Earth Radial
Velocity (BERV). However, Molecfit models the telluric trans-
mission spectrum in the terrestial reference frame (see, e.g.

4 https://www.eso.org/sci/software/pipelines/skytools/
molecfit
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Table 5. Properties of atomic lines studied in this work.

Line A Transit h Viwind FWHM R, Significance
[A] [%] [km s™'] [km s™'] [Rp] [o]
Cant K  3934.78 T1 1.75 £ 0.25 41+51 77.8 + 11.2 1.57 £ 0.26 7.1
CanmK 3934.78 T2 2.67 £0.32 1.0+ 3.0 51.3+6.9 1.80 + 0.30 8.4
CantH 3969.59 Tl 2.56 + 0.30 -44+25 432 +5.8 1.78 + 0.29 8.5
CantH 3969.59 T2 2.76 +0.49 -21+19 21.5+44 1.82+ 0.45 5.6
MnI1 ~4033.91 T1 0.305+0.065 -122+14 13.9 £ 3.5 1.12 £0.10 4.7
Mn1 ~4033.91 T2 0.271 + 0.054 -74+£22 231+53 1.108 +0.082 5.0
Fe1 ~4402.58 T1 0.144 + 0.031 —43+22 20.8 £5.3 1.059 + 0.049 4.7
Fe1 ~4402.58 T2 0.203 = 0.030 -83+1.6 224 +39 1.082 +0.047 6.7
Mg1 4572.38 T1 0.201 = 0.072 -99+238 174 +74 1.08 + 0.11 2.8
Mg1 4572.38 T2 0.213 £ 0.058 -94+£23 159+56 1.086 +0.091 3.7
Mgib ~5175.97 T1 0.142 + 0.028 -4.1+21 214 +52  1.058 +0.045 5.0
Mgib ~5175.97 T2 0.288 +0.038 -7.31+0.71 1.1 £ 1.7  1.115 = 0.058 75
NarD2 5891.58 T1 0.449 + 0.049 -5.8+1.0 24.6 + 3.1 1.174 + 0.070 9.2
Na1iD2 5891.58 T2 0.246 + 0.037 -53+14 31.7+5.7 1.099 + 0.057 6.7
Na1 D1 5897.56 Tl 0.385 + 0.051 -5.8+1.0 212 +33 1148 +0.074 7.5
NaiD1 5897.56 T2 0.294 + 0.042 -53+14 23.6+4.1 1117 £ 0.063 7.0
Ha 6564.61 T1 0.48 +£0.12 -748 +0.73 59+138 1.18 £ 0.16 4.0
Ha 6564.61 T2 <0.2 NA NA NA NA
Lit 6709.61 T1 0.173 = 0.039 -1.8 +£3.0 26.6 +7.6 1.070 = 0.061 44
Li1 6709.61 T2 0.235+0.042 -59 +1.6 18.7+4.0 1.094 +0.064 5.7
K1 7701.09 T1 0.185+0.048 -101 27 219+6.8 1.075+0.076 3.8
K1 7701.09 T2 0.212 + 0.037 -22+21 255+54 1.086 + 0.057 5.7

Notes. Columns are: line centre in the rest frame (1), line depth (1), Doppler shift of the line (Vynq), full width at half maximum (FWHM), and the
significance of the detection. All wavelengths are in vacuum. Lines corresponding to the Mg1b T, Mn 1, and Fe I have been combined to strengthen

the S/N.

Allart et al. 2017). Consequently, we shifted the spectra to the ter-
restial reference frame before performing any telluric line fitting
with Molecfit.

In order to perform the telluric line fitting, we selected three
telluric regions in the spectra to fit the H,O and O, molecu-
lar bands (i.e. 6860-6900 A, 71607340 A, and 7590-7770 A).
Then, we used the parameters given in Table 2 and ran Molecfit
to fit the telluric lines (see Fig. 1). We refined the Molecfit
result until the input and output parameters were the same
down to the arithmetic precision achievable using the Molecfit
graphical user interface. Finally, we gathered the telluric cor-
rected ESPRESSO data and removed the Earth motion using the
BERVs already calculated by the ESPRESSO pipeline.

3.2. Transmission spectrum extraction

The telluric line correction has provided us with a set of clean
spectra that we can use to extract the planetary signature. Using
these corrected ESPRESSO spectra, we extracted the planet sig-
nal by means of a procedure based on the technique described
by Wyttenbach et al. (2015). Firstly, we shifted the spectra to
the stellar reference frame using the radial velocities (RVs) cal-
culated with the ephemeris and Keplerian stellar motion given
by Ehrenreich et al. (2020). Secondly, each individual spec-
trum was flux-scaled by means of a second order polynomial
(see Tabernero et al. 2020) to the lowest air-mass spectrum in
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its corresponding transit observations. The flux level changes
from exposure to exposure, due to variations in airmass and
atmospheric transparency, and in consequence each individual
spectrum must be corrected for these effects. In other words,
thanks to this scaling polynomial, the ESPRESSO observations
of each transit have been effectively ‘re-normalized’ to the same
continuum level.

At this point, we had generated a set of aligned observa-
tions (in terms of wavelength and flux) that we used to extract
the planetary signature. We organised the observed spectra into
two categories: in-transit and out-of-transit, according to the
ephemeris given by Ehrenreich et al. (2020). Then, we computed,
wavelength by wavelength, the median of the out-of-transit spec-
tra to generate a master stellar spectrum. After this, we divided
each individual spectrum by this master spectrum in order to
remove the stellar flux from the data. The result of this process
is a set of spectra that contain the planetary signal plus the noise
left after the removal of the stellar contribution.

After removing the stellar contribution from the data, we
found a sinusoidal pattern (wiggles hereafter) on each of the
resulting residual spectra. These wiggles are likely caused by an
interference pattern induced by the coude train optics. Qualita-
tively speaking, they have an amplitude of 1% with a period of
~30 A at ~ 6300 A and might affect the final transmission signa-
ture, and in consequence they had to be removed from the transit
data. For that reason, we removed them by fitting a set of cubic
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splines to the residual spectra using the iSpec code (Blanco-
Cuaresma et al. 2014, see Fig. 2). Then, the in-transit residual
spectra were shifted in velocity to bring them to the planetary
rest frame using the ephemeris given by Ehrenreich et al. (2020).
These shifted residual spectra were later merged, wavelength by
wavelength, into a single median transmission spectrum. This
procedure was applied independently to T1 and T2 to produce
two independent transmission spectra for WASP-76b.

4. Stellar characterisation
4.1. Stellar atmospheric parameters

The stellar atmospheric parameters of WASP-76, namely effec-
tive temperature (7.g), surface gravity (logg), microturbulence
(&), and metallicity ([Fe/H]), were calculated using the equiv-
alent width (EW) method by means of the STEPAR’ code
(Tabernero et al. 2019). The atmospheric parameters were com-
puted using the master spectrum from Sect. 3.2. The latest
state-of-the-art version of STEPAR relies on the 2017 version of
the MOOG code (via the abfind driver, see Sneden 1973) and
a grid of MARCS stellar atmospheric models (Gustafsson et al.
2008). We employed the selection of Fe 1 and Fe 11 following the
line list given by Tabernero et al. (2019) for metal-rich dwarf
stars. The available atomic data of these iron lines were taken
from the public version of the Gaia-ESO line list (Heiter et al.
2015). As a damping prescription, we used the Anstee-Barcklem-
O’Mara (ABO, see Barklem et al. 1998) data (if available),
through option 1 of MOOG. In addition, we used ARES® (Sousa
et al. 2015) to measure the EWs of the Fe 1,11 lines used. .

We only considered measured lines with 10 mA <
EW < 120 mA to avoid problems with line profiles of very
intense lines and tentatively incorrect EW measurements of
extremely weak lines. The atmospheric parameters can then
be inferred from the previously measured Fe1-Fe1l line list.
The minimisation procedure of STEPAR is the downhill sim-
plex algorithm (Press et al. 2002), which tries to minimise a
quadratic form composed of the excitation and ionisation equi-
librium conditions to find the best parameters of the target star.
STEPAR iterates until log e(Fe 1) and log e(Fe 11) stand for the Fe
abundance returned by the FeT and Fe 11 lines, respectively, and
log (EW/A) is their reduced equivalent width. STEPAR iterates
until the slopes of y vs. log e(Fe 1) and log (EW/ 1) vs. log e(Fe 1)
are virtually zero, meaning excitation equilibrium is reached,
and it imposes ionisation equilibrium, so that loge(Fel) =
log e(Fe 11). The stellar parameters derived for WASP-76 in this
work can be found in Table 3.

We also calculated stellar atmospheric parameters using
the ARES+MOOG code (Sousa et al. 2008, 2018; Santos et al.
2013) and obtained similar results to those provided by
STEPAR: T = 6329 + 24 K, logg = 420 + 0.03 dex,
& =154 £ 0.03 km s7!, and [Fe/H]=0.37 + 0.02 dex. Both
ARES+MOOG and STEPAR are similar implementations of the
EW method. ARES+MOOG employs a similar workflow to that of
STEPAR, however it implements KURUCZ stellar atmospheric
models (Kurucz 1993), a solar calibrated loggf Fel,11 line
list (Sousa et al. 2008), and the damping option 0 of MOOG.
In addition, West et al. (2016) calculated the following stellar
parameters of T.x = 6250 = 100 K, logg = 4.13 + 0.02 dex,
£=14+01kms™", and [Fe/H] = 0.23 + 0.1 dex. These values

5 https://github.com/hmtabernero/StePar
6 https://github.com/sousasag/ARES
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Fig. 4. Synthetic models generated with turbospectrum for the differ-
ent atomic and molecular species. All of them have been degraded to
R =140 000.

are in good agreement with those calculated with STEPAR and
ARES+MOOG codes.

4.2. Stellar mass and radius

We used the PARAM web interface’ (da Silva et al. 2006)
to calculate the mass (M.,) and radius (R.) of WASP-76. We
used the stellar parameters calculated with STEPAR along
with the Gaia DR2 Parallax (Gaia Collaboration 2018), the
visual magnitude (my) given by West et al. (2016), and the
PARSEC stellar evolutionary tracks and isochrones (Bressan
et al. 2012) to obtain a mass of 1.45 + 0.02 My and a radius
of 1.77 £ 0.07 R. Our values are consistent with those provided
by Ehrenreich et al. (2020), who reported M, = 1.46 + 0.02 M,
and R, = 1.76 = 0.07 Ry. On the other hand, West et al. (2016)
obtained 1.46 + 0.07 My and 1.73 £0.04 Ry, which are both
consistent with the values derived in this work.

4.3. Chemical abundances

We calculated the chemical abundances of WASP-76 (see
Table 4) by means of the EW method for the following atomic
species: Li1 C1, O1, Nal, Mg1, Si1, Cal, Ti1, Cr1, Mn1, and
Nil. Moreover, the atomic data for each atomic species under
analysis were collected from the Gaia-ESO (GES) line list

7 http://stev.oapd.inaf.it/cgi-bin/param_1.3
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given in Table 3. Each tile represents a 0.1 A bin. These plots are qualitative and have been generated only for visualisation purposes.
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Fig. 6. Transmission spectra around the NaT1 doublet: fop (T1), bottom
(T2). The grey line represents the original transmission spectrum of
WASP-76b, whereas the black dots represent a binning of 0.1 A. The
red line represents the best fit to the data. The rest-frame wavelength of
each individual line is represented by a dashed green vertical line.

(Heiter et al. 2015). We measured an EW =29.2 mA for the Li1
line at 6709.61 A by means of a Gaussian fit performed using
the Levenberg—Marquardt algorithm (LMA) implemented in the
python library SciPy (Virtanen et al. 2020). The EWs of the
other elements were measured by means of the ARES code.
Then, we interpolated a model atmosphere from the MARCS
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Fig. 7. Center to limb variation (CLV) and Rossiter-McLaughlin (RM)
correction around the NaT lines.

stellar atmospheric grid (Gustafsson et al. 2008) and we used
the MOOG code (Sneden 1973) to derive the abundances for
WASP-76. The O1 abundance was later corrected for NLTE
effects thanks to the corrections given by Sitnova et al. (2013)8.
Then, we used C1 and OT to derive a carbon-to-oxygen ratio
(C/0) of 0.51 + 0.03, which in turn is consistent with the solar
value. Finally, the atomic parameters employed to calculate the
abundances can be found in Table A.1.

5. Transmission spectrum analysis

The procedure employed in this work delivers the entire
ESPRESSO spectrum of WASP-76b simultaneously. This is pos-
sible via the stable and consistent wavelength calibration of the
ESPRESSO data. The extracted transmission spectra for T1 and
T2 are depicted in Fig. 3. Using these two spectra, we can iden-
tify tentative spectral features by visual inspection and perform
a cross-correlation using a binary mask built for a given atomic
or molecular species. We explored the presence of the following
atomic species by direct inspection of the transmission spectrum:
Hr, Li1, Nal, Mgl, Call, Mn1, Fel, and K1. In addition, we
explored the presence of other species via a cross-correlation

8 Using the web interface at http://nlte.mpia.de
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function (CCF) analysis: Til, Cr1, Fel, and Nil in addition to
the diatomic molecules TiO, VO, and ZrO.

Each tentative atomic feature directly seen in the trans-
mission spectrum of WASP-76b has to be scrutinised for its
significance. Thus, we modelled each individual feature with
a Gaussian profile plus the continuum level. The model fitting
is then performed by means of the LMA implemented in the
python library SciPy (Virtanen et al. 2020). The LMA explores
the parameter space that provides us with valuable information
about each spectroscopy feature in consideration. In summary,
our modelling provides the Gaussian parameters of the line
under analysis (i.e. centre, amplitude, depth, and width) along-
side their uncertainties. We also calculated the Doppler shift
(Vwina) of each line to explore any tentative planetary winds (see,
e.g. Hoeijmakers et al. 2018; Casasayas-Barris et al. 2019). More-
over, we derived effective planetary radii at the centre of each
feature (R;) in units of the radius of the planet (R,) at the centre
of each individual atomic feature. Thus, we used the following
expression: R; = V1 +h/6 Ry, where £ is the line depth of a
given absorption feature in the transmission spectrum, and ¢ is
the transit depth of the planet. All these results can be found in
Table 5. Regarding these lines, we produced a series of tomog-
raphy plots (see Figs. 5, and A.2—-A.5) in order to explore the
passage of the planet with time for each transit, which allows us
to confirm the presence of the planetary signal. However, some
lines are perhaps too weak to be directly seen in the tomography
plots.

In addition, the detection of some atomic or molecular
species in the atmosphere of the planet can be achieved by
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cross-correlating the planetary signal with a synthetic spectrum.
To that particular aim, we calculated an atmospheric structure
of WASP-76b by means of the HELIOS code’ (Malik et al.
2017, 2019). In order to generate a model spectrum, we need
a radiative transfer code to input the planet atmospheric struc-
ture calculated by HELIOS. The aforementioned atmospheric
structure consists of a set of atmospheric layers containing the
gaseous pressure (P,), temperature (7), and geometrical depth.
These quantities are necessary to solve the radiative transfer
equation in order to produce a synthetic model spectrum. We
employed turbospectrum'® to solve the radiative transfer prob-
lem (Plez 2012) alongside seven different line lists comprised of
the following atomic and molecular species: Cr1, Ti1, Fel, Nil,
TiO, VO, and ZrO. The atomic data were downloaded using the
VALD?3 interface'! (Ryabchikova et al. 2015), while the molec-
ular data for TiO, VO, and ZrO were gathered from Plez (1998,
2003), and McKemmish et al. (2016), respectively. Furthermore,
turbospectrum is a general purpose radiative transfer tool
that can generate high-resolution synthetic spectra by solving
the problem of radiative transfer in spherical geometry. The
resulting synthetic spectra (see Fig. 4) were later converted into
binary line masks that we used to perform a cross-correlation
against our two transmission spectra. To perform the cross-
correlation, we employed the iSpec (Blanco-Cuaresma et al.
2014) code, which in turn implements the algorithm described in

9 https://github.com/exoclime/HELIOS
10 https://github.com/bertrandplez/Turbospectrum2019
I http://vald.astro.uu.se/
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Fig. 9. Same as Fig. 6 but for the Ha line.

Pepe et al. (2002) to calculate the CCF. The goal of the
cross-correlation technique is to combine thousands of spectral
features to produce an imprint that we will be able detect.

51. Nai

Firstly, we verified that our procedure was extracting the signals
for lines already reported in the literature, such as the NaT dou-
blet. The detection of the Na1 Doublet in WASP-76b has already
been reported by Seidel et al. (2019) and Edwards et al. (2020).
We clearly detected both lines in the 2D-map moving with the
planet velocity (see Fig. 5). Our final spectrum of the Na1 dou-
blet is shown in Fig. 6. Our detection is 9.2 and 7.5 o levels for
T1, and 6.5 and 7 o for T2. These detections are more significant
than those obtained by Seidel et al. (2019) using HARPS data.
In addition, we verified the effect of the Rossiter-McLaughlin
effect on our extraction by means of the modelling described
in Casasayas-Barris et al. (2019) using the ephemeris given by
Ehrenreich et al. (2020). We find that the effect is not significant
(0.04%) given our error bars for the two transits of WASP-76 b
(see Fig. 7).

52 Cal

The Ca11 H (3969.59 IOA) and Ca1r K (3934.78 10\) lines are vis-
ible in the transmission spectrum (see Fig. 8), our Gaussian fits
shows that they are significant at the level of 8.5-7.1 ¢ for T1
and 5.6-8.4 o for T2. These two lines are the most prominent
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Fig. 10. Same as Fig. 6 but for the Li I line.

features of the transmission spectrum of WASP-76, being one
order of magnitude deeper than the other atomic features
(~2-3%). In fact, they might be originated by photo-ionisation
in the upper part of the highly irradiated planetary exosphere
(Yan et al. 2019). Moreover, their intrinsic depth points towards
a high formation altitude (see Table 5) as our calculated R, is
1.78-1.57 R, (T1) and 1.82-1.80 R, (T2).

5.3. Balmer lines

The H, line at 6564.61 Ais present in T1, whereas T2 shows a
little bump rather than a proper line (see Fig. 9). Thus, it is not
possible to confirm the presence of atomic hydrogen in the atmo-
sphere using only T2, and for T1 we find a depth at 0.48 + 0.12%.
We also explored other Balmer lines (HS, Hy), but none of them
are visible in the planetary transmission spectrum. The T2 data
have a higher quality than T1, which in turn implies that if Ha
absorption were present in T2 with the same intensity as in T1,
we should have detected it. Interestingly enough, no study to the
present date has provided an upper limit to the presence of Ha
in the spectrum of WASP-76b. von Essen et al. (2020) explored
the transmission of spectrum of WASP-76b using HST optical
spectra and did not find any evidence of strong absorption due to
Ha. In contrast, our findings at a higher resolution might be evi-
dence for He variability from the planetary atmosphere, given
that the line is not seen in T2. However, the available data are
not sufficient to confirm this scenario.
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Fig. 11. Same as Fig. 6 but for other elements. Here, we represent the combination of several lines in velocity space to strengthen the signal. Black
points represent a binning of 10 km s™' and the green dashed line represents the 0 km s™! mark.

5.4. Lil

The planet WASP-76b is expected to have Li in its atmosphere
because sub-stellar objects with masses below ~55 My, do
not deplete this element at any moment during their evolution
(Chabrier et al. 2000; Baraffe et al. 2015). Consequently, WASP-
776b should maintain the amount of lithium in its atmosphere that
was present in the protoplanetary disc from which it was suppos-
edly formed. In fact, the presence of Li was modelled by Chen
et al. (2018) for another giant planet. The LiI absorption feature
at 6709.61 A is detected in the ESPRESSO spectra of the planet
WASP-76b (see Fig. 10). We found that LiT is moving with the
planet velocity in T2, whereas we find a small trace during T1
(see Fig. A.5). The LiI line is more significant for T2 than T1

(5.70 vs. 4.40) and it can be easily explained by the cadence of
the observations of T2 in contrast with T1. To the best of our
knowledge, this is the first reported detection of Lithium using
high-resolution spectroscopy (in Borsa et al. 2021, there is also
a report on the detection of lithium in another giant planet using
ESPRESSO data).

5.5. Fel

Interestingly enough, the accuracy of the ESPRESSO data has
allowed us to detect actual Fe lines in the transmission spectra
of WASP-76 b. In particular, our two transit spectra show a few
tentative neutral iron lines in the range of ~4377-4430 A. The
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Fig. 12. Same as Fig. 11 but for MgI and K 1.

following lines are seen in the spectrum of WASP-76b: 4377.16,
4384.78, 4406.26, 4416.17, and 4428.55 A. To increase the S/N
of the profile of the Fe lines, we merged all of them into a sin-
gle line in velocity space (see Fig. 11). The combination of these
lines is stronger for T2 (6.70°) than for T1 (4.7 o). The detection
of these lines is in agreement with the results of the CCF against
an Fe I binary mask (see Fig. 13). In this work, we found a depth
of 255 + 20 ppm (T1) and 182 + 12 ppm (T2). These two val-
ues correspond to central velocities of —8.27 + 0.25 km s~ and
—8.76 + 0.56 km s~ respectively, and to a detection at 12.8 o
and the 18.2 o levels for T1 and T2, respectively (see Table 6).
Overall, our results reinforce those presented by Ehrenreich et al.
(2020) for WASP-76b.

5.6. Mg 1, KI, and Mn 1

The Mg1 line at 4572.38 A seems to be in the transmission spec-
trum with a significance of ~2.8 o for T1 and 3.7 o for T2
(see Fig. 12). In addition to this Mg1, we find that the space-
velocity combined magnesium triplet lines (5168.76, 5174.13,
and 5185.05 A) are clearly seen at the 7.5 o level for T2 (see
Fig. 11). Regarding K1, the transmission maps show a small
imprint leaving a partial trace that we can barely see in our maps
(see Fig. A.3). However, the line is present at the 5.7 o level
in T2. We also report the detection of the Mn1 triplet lines at
4031.89, 4034.20, and 4035.62 A. Again, we combined these
three lines in velocity space and we find that their significance
is in the range of 4.7-5.0 0.
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Table 6. Cross-correlation data for analysed atomic and molecular
species.

Element Transit Depth Viwind FWHM
(ppm) (kms™") (kms™")
Ti1 T1 <61 NA NA
Ti1 T2 <60 NA NA
Cr1 T1 <77 NA NA
Cri T2 <78 NA NA
Fe1 T1 255+20 -827+0.25 6.62+0.59
Fel T2 182 £ 12 -8.75 +£0.56 180+ 1.3
NiI T1 <130 NA NA
Nit T2 <122 NA NA
TiO T1 <6 NA NA
TiO T2 <6 NA NA
VO T1 <9 NA NA
VO T2 <8 NA NA
7ZrO T1 <9 NA NA
7ZrO T2 <8 NA NA

5.7 Til, Cri, and Nil

We also explored the presence of Til, Cr1, and NiI in our
data using a cross-correlation method. For the most part, our
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Fig. 13. Cross-correlation function against our line masks for Ti1, Cr I, Fe 1, and Ni I. The black line represents CCF, whereas the red line represents

the best fit to the Fe 1 CCF.

search was unsuccessful and we could only calculate upper lim-
its to their presence of ~60 ppm (TiI), ~77 ppm (CrI), and
~130 ppm (Ni1). Finally, the data regarding these elements and
their respective CCFs can be found in Table 6 and in Fig. 13.

5.8. Diatomic molecules: TiO, VO, and ZrO

These three diatomic molecules are important absorbers in cool
stellar atmospheres with a non-negligible opacity source as

already shown by Van Eck et al. (2017). The CCFs calculated
in this work do not show any trace of them in our data, as shown
in Fig. A.1. However, we can place a conservative upper limit
on their presence of <10 ppm (see Table 6). Interestingly, the
TiO atomic data were recently improved by the exomol team (see
McKemmish et al. 2019). As a result, we generated a new TiO
model spectrum using the exomol line list (McKemmish et al.
2019) and performed a CCF against it. We found an upper limit to
the presence of TiO of 6 ppm, which in turn is in agreement with
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what we obtained with the Plez (1998) line list (see Table 6). In
all, these state-of-the-art line lists might be not accurate enough
to confidently retrieve the presence of TiO in the atmosphere
of WASP-76b. Despite this, we can think of two scenarios for
this particular planet: these features are either really weak or
they are hidden due to other effects. However, clouds might be
responsible for the weakening of the molecular bands and in the
planetary spectrum (Charnay et al. 2015). In addition, another
explanation might stem from the transport of molecules to the
night side of the planet (Nugroho et al. 2017). In all, TiO and VO
should dominate the spectrum in the optical wavelength range
(Van Eck et al. 2017), given the equilibrium temperature of the
planet. Other studies have explored the atmosphere of WASP-
76b using HST data (Edwards et al. 2020; von Essen et al. 2020)
and modelled the atmosphere of the planet. In fact, the trans-
mission spectrum and the modelling of von Essen et al. (2020)
did not present any evidence for TiO absorption in the opti-
cal wavelength range. This is consistent with our non-detections
using ESPRESSO data. Interestingly, the nearly solar C/O cal-
culated here for WASP-76 does not suggest that the atmosphere
of the WASP-76b is driven by a carbon-rich chemistry. However,
clouds might be responsible for the weakening of the molecular
bands and in the planetary spectrum (Charnay et al. 2015). In
addition, another explanation might stem from the transport of
molecules to the night side of the planet (Nugroho et al. 2017).

6. Summary and conclusions

We analysed two transits of the UHJ WASP-76b using
ESPRESSO at the VLT. In this work, we generated two inde-
pendent transmission spectra covering the available wavelength
range. Using these spectra, we have been able to detect features
that were not reported in previous studies: LiI, MgT, K1, CaTl,
and Mn 1. In addition, our work strengthens the previous detec-
tions of NaT (Seidel et al. 2019; von Essen et al. 2020) and Fe1
(Ehrenreich et al. 2020).

We find that most lines are blueshifted with respect to
their rest-frame wavelengths (see Fig. 14). The median is
—5.6 +42kms™! for T1, and —=5.2 + 3.1 km s~! for T2. These
shifts are probably due to planetary winds and are frequently
reported in the literature (see, e.g. Casasayas-Barris et al. 2019;
Hoeijmakers et al. 2019; Gibson et al. 2020; Ehrenreich et al.
2020).

Interestingly, our calculations indicate that the CallI lines are
formed in higher layers than the other lines (~1.6—-1.8 R, see
Table 5), which points towards an extended exosphere. This has
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already been reported for other planets such as MASCARA-2b
(Casasayas-Barris et al. 2019), WASP-33b (Yan et al. 2019),
and WASP-121b (Borsa et al. 2021). In addition, their intrinsic
widths are in all instances higher than ~20 km s~! (see Fig. 14).
In addition, the Ha line seen in T1 is much narrower com-
pared to the other atomic features. Its width is ~6 km s~!, which
is greater than the resolving power of our data (R=140000;
FWHM =2.1 km s™!). In all, the measured FWHM for this line
is in principle physically possible, and its absence in T2 might be
indicative of atmospheric variability. However, the current data
are not sufficient to fully explore this scenario.

In addition, our data show that the K1 absorption line is
weaker than the Li1 feature, a fact that is unexpected for a near-
solar composition where K is much more abundant than Li (both
atoms have very similar electronic structures). The observations
suggest that Li is at least as abundant as K in the investigated
planetary atmospheric layers. This requires scenarios that have
not been explored in exoplanetary atmospheres so far; for exam-
ple, lithium production in situ or a strongly inhomogeneous
distribution of the chemical abundances within the atmosphere.

Regarding the molecular species in WASP-76b, we could not
find any signs of TiO, VO, or ZrO. They are either not present in
the atmosphere of WASP-76b or their intensity is well below the
minimum noise level in these observations. Finally, we demon-
strate that we are able to reduce the noise of the exoplanetary
data using ESPRESSO to the extent that we can detect many
planetary atomic features by means of a single transmission
spectrum.
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Fig. A.2. Same as Fig. 5 but for Ca11 HK lines.
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Fig. A.3. Same as Fig. 5 but for K 1.
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Table A.1. Atomic data employed to calculate chemical abundances of

H. M. Tabernero et al.: ESPRESSO high-resolution transmission spectroscopy of WASP-76 b

WASP-76.

A Species  x; loggf
A) €V)  (dex)

6709.61 Lit 0.00 0.174

5053.55 CI 768 —1.304
5381.82 CI 7.68 —1.615
6589.43 CI 8.54 -1.021
7774.08 O1 9.15  0.369

7776.31 01 915 0.223

7777.53 o1 9.15 0.002

6155.93 Nat 21 —1.547
6162.45 Nal 21 -1.246
5712.67 Mg1 435 -1.724
6320.46 Mg1 511  -2.103
5519.07 Si1 5.08 -2.611
5647.18 Si1 493 -2.043
5667.13 Si1 492 -1.94
5686.06 Si1 495 -1.553
5692.00 Si1 493 -1.773
5702.69 Si1 493 -1.953
5709.98 Si1 495 -1.37

5749.26 Si1 561 -1.543
5950.19 Si1 508 -1.13

6126.72 Si1 561 —1.464
6133.27 Si1 5.62 -1.556
6133.55 Si1 5.62 -1.615
6144.18 Si1 562 -1.295
6146.72 Si1 562 -1.31

6156.84 Si1 5.62 -0.754
6197.15 Si1 5.87 -1.49
6239.04 Si1 561 -0.975
6246.19 Si1 5.62 -1.093
6301.34 Si1 598 -—1.116
6416.75 Si1 5.87 -1.035
6723.70 Si1 5.86 —1.062
6743.49 Si1 598 -1.653
7701.09 K1 0.0 -0.154
5263.17 Cal 252 -0.579
5350.95 Cal 271  -0.31

5514.51 Cal 293 -0.464
5583.51 Cal 2.52  -0.555
5591.67 Cal 252 -0.571
5596.02 Cal 2.52  0.097

5859.07 Cal 2.93 0.24

5869.19 Cal 293 -1.57

6168.15 Cal 252 -1.142
6170.75 Cal 252 -0.797
6171.27 Cal 253 -0478
6440.85 Cal 2.53 0.39

6473.45 Cal 2.53 -0.686
6495.58 Cal 252 —0.109
6501.45 Cal 2.52  —0.818
6510.65 Cal 2.53 -2.408
6574.59 Cal 00 -424
6719.54 Cal 271  -0.524
4821.76 Tit 1.5 -0.380
4914.98 Til 1.87  0.220

4979.58 Tit 1.97 -0.303
5000.9 Til 0.83  0.320

5017.56 Til 0.85 -0.480
5024.27 Tit 0.83 -0.330

Table A.1. continued.

A Species  xi loggf
(A) (eV)  (dex)

5026.25 Tit 0.82 -0.530
5211.83 Tit 0.05 -0.820
5221.16 Ti1 0.02 -=2.220
5691.04 Tit 2.30 -0.360
5868.08 Tit 1.07 -0.790
5920.18 Tit 1.07 -1.640
5923.75 Tit 1.05 -1.380
5980.2 Tit 1.87 -0.440
6092.86 Tit 227 -0.320
6127.91 Tit 1.07 -1.368
6259.83 Tit 1.44 -0.390
6262.83 Tit 143 -0.530
5201.62 Cri 3.38 —0.580
5240.42 Cri 271 -1.270
5298.16 Cri 0.98 -1.360
5299.49 Cri 2.90 0.099

5299.75 Cri 0.98 -1.140
5302.22 Cri 0.98 -2.000
5305.66 Cri 346 -0.670
5349.8 Cri 1.00 -1.210
5703.89 Cri 345 -0.670
6331.84 Cri 0.94 -2.787
6015.16 Mn1 3.07 -0.354
6018.31 Mn1 3.07 -0.181
6023.46 Mn1 3.08 -0.054
4813.33 Nil 3.66 -1.450
4905.78 Ni1 3.54 -0.016
4915.34 Nil 3.74 -0.500
4937.21 Nil 3.94 -0.213
4947.41 Ni1 3.80 -1.151
4954.58 Nil 3.74 -0.580
5034.13 Nil 3.90 -1.398
5083.76 Nit 3.66 -0.439
5198.61 Nil 3.90 -1.291
5437.37 NiI 1.99 -2.580
5580.27 Nit 1.68 —-2.830
5595.29 Nil 3.90 -0.682
5643.45 Ni1 411 -1.046
5696.56 Nit 409 -0467
5749.95 Nil 1.68 —-3.240
5848.61 NiI 1.68 —-3.460
6087.97 Nit 427 -0.410
6109.81 Nil 1.68 —-2.600
6112.76 NiI 4.09 -0.865
6177.08 Nit 4.09 -0.389
6178.52 Nil 4.09 -0.260
6188.42 NiI 411 -0.880
6206.32 Nit 4.09 -1.080
6225.7 Ni1 4.11 -0.910
6323.91 NiI 4.15 -1.115
6329.35 Nit 1.68 -3.170
6484.59 Ni1 1.94 -2.630
6588.13 NiI 1.95 -2.780
6600.42 Nit 424 —-0.821
6636.96 NiI 4.42 -0.765
6645.46 Ni1 1.68 —-2.220
6769.64 Nit 1.83 -2.140
6774.18 NiI 3.66 -0.797
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