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Abstract

Ultrahot Jupiters are gas giants that orbit so close to their host star that they are tidally locked, causing a permanent
hot dayside and a cooler nightside. Signatures of their nonuniform atmospheres can be observed with high-
resolution transit transmission spectroscopy by resolving time-dependent velocity shifts as the planet rotates and
varying areas of the evening and morning terminator are probed. These asymmetric shifts were seen for the first
time in iron absorption in WASP-76b. Here, we search for other atoms/ions in the planets transmission spectrum
and study the asymmetries in their signals. We detect Lil, Nal, MgI, Call, VI, CrI, Mn 1, Fe I, Nil, and Sr1II, and
tentatively detect HI, K1, and Co I, of which V, Cr, Ni, Sr1I, and Co have not been reported before. We notably do
not detect Ti or Al, even though these species should be readily observable, and hypothesize this could be due to
condensation or cold trapping. We find that the observed signal asymmetries in the detected species can be
explained in different ways. We find a relation between the expected condensation or ionization temperatures and
the strength of the observed asymmetry, which could indicate rain-out or recombination on the nightside. However,
we also find a dependence on the signal broadening, which could imply a two-zoned atmospheric model, in which
the lower atmosphere is dominated by a day-to-night wind, while the upper atmosphere is dominated by a vertical
wind or outflow. These observations provide a new level of modeling constraint and will aid our understanding of
atmospheric dynamics in highly irradiated planets.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Hot Jupiters (753); Exoplanet atmospheres (487);

Atmospheric composition (2120)

1. Introduction

Ultrahot Jupiters (UHJs) are an exotic class of giant, highly
irradiated exoplanet and have dayside temperatures greater than
2200 K (Parmentier et al. 2018). These planets are likely tidally
locked and are characterized by clear atmospheres dominated
by atomic and ionic features from dissociated molecules on the
daysides, and cooler cloudy atmospheres on the nightsides. The
large-scale heights of UHJs make them ideal laboratories to
study how tidally locked planets absorb and redistribute the
intense radiation from their host stars.

High-resolution transit transmission spectroscopy has proven
a powerful tool to probe the atmospheres of UHJs due to its
ability to resolve many narrow-line absorbers (Fe, Ti, V, Mg,
etc.) that are invisible at low-spectral resolution. This technique
has been used to confirm the presence of a vast assortment of
atoms and ions thus showing that most molecules and
condensates are dissociated on the limbs of the UHIJs.
Hoeijmakers et al. (2018, 2019) first explored the atomic/
ionic composition, up to atomic number 78, of the hottest
known exoplanet, KELT-9b (T.q = 4050 K; Gaudi et al. 2017),
and uncovered signals from neutral Fe I, Mg I, and Nal, as well
as ionized Sc1I, Cr1I, Y II, FeIl, and TiIl. Subsequent studies
of WASP-121b (T.q=2358 K; Delrez et al. 2016), MAS-
CARA-2b (T4 = 2260 K; Talens et al. 2018), and WASP-76b
(Teq =2160 K; West et al. 2016) have extended this work to
cooler UHJs. Recent papers have built upon each other to
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detect more new species and confirm previous detections of
atoms and ions in the atmosphere of WASP-121b, and the list
of detected species now includes Mg, Nal, Cal, Call, Crl,
Fel, Fell, Nil, VI, HL, LiL, K1, and Scll (Ben-Yami et al.
2020; Hoeijmakers et al. 2020a; Borsa et al. 2021; Merritt et al.
2021). In MASCARA-2b, neutral Fe I, Nal, and MgI, as well
as ionized Call, Fell, and CrII have been identified
(Casasayas-Barris et al. 2019; Stangret et al. 2020; Nugroho
et al. 2020; Hoeijmakers et al. 2020b). Tabernero et al. (2021)
detected absorption from neutral LiI, Nal, MgI, Fel, K1, and
Mnl, and ionized Call in the atmosphere of WASP-76b.
Planets cooler than UHJs exhibit absorption from far fewer
metals (Allart et al. 2020; Casasayas-Barris et al. 2021a),
seemingly because many elements have condensed into
molecules, clouds, and hazes (e.g., Kataria et al. 2016; Gao
et al. 2021).

Recently, Ehrenreich et al. (2020) explored the transition
region between the hot dissociated dayside and cool cloudy
nightside of WASP-76b using the Echelle Spectrograph for
Rocky Exoplanets and Stable Spectroscopic Observations
(ESPRESSO) on the Very Large Telescope (VLT). They
observed asymmetric absorption in the cross-correlation signal
from Fel, where, at the end of the transit, the signal was
blueshifted by ~10 km s~ from its expected position, while at
the beginning of the transit, the signal was at rest. This same
asymmetry was confirmed in Kesseli & Snellen (2021) using
four transits with the HARPS spectrograph and a different
analysis method. As WASP-76b transits in front of its host star,
its viewing angle changes by ¢ = 30° (Ehrenreich et al. 2020)
and assuming tidal locking, more of the illuminated morning-
side is visible at the start of the transit, while more of its
illuminated eveningside is visible at the end of the transit. Due
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to the interplay between the planet’s rotation and the measured
global wind blowing from the hot dayside to the cool nightside
(Seidel et al. 2021), the eveningside of the planet is expected to
have a larger blueshift than the morningside, but this velocity
change would only be able to be resolved if the atmospheric
temperature profile or abundance of Fe I were not uniform over
the surface of the planet. Recent in-depth global circulation
modeling (GCM) by Wardenier et al. (2021) and Savel et al.
(2021) confirmed that a hotter evening terminator, a cooler
morning terminator, and either condensation of Fel or clouds
obscuring the cooler morningside were necessary to explain the
asymmetry.

By detecting more of these asymmetric transit signals, we
can directly measure abundances of individual elements across
the surface of exoplanets, and hence indirectly infer which
cloud species are forming. Lothringer et al. (2020) suggested a
similar method to probe condensate formation and rain-out by
using low-resolution near-UV spectral indices, as most metals
absorb strongly at these wavelengths. Furthermore, the high-
spectral resolution technique discussed here is complementary
to proposed techniques for resolving the different temperature
structures and low-resolution spectra of the morning and
evening terminators with the James Webb Space Telescope
(Espinoza & Jones 2021). By combining information from both
low-resolution and high-resolution techniques, we can extract
information on the dynamics and velocity structure, tempera-
tures, and abundances of a range of species in the morning and
evening terminators separately.

In this paper, we aim to search for asymmetric transit signals
within the full inventory of atoms and ions that are accessible at
the visible wavelengths covered by ESPRESSO, using the
same data set that was used for the original Fe condensation
result (Ehrenreich et al. 2020). In Section 2, we will assess
which atoms and ions contribute significant opacity at visible
wavelengths and the temperatures seen in UHJs. We will then
use these findings to search for all observable species in the
ESPRESSO transit observations of WASP-76b. We discuss the
data and our pre-processing steps in Section 3. We then explain
how we made the models of each species in Section 4 and the
subsequent cross-correlation analysis in Section 5. We present
the results of the cross-correlation search in Section 6, and
discuss which of the detected species exhibit this asymmetric
signal. We discuss the implication of and what physical
information about the exoplanet atmosphere can be extra-
polated in Section 7. Finally, we conclude in Section 8.

2. Observability of Atomic Absorption

Since our goal is to search for asymmetric transit signals in
the cross-correlation maps of each element, we began by
exploring which elements would produce detectable signals so
as to avoid the unnecessary task of performing the full cross-
correlation analysis for elements that would not be detectable.
Elements with a low observability score should either have no
absorption lines in the visible portion of the spectrum or are
expected to be so under-abundant that even if they do present
features, the signal would be smaller than that of the base noise
level or continuum opacity sources. A similar analysis that also
aimed to determine which elements and ions would be
detectable at high spectral resolution was performed in
Hoeijmakers et al. (2019).

To determine an observability score for each element, we
used atomic opacities from the Data and Analysis Center for
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Exoplanets (DACE) Opacity database.® These opacities were
generated with the open-source HELIOS-K opacity calculator
(Grimm & Heng 2015; Grimm et al. 2021) using input from the
Kurucz (Kurucz 2018), National Institute of Standards and
Technology (NIST; Kramida et al. 2019), and The Vienna
Atomic Line Data Base (VALD3; Ryabchikova et al. 2015)
spectroscopic databases. Each database contains opacities for
atoms and ions at temperatures ranging from 2500 to 6100 K
and a single pressure of 10~® bars. We chose to use the
opacities generated using NIST because it was the only
database that contained opacities for all of the atoms and ions
(both the Kurucz and VALD3 databases did not contain opacity
data for Br, Kr, and I). We downloaded data for two
temperatures, 2500 and 4000 K, which spans the expected
temperature range of UHJs. Hoeijmakers et al. (2019) found
that the average altitude where most of the detected absorption
lines formed in the UHJ Kelt-9b was between ~10~* and 10°
bars, and that the cores of the strongest absorption lines could
be produced at even higher altitudes. While 10~ bars is higher
in the atmosphere than the expected formation location, it
should give a reasonable estimate for each element as pressure
broadening is not expected to be too important at these high
altitudes and low pressures.

We choose not to implement chemical modeling and instead
simply scaled each element by its solar abundance from
Asplund et al. (2009), which will give us a useful upper limit
on detectability of each species. Chemistry in hot Jupiters is
complicated, and correctly modeling these processes would
require a much more in-depth atmospheric model including full
temperature pressure profiles at a range of longitudes, extensive
chemical reactions and condensation information, and assump-
tions about equilibrium versus nonequilibrium processes,
which is beyond the scope of this paper. This type of in-depth
chemical study has been performed previously on other UHJs
(e.g., Kataria et al. 2016; Gao et al. 2021), and in later sections,
we will refer to these results to help interpret any deviations
that arise between the data and the predictions presented here.
To estimate the abundances, we scaled the opacities by each
element’s expected mass density given solar abundances from
Asplund et al. (2009). Tc, Po, At, and Rn are not included in
Asplund et al. (2009) and so we did not include them in our
calculations (shown in gray in Figure 1). We used the values
derived from the solar photosphere when available, except for
Li. We used the Li abundance derived from solar system
meteorites, which is also given in Asplund et al. (2009), since
photospheric abundance of Li drastically changes with age and
the current photospheric abundance does not represent the
initial value that would have been available in the disk during
planet formation (Thévenin et al. 2017).

We also added a continuum opacity, below which each
element’s opacity would no longer contribute. We used
petitRADTRANS (Molliére et al. 2019) to find the expected
levels of continuum opacity from H, —H, and H, — He
collisions, as well as H™ at 3 mbar, which is where the
continuum opacity is expected to begin to become optically
thick in hot-Jupiter atmospheres (Hoeijmakers et al. 2019).
This resulted in a base opacity near 10> cm? g~ '. We did not
include Rayleigh scattering as a source of continuum opacity,
as Fu et al. (2021) found that Rayleigh scattering was not
consistent with the observed slope of the Hubble Space

3 https://dace.unige.ch/opacityDatabase /?
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Figure 1. Results of our test on the observability for each element and select ions that have absorption lines at optical wavelengths for (a) a temperature of 2500 K and
(b) 4000 K. We only show a portion of the periodic table for the ions (bottom of both panels (a) and (b)) as these ions are the only ones that have significant absorption
lines in the optical. Neutral atoms and ions that do not have any absorption lines above the expected continuum, set by the opacity due to collision-induced absorption
and H™, are shown in gray. Elements and ions with higher observability have deeper and more numerous absorption lines and are abundant enough that these lines
significantly contribute to the overall opacity. For both cases, transition metals, alkali metals, and alkaline metals are particularly observable.
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Telescope (HST) transmission spectra of WASP-76b, which
may be too hot to host significant aerosols. We experimented
with slightly different base opacity levels, but found that this
did not significantly change our results as most of the signal
comes from the strong absorption lines that are well above the
continuum.

We calculated an observability score for each species, x,
following similar methods as Molliere & Snellen (2019), and
given by:

8000 A 8000 A
Observability, = f In(r) — f In(ra_y (1)
3500 A 3500 A
where 7, is the combined scaled opacities of all of the species
and the continuum opacity, and 7, 4 is the same combined
opacities except without the contribution from the relevant
species, x. These scores were scaled so the most observable
species was normalized to 1. The wavelength region of 3500 to
8000 A corresponds to the ESPRESSO wavelength coverage
(as well as similar wavelength coverage of other high-
resolution spectrographs like HARPS and EXPRES, barring
the reddest 1000 A). Figure 1 shows the results of this test. As
expected, we find that many of the elements that are the most
observable are those that are readily detected in hot-Jupiter
atmospheres, such as Fe, Na, and Ca.

We note that atoms with few, but strong, absorption lines
(e.g., H, Li, Na, Mg, Al, and K) are shown to have a lower
observability than atoms with many lines (e.g., Fe, Ti, V)
because our method sums line strengths over a wide
wavelength region. However, by focusing only on the region
around these single strong lines, they can be readily observed.

3. The Data

We now turn to the ESPRESSO data set of WASP-76b to
search for all of the elements that we have deemed observable
and to search for asymmetries in the transits of each. This is the
ideal data set for our study as this same data set led to the first
detection of an asymmetry in the absorption signal of Fe
(Ehrenreich et al. 2020). The combination of ESPRESSO’s
stability and high spectral resolution (R ~ 138,000; Pepe et al.
2010) with the collecting area of the European Southern
Observatory’s VLT (8m) is unprecedented, and this type of
study is only possible because of the unique combination.

WASP-76b is a well-studied UHJ that orbits a bright
(V=9.5) F7 star (see Table 1 for the system parameters). Two
transits of WASP-76b were observed on 2018 September 2
(night 1) and 2018 October 30 (night 2). Thirty-five spectra
were recorded with an exposure time of 600 s on night 1, while
70 spectra were recorded with an exposure time of 300s on
night 2. These spectra cover about 30 minutes before the
transit, the full transit duration, and about 30 minutes after the
transit. The data were reduced with version 1.3.2 of the
ESPRESSO pipeline to produce 1D blaze-corrected, stitched
spectra. The given wavelength solutions have already been
corrected for the barycentric velocity. More information about
the reduction procedure and the data can be found in the
original publication where the data were presented (Ehrenreich
et al. 2020). This data set has also been used in two subsequent
papers, Tabernero et al. (2021) and Seidel et al. (2021).
Tabernero et al. (2021) identified individual absorption lines
from Lil, Nal, Mgl, Call, MnI, KI, and Fel, and also
searched for Fel, Til, Crl, Nil, TiO, VO, and ZrO using the

Kesseli et al.
Table 1
WASP-76 System Parameters from Ehrenreich et al. (2020)
Parameter Value
My Msun) 1.458 4 0.021
Ry (Rsun) 1.756 £+ 0.071
Ter (star; K) 6329 £ 65
Vays (km s™1) -1.16
vsini (km s~ ") 1.48 +0.28
K, (msh) 116.027132
Planet
M, (M,) 089470014
R, R) 185459977
Teq (K) 2228 + 122
Pory (d) 1.80988198 00000005
T, (d) 2458080.6261651 00035
a (au) 0.0330 =+ 0.0002
K, (kms™") 196.52 + 0.94
i (deg) 89.623700%

cross-correlation technique, but only detected the previously
seen Fel signal. Seidel et al. (2021) performed a concentrated
analysis of the NaTI doublet and found evidence for a uniform
day-to-night wind, as well as a vertical wind in the upper
atmosphere, which acts to significantly broaden the Nal
doublet.

Using the 1D spectra from the pipeline, we performed a
series of steps to ready the spectra for cross correlation.

3.1. Telluric Correction

Before any other steps were performed, we corrected the
spectra for any telluric contamination due to H,O and O, in the
Earth’s atmosphere using molecfit (Smette et al. 2015). This
method was first used by Allart et al. (2017), and has
subsequently been used in many studies including those on
ESPRESSO data (e.g., Tabernero et al. 2021; Casasayas-Barris
et al. 2021a). This method is successful at removing weak H,O
lines, but fails at removing the deepest absorption lines, such as
those seen in the line cores of the O, even after the molecfit
correction, we masked any pixels where the transmission
through the atmosphere was less than 40%. A threshold of 40%
is standard in other cross-correlation analyses (e.g., Sdnchez-
Lopez et al. 2019) and nicely masks the deep line cores that are
not corrected well.

3.2. Spectral Cleaning

After telluric correction, we performed a series of steps to
clean the stellar spectra so that they would be uniform in time
and minimal stellar residuals would remain after their removal
at a later point in the analysis. We started by correcting for
cosmic rays and performed a sigma clipping, interpolating over
any pixels that were more than 5o different than the other
pixels in that same pixel channel. To correct for the variations
in the velocity of the star over time, the telluric-corrected
spectra were shifted into the host star’s rest frame by correcting
each spectrum for the reflex motion of the star due to the
exoplanet (K,) and the system velocity (vsys). After this step,
all of the spectra were interpolated onto a uniform wavelength
grid, masking the few missing values at the very ends of the
spectra caused by the shifts in velocity, to make a uniform
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(wavelength pixels in each spectrum) by N (number of spectra
taken over the course of the night) grid in time for each night.

We then corrected for any changes in flux over time due to
changing airmass or signal-to-noise by simply normalizing all
of the spectra. While this corrects for large-scale changes in the
flux over time, small differences in the shape of the spectrum
due to variations in the blaze function are still present and will
dominate the residuals if they are not corrected. To remove
these differences while keeping the overall shape of the
spectrum, we followed Merritt et al. (2020) to place all of the
spectra on a “common” blaze function. This process entailed
dividing each spectrum by the average stellar spectrum in time,
and then applying a Gaussian filter with a width of 200 pixels
(~100km s~ "). Each original spectrum is then divided by the
resulting filtered and continuum subtracted spectrum. Any low-
frequency noise is removed, while the higher-frequency signal
from the exoplanet is preserved. This step also removes the
sinusoidal noise pattern that has been seen in ESPRESSO data
(Borsa et al. 2021; Tabernero et al. 2021), which was found to
have a period of 3040 A (>1000 km s7h.

Finally, we completely removed any wavelength columns
that had large standard deviations due to hot pixels, imperfect
telluric removal, or low signal-to-noise ratios (S/Ns). We
found that by removing about 2% of all of the columns we
could decrease the noise while still preserving the signal. At
this point the host star’s spectrum should be completely
uniform over the course of the observations, and the only
differences that arise should be due to the transit of the
exoplanet.

4. Atmospheric Transmission Models

We created a separate transmission model for each
observable atom and ion using petitRADTRANS (Molliere
et al. 2019). petitRADTRANS calculates transmission spectra
of exoplanet atmospheres at either low- or high-spectral
resolution, given a pressure-temperature (PT) profile, the
exoplanet’s radius and surface gravity, the mean molecular
weight of the atmosphere, and the abundances of the requested
atoms or molecules. The code has successfully been used on
many previous high-resolution transit transmission observa-
tions (e.g., Kesseli et al. 2020; Kesseli & Snellen 2021;
Landman et al. 2021).

We input the planetary radius and surface gravity for WASP-
76b calculated from the parameters in Table 1. We chose to use
an isothermal PT profile with a temperature of 3000 K. An
isothermal PT profile is often used for transmission spectrosc-
opy as this type of spectrum is not very dependent on the
underlying PT profile. Indeed, Seidel et al. (2021) found that an
isothermal profile fit this ESPRESSO data well and was
preferred over the more complex profiles that they tested. A
temperature of 3000 K was motivated as an intermediate choice
between Landman et al. (2021), who retrieved a best-fit
temperature of 27017335, and Seidel et al. (2021), who found a
best-fit temperature of 3389 +227 K. Figure 2 shows how
changing the temperature changes the resulting model
spectrum, and in Section 6.1 we test how our results change
if we use isothermal PT profiles of 2000 and 4000 K.

As has been discussed in many recent papers, the abundance
and the pressure below which the atmosphere cannot be probed
are degenerate because we are only sensitive to the line strength
above the continuum (Welbanks & Madhusudhan 2019;
Merritt et al. 2021; Seidel et al. 2021). We therefore chose to
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use solar abundance as our input for each species, and
nominally set a uniform gray cloud deck (Pgguq) at 1 mbar.
This gray cloud deck serves to mimic continuum opacity from
a variety of sources, including collisionally induced opacity,
H™ opacity, and clouds. Hoeijmakers et al. (2019) found that at
the temperatures seen in UHIJs, the atmosphere generally
becomes opaque around millibar pressures due to H™, which
motivated our selection of this gray atmospheric base. For the
majority of the species, the neutral atomic abundance is
expected to be similar to the solar abundance of that species
because a temperature of 3000 K is too cool to ionize most
atoms, but too warm for significant condensation. In
Section 6.1 we explore how using different pressure cloud
decks can alter our results.

petitRADTRANS has pre-computed opacity files for a range
of neutral and ionized atoms, as well as many molecules. Not
every atom that we wanted to test was available. For those, we
utilized the same opacity data from DACE that we used in
Section 2. These files can be used to create the necessary input
files to run petitRADTRANS. While the database contains
opacities calculated for a large range of temperatures,
unfortunately, it only has atomic data at a single pressure
(10™® bar). Therefore, the pressure broadening profiles will not
be exactly correct for those species that we added ourselves
into petitRADTRANS. We tested the extent to which this
simplification affected our results by creating our own input
files using DACE opacities for CrI and Nal, and compared
them to the models made with the pre-computed petitRAD-
TRANS files. We found that the vast majority of features had
no change, but as expected, the wings of the strongest three
absorption features of Crl and the Nal D doublet had slight
deviations of a few percent the height of the feature, but no
noticeable changes to the resulting cross-correlation grids.
Therefore we do not expect any significant difference in signals
between the petitRADTRANS pre-computed opacities with
those we computed from the DACE opacities.

Before we used the models in the cross-correlation analysis,
we reduced the spectral resolution to match that of the
ESPRESSO instrument by convolving each model with a
Gaussian kernel with an FWHM of 2.2kms™'. Since the
asymmetric transit signature of Fel is best modeled as iron
condensing out of the atmosphere on the morningside, we do
not rotationally broaden the model spectra because we do not
expect the atoms to be uniformly distributed across the limbs of
the planet and thus create a net broadening effect. Examples of
CrI and Nal models that have been convolved to ESPRESSO
resolution and are ready for cross correlation are shown in
Figure 2.

5. Cross-correlation Analysis

To determine which species are present in the atmosphere of
WASP-76b, we cross correlated each cleaned spectrum from
night 1 and night 2 with the >40 individual models of each
neutral atom or ion. Cross correlation has proven extremely
successful at uncovering the very small signals present in
exoplanet atmospheres (on the level of ~10—1000 parts per
million) because it effectively combines the weak signals
from tens to hundreds of individual absorption lines (e.g.,
Snellen et al. 2010). For each individual neutral atom or
ion, we followed similar steps as those laid out in Hoeijmakers
et al. (2020a) and Kesseli & Snellen (2021) to perform the
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Figure 2. Example model atmospheres showing the relative transit depth vs. wavelength for Na and Cr in WASP-76b. We show how changing the two free
parameters, temperature and pressure at the opacity base due to continuum opacity sources (Pgouq), change the relative absorption of each species. At higher
temperatures, more absorption lines are present, and the scale height of the atmosphere is increased. When the base opacity is moved higher in the atmosphere, the
weaker lines and line wings are hidden. Moving the base opacity higher in the atmosphere has the same effect as decreasing the abundance. The results we present for
each species use a temperature of 3000 K and a base opacity at 1 mbar (unless stated otherwise), but in Section 6.1 we discuss how different models might affect our

results.

cross-correlation analysis, using the following equation:
M

cw, ) =) —x(OT ).

i=0

@)

Here, c(v, 1) is the 2D cross-correlation grid at each radial
velocity () and observation time (¢). x,(f) is the observed
spectrum at each time, and T;(v) is the model of each element,
shifted to every radial velocity. The radial velocities range from
—300 to +300kms ' in 0.5kms™ ' steps. The models are
normalized such that Zfiol}(y) = 1. The negative sign is
included so that excess absorption from the exoplanet will
appear as a positive residual, as is standard for cross
correlation. In the end, the cross-correlation function acts as a

weighted sum for each spectrum, and pixels where the
absorption is strong in the model (7;(v)) are weighted much
higher than pixels where there is little or no absorption from the
relevant atom, creating an excess signal when the model is
aligned with absorption lines in the planet.

The spectra used in the cross correlation still contained the
contribution from the host star, so the cross-correlation grids
are dominated by any signal from it. To remove this signal, we
averaged together all of the cross-correlation functions that did
not occur as the planet was transiting, and then divided each
cross-correlation function by this average out-of-transit func-
tion. The final cross-correlation grid for each night is multiplied
by 10° to convert the residual cross correlations into parts per
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Figure 3. Example showing how we combined the two nights and the resulting cross-correlation grids for Cr I. (a) The resulting cross-correlation grid from night 1.
Each row in the 2D cross-correlation grid is a separate cross-correlation function in time between an ESPRESSO spectrum and the atmospheric transition model for
Cr, divided by the average out-of-transit cross-correlation function. The four blue horizontal lines from bottom to top show the start of ingress, the end of ingress, the
start of egress and the end of egress, respectively. The green dashed line shows the expected exoplanet’s velocity. Black residuals near the exoplanet’s expected
velocity are due to excess absorption from Cr in the exoplanet’s atmosphere. Any velocity offset from the planet’s expected position is due to wind and dynamics in
the planet’s atmosphere and will be quantified in Section 6. White residuals near 0 km s~ are stellar residuals due to a combination of the Rossiter—McLaughlin effect,
center-to-limb variations, and low flux within the stellar Cr line cores, which causes increased noise near 0 km s~ . (b) Same as (a), but for night 2. (c) The two nights
have been combined by interpolating each onto a uniform grid in phase space and averaging them together, weighting them by their average S/N and the number of
spectra taken during the transit. (d) The central region between —10 and +10 km s~ has been masked as a simple method to remove all of the pixels affected by the

stellar residuals.

million (ppm). The resulting residual cross-correlation grid for
each night of observations using the CrI model is shown in
panels (a) and (b) of Figure 3.

We chose to report the cross-correlation values in ppm, as in
Tabernero et al. (2021). The residual amplitude values from the
cross-correlation functions reported here are simply a weighted
average of the transmission depths from the residual spectrum
within all of the lines of the relevant atom (Equation (2)).
Larger residual amplitudes correspond to deeper lines in the
planet’s spectrum and larger transit depths. Therefore, the
reported cross-correlation amplitudes give a general idea of
where in the atmosphere the majority of the signal arises, and
larger residual amplitudes mean the signal was produced on
average higher in the atmosphere than smaller residual
amplitudes. We do note, however, that unlike the residual
amplitudes reported for single lines, these residual amplitudes
are model dependent as the model (7(v)) acts as the weights
and does not directly correlate to the formation location of any
individual line or lines. To ensure that all of the trends we
measured are model independent, we tested models with
different temperatures, abundances, and continuum opacities,
which is discussed in Section 7.

We then combined the two nights together into a single 2D
cross-correlation grid to maximize the S/N. We interpolated
each cross-correlation grid onto a new grid that was uniformly

spaced in phases with a step size of 0.004. We chose this step
size as it approximately corresponded with the largest phase
step in both nights and so none of the data will be extrapolated
at a finer spacing than was observed. After both nights were
interpolated onto the same grid, they were averaged together.
Night 2 had finer temporal spacing, and so to account for this,
we weighted the nights by the number of spectra that were
taken during the transit on each night. We also weighted the
nights by the average S/N of the stellar spectra over the full
course of observations. The combined cross-correlation grid for
the same example with Cr is shown in panel (c) of Figure 3.

5.1. Removal of the Rossiter—McLaughlin Effect and Other
Stellar Residuals

As the planet transits in front of the host star it blocks part of
the disk of the star. Because the stellar disk is not uniform in
brightness (center-to-limb effect; CLV) and is composed of
different radial velocity components due to the stellar rotation
(Rossiter—-McLaughlin effect; RM), as the planet blocks
different parts of the star, the overall stellar line shape will
change throughout the transit. By removing the out-of-transit
average that does not contain effects, stellar residuals are left in
the cross-correlation grid. These two effects will be present in
all of the cross-correlation grids where the atom we are
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searching for is also present in the host star. Out of all of the
elements we tested, we detected each of them in the spectrum
of the host star except for Li and some of the more rare species
that are expected to be mostly ionized at the stellar effective
temperature including Sc, Rb, Sr, Y, Cs, and Zr. Furthermore,
when the atom is present in the host star, the flux in the cores of
the spectral lines are reduced and the S/N of the residual
spectrum in these locations is decreased leading to excess noise
in the residual cross-correlation grid around Okms ' (see
panels (a) and (b) of Figure 3).

Fortunately in the case of WASP-76, all of these effects are
confined to velocities around 0 kms ™' due to the orientation of
the system and the slow rotation of the host star (see Ehrenreich
et al. 2020). Even so, panel (c) of Figure 3 clearly shows stellar
residuals (white pixels around 0 km s~ ') in the expected pattern
given by the combination of the RM and CLV variations.

Instead of modeling this effect and attempting to completely
remove it as in other studies (Yan & Henning 2018; Casasayas-
Barris et al. 2019; Kesseli & Snellen 2021), we chose to simply
mask out the pixels in the center 20kms™'. As discussed in
Seidel et al. (2021) and Casasayas-Barris et al. (2021a),
different stellar models and methods for removing the RM and
CLV effects introduce systematic errors and uncertainties, and
so Seidel et al. (2021) also chooses to mask out the affected
pixels. Because we are mostly interested in resolving
asymmetries between the beginning and the end of the transit
for each species, masking the signal around O kms ™' will not
affect our results. This masking can be seen in panel (d)
of Figure 3, which successfully removed all of the stellar
residuals.

6. Results

We performed the same cross-correlation analysis for each
neutral atom or ion. We detected LiI, Nal, MgI, Call, VI, Cr1,
Mn1, Fel, Nil, and Sr1l with an S/N > 5, and we tentatively
detected CoT and K1 with a peak S/N > 4. We detected H1
with an S/N of 5.77, but there is significant noise around the
stellar rest frame due to the low S/N of the spectra near the
center of the H « feature, and so we only call this a tentative
detection. Tabernero et al. (2021) also found tentative evidence
for H « absorption in their single-line analysis, which agrees
with our tentative detection. FeI, Mn 1, Nal, Call, LiI, K1, and
Mg1 were previously detected in Tabernero et al. (2021), but
VI, Cr1, Nil, and SrII are detected, and Col is tentatively
detected here, for the first time in WASP-76b.

All of the detections and tentative detections are shown in
Figure 4. Each row contains three plots with results of the
cross-correlation analysis of a different neutral atom or ion. The
left panel shows the 2D cross-correlation grid in the rest frame
of the planet, the middle panel shows the averaged 1D cross-
correlation function for the beginning of the transit (turquoise)
and end of the transit (dark purple) separately, and the right
panel shows our systematic search for all prominent signals in
the 2D cross-correlation grid for a range of K, and vy,ing values.

To determine which of these detections and tentative
detections exhibit an asymmetry, we fit Gaussians to the 1D
cross-correlation functions from the beginning and end of the
transit separately (middle panel of Figure 4), using the python
module 1mfit. We record the central radial velocities in
Table 2, where RV, is the central radial velocity of the
Gaussian fit to the average cross-correlation function between
phases ¢ = —0.04 and —0.02, and RV, is the central radial

Kesseli et al.

velocity for the phases ¢ = +0.02 to +0.04. The uncertainties
that we record use the same method as Kesseli & Snellen
(2021), and are computed by converting the FWHM of the
fitted Gaussian to the standard deviation and then dividing by
the S/N of the peak. We tested that these values gave a true
measurement of uncertainty by recording the central radial
velocity measurements for each individual Fel cross-correla-
tion function in the same phase ranges for the nights
individually before they had been interpolated onto the uniform
phase grids. We then took the standard deviation of all of these
individual measurements and divided by the square root of the
number of measurements, as expected for the standard
deviation of a sample. We found uncertainties that were
consistent within 20% for these two methods. We also tested
using the uncertainties returned by lmfit, but found that these
were about half the size of the uncertainties we calculated and
the ones given by our test using the many measurements of
Fel, and so we did not use these. For all of the species that we
detected confidently (S/N >5), the measured RV offsets
between the first and second half of the transit are discrepant
by more than 20 for Call, VI, CrI, Mn1, Fel, and Sr1l. The
two RVs are discrepant by 1o for Mg I and NiI, while the RVs
are consistent for LiI and NalL

Table 2 also contains the peak amplitude of the Gaussians fit
to the 1D cross-correlation functions for the beginning and end
of the transit separately. The uncertainties for these measure-
ments are given by taking the standard deviation of the noise
outside of the peak and dividing by the square root of the
number of pixels within the peak. We have also listed the
FWHM values of the Gaussians and the associated errors
produced by 1mfit. Finally, we list the values of K, (planet
semi-amplitude velocity) that give the largest S/N, as seen in
the right panels of Figure 4 for each detection or tentative
detection. The uncertainties here are simply the K, values
corresponding to a decrease in S/N of 1 from the peak. For any
of the plots that were multi-peaked (i.e., Call), we made sure
that the uncertainties extended to include both peaks.

6.1. Dependence on Model Parameters

WASP-76b has been thoroughly studied, and there are many
different temperature estimates. Phase curve observations
presented in May et al. (2021) infer a dayside disk-integrated
brightness temperature of ~2400-2700 K. von Essen et al.
(2020) analyzed two HST transits and retrieved a terminator
temperature of 2300733 K. Edwards et al. (2020) used a
different HST transit of WASP-76b and retrieved a temperature
of 223135 for the terminator. Finally, Fu et al. (2021)
analyzed both of these data sets in combination with two other
HST transits and two Spitzer transits and found that the residual
spectrum was best fit by a forward model with a temperature of
2000 K. As mentioned before, with high-resolution, Seidel
et al. (2019) determined a best-fit temperature of 3389 + 227
K, but warned that this is unusually high, while Landman et al.
(2021) recovered a temperature between 2700 and 3700 K.
Using low-resolution HST emission spectra, Fu et al. (2021)
found that temperatures in the upper regions of the atmosphere
where high-resolution observations probe ranged from 2700
and 3000 K. With all of these differing results, we tested
whether using models with temperatures of 2000 and 4000 K
would alter any of our results.

In addition to changing the temperature, we also tested
moving the gray cloud opacity below which we do not probe to
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Figure 4. Results of our cross-correlation analysis for all of the detected and tentatively detected atoms and ions. Left: for each atom, we show the 2D cross-correlation
functions, as shown in panel (d) of Figure 3, except they have now been shifted to the rest frame of the planet using the expected K),. Therefore, any excess absorption
from the planet should appear as black residuals at 0 km s~' (shown by a green line). Center: the many cross-correlation functions in the left panel have been averaged
together at the start of the transit (¢ = —0.04 to —0.02, turquoise) and end of the transit (¢ = +0.04 to +0.02, dark purple) separately. The dashed vertical lines show
the radial velocity of the center of a Gaussian that was fit to each average 1D cross-correlation function. Right: we also searched in K, and vy,,q parameter space to
assess the significance of the detection and to determine the K|, and vynq values that gave the highest significance detection. The black dotted lines show the expected
parameters of the system neglecting atmospheric dynamics. In many cases the most significant values deviate from the expected values. Wardenier et al. (2021) found
that this deviation can be explained by including global winds and condensation of the species on the morningside of the planet.

higher and lower points in the atmosphere. Again, this
parameter does not necessarily mean that there are clouds in
the atmosphere, but acts as an approximation of a range of
continuum opacity sources. As this parameter is degenerate
with the abundance, changing the cloud opacity in this way acts

to test how relaxing our assumption of solar abundance
changes our detections.

We found that the RVs measured when using the different
models are within the uncertainties given in Table 2.
Alternatively, the amplitudes are model dependent, and by
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Figure 4. (Continued.)

Viwind (km s”

using different models, we recover different amplitudes that are
not always within the stated uncertainties, but we find that the
amplitudes of both parts increase or decrease at the same rate
and so the relative amplitude difference is model independent
within our uncertainties. Because of the model-dependence
of the amplitudes, we refrain from plotting the individual
amplitudes or average amplitude and only draw conclusions
about the relative change between the amplitude of the first and
second halves of the transit. The average amplitude of the cross

10

correlation of each species can only give a general idea of
where in the atmosphere the signal originates, but does not
correspond to an exact physical location and so the individual
values of amplitude 1 and amplitude 2 in Table 2 should not be
interpreted separately or directly compared to the single-line
values from Tabernero et al. (2021) and Seidel et al. (2021).
After these tests, we can confidently conclude that any overall
trends discussed next should not be dependent on any of our
choices in parameters.
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Figure 4. (Continued.)
Table 2
Parameters of Detected Species
Atom Peak RV, RV, Amplitude 1 Amplitude 2 K, FWHM
S/N (km s~ (km s~ (ppm) (ppm) (km s~ (km s~
H1 5.31 —14 +£3.51 2.08 +1.78 989 + 141 1709 + 229 219f§8 15.25 +£2.26
Lil 6.03 —5.06 +£2.07 —5.28 +£2.89 822 +94 1195 £+ 156 235718 21.23 +3.39
Nal 10.63 —3.80 £ 0.79 —6.08 £ 1.49 1285 + 135 941 4+ 116 209413 17.37 £ 2.01
Mg 1 6.94 —332+1.29 —~7.61 +1.25 1049 + 128 1240 + 163 189*% 15.4 + 2.02
K1 4.22 —6.97 £ 0.83 —10.83 +2.04 1157 4+ 166 743 £ 138 197113 9.35+2.0
Call 78 8.05+23 —2.5241.53 387 +53 653 +78 197138 22.5+228
Vi 8.19 —5.61 £0.68 —9.85 £ 0.85 228 £ 29 411 +52 175418 10.89 + 1.41
Cr1 6.82 —6.59 £2.17 —12.91 +0.68 207 + 31 482 £+ 60 17352 10.03 £+ 1.21
Mn 1 5.82 —1.67 £2.1 —8.75 £ 1.21 305 + 68 639 + 83 1798 11.98 + 1.62
Fel 14.24 —3.89 +0.48 —10.26 +0.24 440 + 47 833 £ 83 188+19 9.05+0.5
Col 4.03 —1.42 £2.16 —12.55+0.8 173 £ 53 434 £ 65 173f}§ 813+ 1.5
Nil 5.01 —2.83 £3.02 —8.44 +1.31 259 +43 429 + 69 173418 921 +2.18
Sr1 5.77 155+ 1.6 —9.44+1.3 2268 + 327 2319 + 376 152420 11.32 £2.2

7. Discussion

We plotted the results from Table 2 in Figure 5 to determine
if there were any overarching trends that spanned all of the
detected species and would help to explain the results. For
each relation, we calculate a Pearson correlation coefficient to
determine if the two variables are correlated and the strength
of the relation. Pearson correlation coefficient values larger
than 0.5 or less than —0.5 are considered to show correlation,
while values close to 0.0 are uncorrelated. The top-left plot

11

shows the planet semi-amplitude velocity (K},) versus the
radial velocity difference. It is intuitive that K, and the radial
velocity difference are correlated as they are essentially
measuring the same thing; if RV, is more blueshifted than
RV, the highest S/N would result from a shallower slope,
and hence smaller K,. We measured a Pearson correlation
coefficient of —0.69, which denotes moderately strong
negative correlation. The only point that does not clearly fit
the trend (although is still within the uncertainty) is Call,
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Figure 5. Scatter plots showing the relations between the derived parameters from Table 2 for all of the species detected with an S/N> 5. Top right: the K|, that
exhibits the peak S/N from the right-most plots in Figure 4 vs. the radial velocity difference. Top left: amplitude 1 divided by amplitude 2 (relative amplitude
difference) vs. the radial velocity difference between the first and second half of the transit. Middle left: the temperature below which the atom or ion is expected to no
longer exist vs. the radial velocity difference. The temperatures for the ions are where the species are expected to become mostly neutral (ionization temperature) and
are estimated using an equilibrium chemistry code from Mollizre et al. (2017) assuming a pressure of 10~* bars. The temperatures for the neutral atoms are the
temperatures where each is expected to condense into a solid and are taken from either Gao et al. (2020; Mg, Cr, Mn, Fe) or Lodders (1999; Li, Na) at a pressure of
10~ bars. Lodders (2002) stated that V condenses about 200 K above Fe, and so we use this as our estimate for V condensation. We were unable to find a
condensation temperature for Ni, and so we do not include it in this plot, but given its similar behavior to the other transition metals, we expect it to condense around
similar temperatures (1300 to 1500 K). We assume uncertainties of 100 K for each of these temperatures. Middle right: same temperatures, but now plotted against the
peak K,,. Bottom left: FWHM of the 1D cross-correlation functions vs. the radial velocity difference; or (bottom right) the peak K,,.

which has a double-peaked structure in both the K, versus The top right panel of Figure 5 shows the relative amplitude
Vwind diagram and in the 1D cross-correlation function for the difference versus the radial velocity difference. While there
first half of the transit. does not seem to be a clear trend between these parameters
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Figure 6. Comparison between the expected observability for each atom or ion that was originally defined in Section 2 (shown as black x marks) and the S/N for the
detected species (green squares) or upper limits at an S/N of 4 (purple squares) for all of the nondetections. The two y-axes have been normalized such that the Fe I
signal’s S/N is equal to an observability of 1. Most of the species that are expected to be observable have a detection, but a few notable exceptions are present and are

discussed in detail in the text.

(Pearson coeff. = —0.2), by examining the difference in
amplitude, we can gain information about the temperature
structure of the planet. All of the transition metals (VI, CrlI,
Mn1, Fe 1, Nil, and a tentative detection of CoI) and Ca II show
stronger absorption during the second half of the transit when
the eveningside of the planet is more in view. Lil, Mg1, and
Sr 11 show slightly stronger absorption during the second half of
the transit, while NaI and K I actually show stronger absorption
during the first half of the transit when the morningside of the
planet is more in view. Chemical modeling from Kataria et al.
(2016) predicted that NaT and K I would be more abundant on
the nightsides than the daysides of UHJs, and so we
hypothesize that they are also more abundant on the cooler
morningside of the planet than on the hotter eveningside, where
Na and K are expected to be mostly ionized. In contrast, most
species are expected to show stronger absorption on the
eveningside where the temperature is higher, and hence scale
height is larger.

In the middle panels of Figure 5, we plot the ionization
temperature (for ions) or the condensation temperature (for the
neutral atoms) versus the radial velocity difference and the
measured K,,. The relation containing the radial velocity
difference shows the highest degree of correlation, with a
Pearson value of 0.88, which signals strong positive correla-
tion. As expected, we find a similar relation between the
ionization or condensation temperature and K, and the Pearson
coefficient still points toward moderate correlation with a value
of —0.511.

LiT and NaT both show very little radial velocity difference
between the beginning and end of the transit, and with
condensation temperatures lower than 800 K, both atoms are
expected to remain in the gas phase even on the cold nightside
of the planet. All of the transition metals have mildly
blueshifted (~—3kms™") absorption at the beginning of the
transit and absorption that is more blueshifted (~—10 km sh
at the end of the transit. The radial velocities of the first half
and second half are offset by more than 20 for all except for
Nil, which has consistent radial velocities with the other
species, but larger uncertainties due to the lower S/N of the
detection. The transition metals also all have comparable
condensation temperatures that would result in their removal
from the gas phase on the nightside of the planet. The ions
exhibit the largest discrepancies between their two radial
velocities and also are expected to be highly temperature
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sensitive. The correlation between the ionization or condensa-
tion temperature and the strength of the asymmetry could point
toward condensation or chemical gradients causing the
asymmetries, as species with more uniform distributions across
the planet’s surface are expected to show less of an asymmetry
(Wardenier et al. 2021).

Finally, in the bottom panels of Figure 5, we plot the FWHM
versus the radial velocity difference (left) and K|, (right). The
absorption spectra of atoms such as HI, Lil, Nal, and Call, are
dominated by a few, very strong lines. The line cores of species
that have stronger lines (or are more abundant) become optically
thick at higher altitudes. Our measurements of the residual
amplitudes of these species are on average larger than the
residual amplitudes of the transition metals (thousands instead of
hundreds), confirming that the signals originate higher in
altitude. The FWHMs of these signals are also on average
larger than those of the transition metals, which tend to have
FWHMs of ~10kms™'. These broad absorption lines were seen
in Seidel et al. (2021), and explained as originating from a
vertical wind in the upper atmosphere, which significantly
broadens the lines. The trend showing K, versus FWHM has a
Pearson coefficient of 0.756, indicating strong correlation. The
correlation can be explained by a day-to-night wind in the lower
atmosphere that causes an asymmetry but minimal broadening,
while the upper atmosphere (or exosphere) is dominated by a
vertical wind or outflow and is not highly rotation phase
sensitive but significantly broadens the lines.

To disentangle these two physical scenarios and to better
interpret these signals, more GCM and chemical modeling is
required. As GCMs are generally used to model the lower
atmosphere (<1 microbar) and absorption such as that from
Call extend significantly higher in the atmosphere (Tabernero
et al. 2021), nonhydrostatic GCM models that include atmo-
spheric escape (e.g., Dobbs-Dixon & Agol 2013; Mayne et al.
2014; Mendonga et al. 2016) may be needed to fully explain
the signals we detect. As both the temperature relation and the
FWHM exhibit outliers, a combination of both condensation
and a two-layered atmosphere could also best explain the
measurements outlined here.

7.1. Nondetections

We plot all of the observability scores, as defined in
Section 2 and shown in Figure 1, as well as our detections and
nondetections in Figure 6. For each nondetection, we did not
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Figure 7. K, vs. vy,ing maps for each neutral atom that we searched for, but did not detect. These maps are the same as those in the right panels of Figure 4. These are
all considered nondetections, as none of them show an S/N > 4 near the planet’s expected K, and vyinq value (shown by the dotted black lines). These plots show
random noise peaks that often have S/Ns of 3 to 4, but we do not see any S/N peaks of 5, which is why we chose the cutoff of 5 for our detections and only consider

S/N > 4 signals as tentative.

find a peak with an S/N > 4 near the exoplanet’s expected
velocity, and Figures 7 (neutral atoms) and 8 (ions) show the
resulting K, versus vy,q parameter space search. Most of the
species that have high observability scores in Figure 1 are
detected. The only species that are not detected or tentatively
detected that have an observability score above .25 that we do
not find are: Cal, Til, Till, ScI, ScIl, All, and Zr 1. Although
we do not detect Cal, we do detect Call, which leads us to
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conclude that Ca is mostly ionized at the temperatures and
pressures probed in the terminator of WASP-76b.

Since we expect to be able to detect both TiI and I, as well
as ScI andIl, these nondetections cannot be explained by
ionization. Sc I and I are only on the edge of what we expect to
be able to detect, and so it is not overly surprising that we do
not find these species. In contrast, TiI is expected to be the
second most observable atom or ion after Fel. Till has been
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observed in the hottest UHJ, Kelt-9b (Hoeijmakers et al. 2019),
but neither Til nor II has been confidently detected in any of
the other cooler UHJs, including WASP-121b (Hoeijmakers
et al. 2020a; Merritt et al. 2021) and MASCARA-2b
(Hoeijmakers et al. 2020b). Furthermore, TiO was also not
detected in WASP-121b (Hoeijmakers et al. 2020a; Merritt
et al. 2020) or previously in WASP-76b (Tabernero et al.
2021). Til, Till, and TiO make up the main gas-phase
Ti-bearing species for the range of temperatures (2000-4000 K)
expected along the terminator of WASP-76b (Lodders 2002), and
as none of them are detected, this supports the hypothesis of Ti
being trapped in condensates (e.g., Spiegel et al. 2009;
Parmentier et al. 2013).

Since we do not expect to measure ionized Al and Zr, a
significant portion of both of these species may be ionized, and
therefore the neutral atoms may be less observable than our
estimates and explain the nondetections. Alternatively, Al
could have condensed into clouds; Al,Os condenses at the
highest temperature (~2000K) of all of the common
condensate species shown in Gao et al. (2021). As we will
discuss later when we compare our results to recent GCM
modeling results (Section 7.3), Al,O5 clouds are invoked in
Savel et al. (2021) to explain the Fe I asymmetry. We recover
strong detections of Mg and Li even though these species are
expected to be of similar or even lower observability, and so
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our nondetection of the strong AlT doublet at 4000 A could be
evidence supporting the cloud hypothesis put forth by Savel
et al. (2021). In addition to Al,O3 clouds, the cloud species
with the second highest condensation temperature in Gao et al.
(2021) is TiO,, and so condensation could potentially explain
the intriguing nondetections of both Ti and Al.

7.2. Comparisons to Previous Observations of WASP-76b

Three studies were recently published using HST data of
WASP-76b. von Essen et al. (2020) found evidence for Na in
the optical, and a slope of increasing transit depth with
decreasing wavelength. Fu et al. (2021) also detected this slope
in the optical and argued that the slope is due to metal
absorption and not Rayleigh scattering. Our detections of Fe,
VI, CrL, Mn1, Col, and NiI support this hypothesis, as all of
these atoms strongly absorb between 0.2 and 0.4 pm, where the
HST spectrum showed an increased slope. Both Fu et al. (2021)
and Edwards et al. (2020) found evidence for TiO and/or VO.
Hoeijmakers et al. (2020a) argued that in WASP-121b their
detection of VI suggests that VO would also be present, as the
two are expected to coexist in chemical equilibrium. Our
detection of V I here may also therefore suggest the presence of
VO, but our nondetections of Ti I, TiIl, and the nondetection of
TiO at high resolution by Tabernero et al. (2021) do not
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support the existence of TiO. We suggest that the increased
opacity seen between 0.4 and 1.0 um could be due to a
combination of H™ opacity (e.g., Lothringer et al. 2018;
Rathcke et al. 2021), other metal oxides or hydrides (VO, CaH,
etc.) and absorption from metals such as Nal that absorb
strongly in this region.

At high spectral resolution, Casasayas-Barris et al. (2021b)
and Deibert et al. (2021) both published detections of the Call
infrared triplet. Casasayas-Barris et al. (2021b) found a broad
signal with an FWHM of 2573 kms™' and tentative evidence
for a double-peaked structure in the 1D cross-correlation
function. In their K, versus vyinq diagram, they found a peak at
196 km s~ !, with an extended tail down to lower K, values. We
also see a double-peaked structure in both the 1D cross-
correlation function and the K, versus vynq diagram, and all
our measured values of the Call H and K lines are consistent
within 1o. Furthermore, our separate analysis shows nearly
identical results as the original FeI signal seen in Ehrenreich
et al. (2020), and consistent results with the HARPS signal seen
by Kesseli & Snellen (2021). Our Nal detection shows a
similar broad shape and velocity offset as what was measured
in Seidel et al. (2019, 2021). Finally we detect or tentatively
detect all of the species that Tabernero et al. (2021) were able
to identify as single lines (Call, Mn1, Fe I, Mg, Nal, LiI, and
K1), thus validating our cross-correlation methods. The S/Ns
of our detections are comparable to those from Tabernero et al.
(2021) for the species that are dominated by singlet or doublet
absorption (e.g., we measure S/N = 7.8 while Tabernero et al.
2021 measured an average S/N = 7.4 for CaII). But for species
that absorb with a forest of lines, our cross-correlation analysis
is able to detect a higher S/N (e.g., S/N = 5.7 for the single
Fe I line at 4403 A in Tabernero et al. 2021 versus S/N = 14.24
for our cross-correlation analysis of FeI).

Recent high-resolution studies in the near-IR (NIR) have
added more evidence for molecular absorption in WASP-76b.
Kesseli et al. (2020) was unable to detect FeH, but Sanchez-
Lopez et al. (2021) confirmed the presence of H,O that was
seen with HST (Tsiaras et al. 2018; Edwards et al. 2020; Fu
et al. 2021) and also found evidence for HCN and tentative
evidence for NH;. Landman et al. (2021) detected OH, which
demonstrated that H;O was dissociating in the upper atmos-
phere. Curiously, Sanchez-Lopez et al. (2021) and Landman
et al. (2021) found the peak K, for their signals to occur around
230—250 km s~ ', which is significantly more than the expected
K, of 196.5. While the majority of our signals have peak K,
values less than 196.5, as is expected for condensing species,
Nal, LiL, and HI all have peak K, values > 200. While the
signal for H1 is tentative, if the offset is shown to be real, this
might demonstrate that H1, OH, H,O, HCN, and NH; are
colocated and exhibit similar behavior in the atmosphere of
WASP-76b. More detailed work on H1 absorption in WASP-
76b as well as NIR follow-up of the intriguing signals seen in
Sanchez-Lopez et al. (2021) would help to determine the nature
of this potential K,, offset.

Finally, recent Spitzer phase curve observations and
accompanying GCM from May et al. (2021) show evidence
for a large day-to-night contrast and hence favor a cold-interior
model. The large day-to-night contrast is necessary to generate
the high-speed winds and velocity shifts we measure at high
spectral resolution (Savel et al. 2021). May et al. (2021) found
little offset between the substellar point and the hottest point on
the planet and therefore found that the morning and evening
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limbs should have similar temperatures. By incorporating
magnetic drag into their GCMs, Beltz et al. (2022) were able to
physically explain the minimal hotspot offset from the
substellar point. However, our observations and GCM model-
ing of the high-spectral resolution observations (see
Section 7.3) require a strong morning—evening temperature
asymmetry. The significantly larger amplitudes that we find in
the cross correlation during the second half of the transit for all
of the transition metals point toward a hotter atmosphere on the
eveningside of the planet. We hypothesize that the larger
amplitudes during the first half of the transit for Nal and K1
indicate that the morningside of the planet is cooler.
Equilibrium chemistry predicts that at temperatures of 3000 K,
most Na and K atoms are ionized, and so with cooler tempera-
tures, the abundances of NaI and K I would increase and hence
show stronger absorption signatures.

7.3. Comparisons to GCM Modeling Results

Two papers have recently performed in-depth modeling of
the atmosphere of WASP-76b to explain the original asym-
metric transit signal of Fel from Ehrenreich et al. (2020) and
Kesseli & Snellen (2021). Wardenier et al. (2021) found that in
order to reproduce the asymmetry and highly blueshifted signal
from the eveningside of the planet, a large temperature
difference between the cooler morningside and hotter evening-
side of the planet or removing iron from the morningside of the
planet were required. Both cases would result in a stronger
signal that is more blueshifted during the second half of the
transit. Savel et al. (2021) also found that a large temperature
contrast between the evening and morning limbs, modeled with
weak atmospheric drag, and modifications to the general GCM
model were required to reproduce the iron signal. However,
instead of condensation, they favored the formation of thick
clouds (with a slight preference for Al,O53 over Fe clouds) on
the cooler morningside of the planet, which effectively blocks
much of the FeI absorption on this side of the planet.

As VI, Cr1, Mn1, Nil, and Col all show similar behavior,
the potential explanations from modeling (clouds, condensa-
tion, or temperature asymmetries) all provide good explana-
tions for these signals as well. Indeed, Savel et al. (2021)
modeled how the radial velocities of the Fel, Til, Mn1, Crl,
and Mg I signals varied over the course of the observations and
found nearly identical behavior. Alternatively, Savel et al.
(2021) found that Call does not have this same behavior, and
in their models, the peak radial velocity was less blueshifted
throughout the observations. In their weak atmospheric drag
case (the case favored by the Fe I results), the CaII absorption
was centered at —2.5km s~ for the majority of the transit. We
measure the peak radial velocity of Call for the second part of
the transit to be —2.52 +1.53kms ™. During the first part of
the transit, we also see absorption around —2.5kms ™', but in
addition, we see stronger absorption closer to +10kms .
Savel et al. (2021) found a slight uptick in the Call radial
velocity at the beginning of the transit to radial velocities of
about 0 km s_l, but this is not nearly as redshifted as what we
measure. Overall our results align very well with those
proposed in Savel et al. (2021), and any differences in our
Call radial velocity measurements could be due to nonhydro-
static effects, as Savel et al. (2021) mention.
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8. Conclusions

We searched for absorption from >30 atoms and ions in the
atmosphere of WASP-76b using the cross-correlation techni-
que on two archival ESPRESSO transits. We detected
absorption from Lil, Nal, Mgl, Call, VI, CrI, Mn1, Fel,
Nil, and SrlII, and tentatively detect HI, K1, and Col. The
detected absorption from VI, Cr1, Ni1, Sr1I, and Co I are novel
for this planet.

For each of the detected or tentatively detected atoms and
ions, we analyzed the beginning of the transit separately from
the end of the transit to measure two different radial velocities
and amplitudes of the planet absorption. We measure stronger
absorption during the second half of the transit for all of the
transition metals, and stronger absorption during the first half
of the transit for NaI and K 1. This observation points toward a
temperature asymmetry between the morning and eveningside
of the planet, as NaTl and KT are expected to be less abundant
(mostly ionized) on the hotter eveningside of the planet, while
the transition metals are more visible on this side of the planet
due to the hotter atmosphere, which has a larger scale height.

We find evidence for a trend between the strength of the
measured asymmetry (difference between the expected radial
velocity at the beginning and end of the transit) and the
condensation or ionization temperature. Nal and Lil show
consistent radial velocities, while the transition metals show
differences of ~7kms™!, and the ions show the largest
asymmetries. This could be evidence that rain-out or
recombination in the cooler morningside of the planet is
causing the asymmetries. Alternatively, the differing degrees of
asymmetry could be caused by the different species absorbing
at different locations in the atmosphere, as we find correlation
between the FWHM of the signals and the strength of the
asymmetry. The lower atmosphere could be dominated by a
day-to-night wind, which would cause narrower absorption
lines with varying Doppler shifts, while the upper atmosphere
could be dominated by a vertical wind or outflow, which would
cause less phase dependence but broader lines.

Finally, we compare all of the detection S/Ns to what we
expected to be able to detect and find a few notable absences.
TiI and Ti1l should both be observable, but we find neither,
and Tabernero et al. (2021) also did not detect TiO.
Furthermore, AlI has a strong doublet at 4000 A, which is
also not detected. These nondetections could point toward
condensation into Al,O5; and TiO, clouds, as these are both
expected to condense at temperatures around 2000 K (Gao
et al. 2021). More GCM and chemical modeling, especially
disequilibrium chemical modeling, would help to interpret
these nondetections, as well as the many new time resolved
asymmetric Doppler shifts observed in the atmosphere of
WASP-76b.
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