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Abstract

Ground-based high-resolution spectroscopy (HRS) has detected numerous chemical species and atmospheric
dynamics in exoplanets, most notably ultrahot Jupiters (UHJs). However, quantitative estimates on abundances
have been challenging but are essential for accurate comparative characterization and to determine formation
scenarios. In this work, we retrieve the atmospheres of six UHJs (WASP-76 b, MASCARA-4 b, MASCARA-2 b,
WASP-121 b, HAT-P-70 b, and WASP-189 b) with ESPRESSO and HARPS-N/HARPS observations, exploring
trends in eleven neutral species and dynamics. While Fe abundances agree well with stellar values, Mg, Ni, Cr,
Mn, and V show more variation, highlighting the difficulty in using a single species as a proxy for metallicity. We
find that Ca, Na, Ti, and TiO are underabundant, potentially due to ionization and/or nightside rain-out. Our
retrievals also show that relative abundances between species are more robust, consistent with previous works. We
perform spatially resolved and phase-resolved retrievals for WASP-76 b and WASP-121b given their high signal-
to-noise observations, and find the chemical abundances in each of the terminator regions are broadly consistent.
We addltlonally constrain dynamics for our sample through Doppler shifts and broademng of the planetary signals
during the primary eclipse, with median blueshifts between ~0.9 and 9.0kms~' due to day—night winds.
Furthermore, we constrain spectroscopic masses for MASCARA-2 b and HAT-P-70 b consistent with their known
upper limits, but we note that these may be biased due to degeneracies. This work highlights the importance of
future HRS studies to further probe differences and trends between exoplanets.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheric composition (2021); Atmospheric dynamics
(2300); Extrasolar gaseous giant planets (509); High resolution spectroscopy (2096)

1. Introduction many thousands of individual absorption lines in the planetary
spectrum (see, e.g., Birkby 2018). The difference in the
position and relative strength of the spectral lines between
species allows us to unambiguously detect a range of atoms,
molecules, and ions in the atmosphere. A wide range of
chemical species has been observed in UHJs (e.g., Casasayas-
Barris et al. 2018; Hoeijmakers et al. 2019; Seidel et al. 2019;
Ben-Yami et al. 2020; Cont et al. 2021; Merritt et al. 2021;
Kesseli et al. 2022; van Sluijs et al. 2023). In particular,
gaseous Fe has been shown to be prevalent in a number of
UHJs, under both primary and secondary eclipse observations
(e.g., Hoeijmakers et al. 2018, 2020a; Nugroho et al. 2020;
Pino et al. 2020; Yan et al. 2020; Casasayas-Barris et al. 2022;
Kasper et al. 2023).

High-resolution observations of UHJs have also allowed us
to explore winds present in their atmospheres. Global winds
result in a Doppler shift and/or broadening of the overall
spectrum due to the motion of the constituents of the planetary

We are entering the era of comparative exoplanet atmos-
phere science, with a new generation of observatories probing
the atmospheres of planets in ever-increasing detail to
determine the similarities of these worlds to each other and
our own solar system. Recently, ground-based facilities capable
of observing exoplanets at very high spectral resolution
(RZ25,000) (e.g., Mayor et al. 2003; Jurgenson et al. 2016;
Pepe et al. 2021) have allowed for unprecedented detail into the
chemical inventory of exoplanets, most notably for ultrahot
Jupiters with temperatures in excess of 2000 K. These strongly
irradiated exoplanets are unique laboratories, which exhibit a
wide range of chemistry and physics (e.g., Fortney et al. 2008;
Parmentier et al. 2018), and are excellent targets to study
planetary chemical composition, particularly of refractory
species. The high-resolution observations allow us to resolve
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Table 1
Observations and Planetary Parameters Used for Our Retrievals
Parameter WASP-76 b MASCARA-4 b MASCARA-2 b* WASP-121 b HAT-P-70 b WASP-189 b
Reference 1) 0)) A3) “) 5) (©6)
Instrument ESPRESSO ESPRESSO HARPS-N ESPRESSO HARPS-N HARPS-N/S
Obs. Dates 2018-09-02 2020-02-12 2017-08-16 2019-01-06 2020-12-18 2019-04-14
2018-10-30 2020-02-29 2018-07-12 2019-04-25
2018-07-19 2019-05-06
2019-05-14
T.,/K 2210 2250 2260"° 235813 25621 264116
R./R 1.756 1.79® 1.60"° 1.44 1.858'3 2.36"7
[Fe/H] 0.366 ~0.0° —0.02'° 0.13 —0.059'% 0.29"7
R,/Ry 1.854 1.515 1.83" 1.753" 1.87'3 1.619"7
M, /M, 0.894 1.675 <3511 1.157' <6.78"3 1.99"7
T./BIDpg 2458080.6257" 2458909.66419 2458312.585647 2457705.370127 2459175.05277" 2458926.5416960"7
T. 1o error 0.00013 0.00046 0.00016" 0.000127 0.000177 0.000065"7
P/days 1.80988058 2.8240932 3.474100247 1.274924837 2744327 2.7240308’
P 1o error 1.8E-077 4.6E-06 6.1E-07’ 1.1E-07’ 1E-06" 4.2E-06'7
K,/ kms™! 0.1156 0.1659 0.0 0.177" 0.0 0.182"7
K,/ kms™! 196.5+1 18245 169+6'"2 221445 187 £ 4 200.7 £ 4.9
Viyo/kms™! —1.16 + 0.0025 —5.68 + 0.09 —24.48 £ 0.04'2 38.198+0.002 2526 +0.115 —24.452 +0.12"

Note. The references for the sources of the data are as follows: (1) Ehrenreich et al. (2020; Program: ESO 1102.C-0744), (2) Zhang et al. (2022; ESO 0104.C-0605),
(3) Casasayas-Barris et al. (2019; PID CAT17A-38), (4) Borsa et al. (2021; ESO 1102.C-0744), (5) Bello-Arufe et al. (2022; A42TAC27), and (6) Prinoth et al. (2022;
ESO 0103.C-0472, CAT19A-97). Unless otherwise specified, the references for the parameters are taken from the data references. For T, and P, we used the most
precise transit timing measurements, many of which are from TESS, (7) Ivshina & Winn (2022). Other references are (8) Ahlers et al. (2020), (9) Dorval et al. (2020),
(10) Talens et al. (2018), (11) Lund et al. (2017), (12) Rainer et al. (2021), (13) Delrez et al. (2016), (14) Bourrier et al. (2020), (15) Zhou et al. (2019), (16) Anderson

et al. (2018), and (17) Lendl et al. (2020). For planets where only an upper mass limit was detected, we used a K, value of 0.0.

# MASCARA-2 b is also known as KELT-20 b.

These transit observations have shown that wind speeds of
~kilometers per second are present in the upper atmospheres of
these highly irradiated planets (e.g., Seidel et al. 2021;
Langeveld et al. 2022), and allowed for theoretical studies of
the circulation patterns (Tan & Komacek 2019). In addition, we
have been able to explore variations of the spectra during the
transit (Ehrenreich et al. 2020; Kesseli & Snellen 2021), and
have shown that condensation, cloud formation on one side of
the planet, and thermal asymmetries can result in shifts in the
strength and position of spectral features as the transit
progresses (e.g., Gandhi et al. 2022; Savel et al. 2022). The
mechanisms that drive the speed and spatial distribution of the
winds are influenced by atmospheric drag (e.g., Wardenier
et al. 2021) and by magnetic fields (e.g., Beltz et al. 2022).
Atmospheric winds are also coupled to the formation of clouds
in the atmosphere (Komacek et al. 2022). Hence, the dynamics
are important quantities for understanding the various pro-
cesses within these planets as well as obtaining reliable
chemical compositions.

Recently, retrievals of high-resolution spectra have given us
the ability to quantitatively constrain on the chemical
abundances of gaseous species in the atmospheres of hot and
ultrahot Jupiters (Brogi et al. 2017; Gandhi et al. 2019; Line
et al. 2021; Pelletier et al. 2021; Gibson et al. 2022). Such
retrievals have become possible thanks to developments in
likelihood-based approaches for high-resolution spectra (Brogi
et al. 2017; Brogi & Line 2019; Gibson et al. 2020), and often
explore many millions of models over a wide range in
parameter space to fit the observations. The high-resolution
modeling required for the retrievals requires significant
computational power, but allows for quantitative estimates to
be placed on the atmospheric constituents. The abundance
constraints are the key to determining the refractory and
volatile content of the atmosphere and thus understanding how

these planets formed and migrated to their current location
close to their host star (e.g., Madhusudhan et al. 2014;
Lothringer et al. 2021; Knierim et al. 2022).

Given the numerous recent high-precision observations of
UHJ atmospheres, a key step is to be able to compare and
contrast the chemical composition of these exoplanets in order
to observe trends as well as to explore potential formation
pathways. In this work, we perform high-resolution retrievals
of terminator observations of six UHJs, and constrain eleven
neutral atomic and molecular species expected to be prevalent
in their atmospheres. Furthermore, we constrain the winds on
the terminator of these UHJs through velocity shifts of the
planetary signal and compare the trends across our sample. We
use the optical observations obtained with the ESPRESSO and
HARPS-N/HARPS spectrographs as shown in Table 1. Our
sample of UHJs was chosen given their similar ~2200-2600 K
equilibrium temperatures and the multiple species that are
prominent in their atmosphere (e.g., Cabot et al. 2020; Merritt
et al. 2021; Tabernero et al. 2021; Kesseli et al. 2022).

We retrieve the chemical species in the atmosphere using the
HyDRA-H high-resolution retrieval models (Gandhi et al.
2019). We perform retrievals with chemical abundances of
eleven species as free parameters: Fe, Mg, Ni, Cr, Mn, V, Ca,
Ti, TiO, TiH, and Na. For this work, we do not retrieve ionic
species in order to keep the retrievals computationally tractable
and given that ionic species generally have more complex
vertical chemical abundance profiles. For two of the planets in
our survey, WASP-76b and WASP-121b, we perform
additional phase-separated and spatially resolved retrievals
with HyDRA-2D given the high signal-to-noise and high-
resolution R = 140,000 ESPRESSO observations available
(Gandhi et al. 2022). This allows us to further explore the
variation of the chemical species and dynamics in the different
regions of the terminator for these two planets.
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The next section discusses the retrieval setup and data
analysis, followed by the results and discussion where we
explore the constraints on the atmospheric chemistry and
dynamics. Finally, we present the concluding remarks in
Section 4.

2. Methods

In this section, we discuss the modeling setup and data
analysis. We use HyDRA-H and HyDRA-2D to perform the
retrievals of the exoplanets in our survey (Gandhi et al.
2019, 2022). These models explore a wide range of composi-
tions, temperature profiles, cloud and/or opacity decks, and
wind speed distributions to characterize the atmosphere from
ground-based high-resolution observations. We use primary
eclipse observations with the ESPRESSO spectrograph on the
Very Large Telescope (VLT; Pepe et al. 2021), HARPS-N
spectrograph on the Telescopio Nazionale Galileo (TNG), and
HARPS on La Silla (Mayor et al. 2003), which cover the
optical wavelength range (~0.4—0.8 um). Table 1 shows the
system parameters for each of the planets in our survey and the
observations we used. We discuss the retrieval setup, our target
sample, and data analysis in further detail below.

2.1. Atmospheric Modeling and Retrieval Setup

We perform our retrievals for the six planets using HyDRA-
H (Gandhi et al. 2019). Our setup assumes free parameters for
the atmospheric chemistry (volume mixing ratio for each
chemical species) and a vertically varying temperature profile.
Our atmosphere is assumed to be H/He-rich, which is a valid
assumption for these UHJs given the high temperatures will
lead to substantial dissociation of H, in the photosphere (see,
e.g., Parmentier et al. 2018; Gandhi et al. 2022).

To generate our model spectra for each of the exoplanets, we
use the latest and most precise line lists to determine the line-
by-line opacity from each of the spectrally relevant species in
the atmosphere. The opacity for the atomic species is
determined using the Kurucz line list (Kurucz & Bell 1995).
The cross sections for the molecular species TiO and TiH are
calculated using the TOTO (Tennyson et al. 2016; McKemm-
ish et al. 2019) and MOoLLIST (Burrows et al. 2005;
Bernath 2020) line lists respectively. These high-temperature
line lists are the most suitable to the high-resolution
observations in our study given their accurately determined
line positions. For each spectral line, we determine the
broadening due to the temperature as well as pressure, which
results in a Voigt line profile. The pressure broadening
coefficients are calculated using the method of Sharp &
Burrows (2007) and described in further detail in Gandhi et al.
(2022) for atomic species, and Gandhi et al. (2020b) for the
molecules. For each species, we determine the total cross
section by summing the contributions from each of the lines,
calculated between 0.33 and 50 yum with a wavenumber
spacing of 0.01 cm ™. This corresponds to a spectral resolution
of R=2.5x 10° at 0.5 uum.

We additionally include the haze and opacity deck of the
atmosphere into our retrieval as an additional source of
absorption, which originates from any potential cloud con-
densation or haze (e.g., Gao & Powell 2021; Komacek et al.
2022) as well as other species with strong continuum-like
opacity such as TiO or H- (e.g., Hubeny et al. 2003; Arcangeli
et al. 2018; Parmentier et al. 2018; Gandhi et al. 2020c).

Gandhi et al.

However, our high-resolution observations are generally more
sensitive to higher altitudes above the regions with significant
opacity (see, e.g., Gandhi et al. 2020a; Hood et al. 2020), but
clouds and hazes can impact the spectra, and hence we include
them into our retrieval to avoid any biases in the chemical
abundances.

For each of the spectral models in our retrieval, we generate
transmission spectra using numerical radiative transfer (e.g.,
Pinhas et al. 2018). We determine the temperature profile using
the parameterization of Madhusudhan & Seager (2009), which
uses 6 free parameters, and allows for noninverted, isothermal,
and inverted profiles. We also include free parameters AK,,
AV, and §Vying into our retrieval, which are the deviation
from the planet’s known orbital velocity, deviation from the
known systemic velocity and the full width half maximum of
the wind profile of the atmosphere (see Gandhi et al. 2022, for
further details). For each model, we generate spectra at a
resolution of R=500,000 in the wavelength range of the
observations, and convolve to the instrumental resolution of
R = 140,000 for ESPRESSO, and R = 115,000 for HARPS-N/
HARPS.

We perform additional retrievals for WASP-76b and
WASP-121 b with HyDRA-2D (Gandhi et al. 2022), separating
the regions of the terminator into a morning (leading) limb and
an evening (trailing) limb, with separate chemical abundances,
temperature profile, and opacity deck for each half of the
terminator. This model has been demonstrated on the WASP-
76 ESPRESSO observations, showing differing chemical,
thermal, and opacity deck constraints between the two halves
of the terminator. Previous work has shown that multi-
dimensional retrievals are important for such hot exoplanets
(e.g., Pluriel et al. 2022). Furthermore, we perform separate
retrievals over the first and last parts of the transit, allowing us
to determine the chemical variation across phases as well as
across the terminator. This was possible due to the high-
precision observations of these two systems available with
ESPRESSO, and given that the regions of the atmosphere
probed during the transit vary by =>30° (Wardenier et al. 2022).
For each half of the terminator, we calculate separate phase-
dependent limb-darkening coefficients. The coefficients vary
across the transit because the morning (or leading) terminator
transits the brighter regions of the star during the first half of
the transit and thus has a greater contribution, while the second
half of the transit has a greater contribution from the evening
(or trailing) side. We maintain AK,, AV, and (Vying as
shared parameters, which remain the same for both halves of
the terminator. We perform the HyDRA-2D retrievals includ-
ing only the species that were detected in the spatially
homogeneous and phase-unresolved HyDRA-H retrievals of
these planets in order to keep them computationally efficient.
Further details on the setup of the retrievals can be found in
Gandhi et al. (2022).

2.2. Target Sample

We retrieve the atmospheres of six UHJs with publicly
available high-precision high-resolution observations of their
terminators: WASP-76 b, MASCARA-4b, MASCARA-2b,
WASP-121b, HAT-P-70 b, and WASP-189 b. These ultrahot
Jupiters have equilibrium temperatures ranging between ~2210
and 2640 K (see Table 1), where numerous refractory species
are expected to be gaseous (Lothringer et al. 2018). We used
ESPRESSO observations for WASP-76 b, MASCARA-4 b,
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and WASP-121 b; HARPS-N for MASCARA-2 b, and HAT-P-
70 b; and a combination of HARPS and HARPS-N for WASP-
189b. These high-precision transit observations have pre-
viously been used to detect a range of species in the
atmospheres of each of the planets, most notably Fe, and are
detailed below.

The reduced WASP-76b data were downloaded from the
Data and Analysis Center for Exoplanets (DACE) database. '
These data were originally published in Ehrenreich et al.
(2020), which showed clear absorption of Fe but also
variability in its signal with orbital phase, potentially due to
rain-out of Fe and/or clouds (Gandhi et al. 2022; Savel et al.
2022). These ESPRESSO observations have also been used to
detect numerous other atomic and ionic species in the
atmosphere (Tabernero et al. 2021; Kesseli et al. 2022). The
MASCARA-4 b transit observations were recently published in
Zhang et al. (2022), showing numerous atoms and ions. The
fully reduced 1D spectra of WASP-121 b from ESPRESSO and
WASP-189b from HARPS were downloaded from the ESO
archive,® while the HARPS-N spectra were downloaded from
the TNG archives."* The ESPRESSO observations of WASP-
121 b (Borsa et al. 2021) added new detections to an already
rich spectrum containing many neutral and ionized atoms from
many different spectrographs (Hoeijmakers et al. 2020b; Ben-
Yami et al. 2020; Cabot et al. 2020; Merritt et al. 2021). The
HAT-P-70 b observations were originally published in Bello-
Arufe et al. (2022), while WASP-189b observations were
published by Prinoth et al. (2022) and showed the first
conclusive detection of TiO at high spectral resolution. Finally,
the HARPS-N observations of MASCARA-2 b have been used
in many previous studies (Casasayas-Barris et al. 2018, 2019;
Nugroho et al. 2020; Stangret et al. 2020), also showing a large
range of atoms and ions. These atomic detections were further
confirmed in Hoeijmakers et al. (2020a) using the EXPRES
spectrograph.

With the higher spectral resolution and signal-to-noise
available from ESPRESSO/VLT, we chose to perform
spatially resolved and phase-separated HyDRA-2D retrievals
for both WASP-76 b and WASP-121 b. The phase ranges of the
retrievals are given in Table 5. We leave out the phases near 0
to avoid interference with the Doppler shadow of the star,
where the planetary signal and the stellar signal have the same
velocity component and hence cannot be straightforwardly
separated (see, e.g., Gandhi et al. 2022).

The observations of MASCARA-4 b are also obtained with
the ESPRESSO spectrograph, but this target had strong stellar
pulsations as well as Rossiter—Mclaughlin (RM) effects, and
thus we only perform spatially homogeneous retrievals for this
planet. Due to the lower spectral resolution of HARPS-N and
HARPS, we also only perform spatially homogeneous
retrievals for the other targets. For MASCARA-2b and
HAT-P-70b, only upper limits on the planetary masses are
available, and hence we include the surface gravity of the
planet, log(g), as an additional free parameter in our retrievals
for these two planets. This parameter is necessary in order to
avoid biases, as the atmospheric scale height is sensitive to the
choice of surface gravity and hence planetary mass.

'2 hitps:/ /dace.unige.ch/dashboard /index.html
3 hup: //archive.eso.org/scienceportal /home
14 http:/ /archives.ia2.inaf.it/tng/
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2.3. Data Analysis

We cleaned and processed all the data following the
procedure of Gandhi et al. (2022). We corrected each spectrum
for telluric absorption using molecfit (Smette et al. 2015),
which has been shown to effectively remove contamination
from H,O and O, at visible wavelengths in all but the strongest
absorption lines (Allart et al. 2017). We masked out any
regions of the spectra where the transmission through Earth’s
atmosphere was less than 20%, and hence the molecfit
correction returned poor results. We perform the following
cleaning steps for each transit observation separately (totaling
13 transits for the six planets). We shifted the spectra to the
stellar rest frame using the barycentric velocity during each
exposure, the stellar reflex motion (calculated using K, from
Table 1), and the systemic velocity (Vs see Table 1). We
performed a 5o clipping and apply a Gaussian high-pass filter
with a full width half maximum of 100 km s~ to create highly
uniform grids of spectra. We then interpolated the spectra onto
a single wavelength grid for each night, created by averaging
all the wavelengths together during each observation set.
Finally, we divided each spectrum by the average out-of-transit
spectrum to remove any contribution from the host star. Note
that given the stability of fiber-fed spectrographs, such as
ESPRESSO, we are able to model the tellurics and divide by
the out-of-transit spectra. In general, other less-stable spectro-
graphs and/or those that use infrared observations will
typically require more complicated filtering, such as a principal
component analysis.

The RM effect in combination with center-to-limb variations
(CLV) create a residual structure in the cross correlation grid
(often called the Doppler shadow), which could influence the
results of our retrievals if not removed. Previous methods to
correct the Doppler shadow have proven effective in regions
where there is not an exact overlap between the shadow and the
planet’s signal, but struggle to produce results clean enough to
detect the planet’s signal when there is an exact overlap,
especially for a cross correlation analysis (e.g., Casasayas-
Barris et al. 2021, 2022). In addition, the planetary radius
appears larger at these regions of overlap, and therefore we
chose phase ranges that excluded spectra that had direct overlap
with the Doppler shadow. For many of our targets, this
contamination was limited to only a few spectra, and the
majority of the phases are still included in the retrievals (see
Table 5). Figure 1 shows cross correlation grids for each target
and an Fe line list, revealing a clear signal in each exoplanet’s
atmosphere.

We find that, for both MASCARA-4b and WASP-189 b,
while the Doppler shadow only directly overlaps with a small
portion of the spectra, the rapid stellar rotation creates large
wings of positive residuals around the Doppler shadow that
bias our retrievals (see Figure 2). To correct the RM and CLV
effects, we followed Yan & Henning (2018), Casasayas-Barris
et al. (2021, 2022) and simulated stellar observations at 10
different limb-darkening angles and velocities across the stellar
surface using the Spectroscopy Made Easy package (Valenti &
Piskunov 1996). To create synthetic observation of the Doppler
shadow, we divided the surfaces of the stars in 0.01 x 0.01R,
pieces and assigned each one a velocity based on the known
vsinis and limb-darkening angles. We then combined all the
spectra, excluding those that were covered by the planet at the
time of each observation, and performed the same cleaning
steps on the synthetic observations as we did on the data.
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Figure 1. Combined Fe I cross correlation grids for all observed transits for WASP-76 b, MASCARA-2 b, WASP-121 b, and HAT-P-70 b. The dotted orange lines
indicate the expected velocity of each exoplanet; positive (black) residuals along the orange dotted lines clearly show the detection of Fe I in each exoplanet with a
signal-to-noise ratio >8 in every case. The cyan boxes indicate the regions that we used for the retrievals, chosen to avoid any spectra where the RM and CLV effects

directly overlapped with the exoplanet’s spectrum.
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Figure 2. Similar cross correlation functions as Figure 1 but for MASCARA-4 b and WASP-189 b, which required a correction for Rossiter—Mclaughlin (RM) effect
and center-to-limb variations (CLV). The top panels show the uncorrected versions, while in the bottom panels our RM and CLV corrections have been applied. In
both planets, significant residuals still remain after our corrections, but the amplitude of the stellar contamination is significantly reduced, and the planet’s signal can be
more clearly extracted. Our retrievals using the corrected data converge to the planet’s known velocity, ensuring that the signal and molecules constrained are due to
the planet. MASCARA-4 b also shows clear contamination due to stellar pulsations (residuals moving from black to white in the vertical direction near 20 km s™").
We do not use spectra in the region where the residuals due to stellar pulsations are the most contaminated (¢ = 0.01-0.03).

Finally, we subtracted these synthetic RM and CLV model
spectra from the data to produce the cleaned spectra. The
cleaned cross-correlation functions (CCFs) are shown in
Figure 2. As noted in previous works, this method does not
remove all contamination from the RM and CLV effects (e.g.,
Casasayas-Barris et al. 2022; Zhang et al. 2022), but does
noticeably improve the contamination. Even using the correc-
tions, the regions where the RM effect directly overlaps with
the planet’s signal is still highly contaminated, and so we still
limit the phase ranges used for our retrievals to avoid the direct
overlap (see Table 5). We found that the retrievals performed
on the cleaned data converged to the planet’s known velocity

(K,) for both cases, while the retrievals performed on the
uncleaned data often converged to K, values significantly
different than the known values due to the RM and CLV
residuals.

In Figure 2, MASCARA-4b also shows residuals due to
stellar pulsations, which were found to be similar across the
two nights of observations. Zhang et al. (2022) assumed that
the stellar pulsations remained constant in radial velocity with
time, and so removed them by fitting Gaussians to the out-of-
transit CCFs. The retrieval setup does not allow for fitting the
residuals after cross correlation. We choose to instead omit the
phase range that is most contaminated by stellar residuals
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Table 2
Elemental Atmospheric Abundance Constraints (Given in Log(Volume Mixing Ratio)) and Their 1o Errors for the Planets in Our Survey
Species WASP-76 b MASCARA-4 b MASCARA-2 b WASP-121 b HAT-P-70 b WASP-189 b
Fe —4.24%92¢ —4.68%932, —4.91034 —4.49104 —4.79104¢ —4.94%924
Mg —3.650%; —4.32703 —4.60% —5.78700% —4 02*8 3 —4.67"03
Ni —4.81%0%8 —6.1110% —6.04 —4.917547 —5.18 —5.657934
Cr —7.2470% —9.35%931 —8.02t8;§1 77.04t8;2§ —7. 89*8 Pl —7.2170%8
Mn —5.9379% —8.587931 —7.571%3] —8.1 —6.471047 —7.72193
\% 78.36f8§? —10.311938 <—11.17 78 27794, —8.961048 —102°9%
Ca —8.527037 —8.64102 —8.49703 —8.361043 ~8.797033 —83119%
Ti* <-9.16 < —10.04 < —895 < —843 <—-9.28 —8.97+534
Na <—17.07 <—842 < —8.04 <-1712 < —17.96 < —845

Note. Where no significant constraints were retrieved, we show the 20 upper

limit.

2 Tj value is the sum of the constraints for atomic Ti, and molecular TiO and TiH.

(¢ =0.01-0.03). Even with this limited range of phases, the
retrievals quickly converge on the planet’s known velocity, and
so we are confident of our detections. We do note that the width
of the CCFs (parameterized by 6Vynq) is likely biased due to
the pulsations. Furthermore, as the stellar pulsations affect all
species, we expect the ratio of abundances (i.e., Mg/Fe, etc.) to
be more reliable than that of absolute abundances for the case
of MASCARA-4b.

The cleaned spectra in the specified phase ranges were
compared to the models in our retrieval framework. Following
Gandhi et al. (2022), we convolved the models to the
instrumental resolution and shifted them in velocity at each
phase given their AK,, and AV, which are free parameters in
the retrieval. The model spectra are also scaled for limb
darkening at each phase using the quadratic limb-darkening
coefficients for each system. Finally, the spectra are rotationally
broadened, and a high-pass filter is applied to the model to
reproduce the steps in the data analysis.

The processed model and cleaned spectra are compared
using a cross correlation to log-likelihood map (Brogi &
Line 2019). The log-likelihood value for a given model
compared against the data is computed with

logL = —%log(s_% + 57— 2R), 1)
where
LS pay: @)
N, o

11X,

Ng)g (n—) (3)
1 N

= NZf(n)g(n - 5). )

Here, f and g are the data and model respectively for a model
with N spectral points, and s represents the wavelength offset.
The overall value of the log-likelihood is the sum over all
orders and phases. For planets where multiple transits were
observed, the log-likelihoods of each transit were added to
obtain the overall value. Our Bayesian analysis is performed
with the nested sampling algorithm MultiNest (Feroz &
Hobson 2008; Feroz et al. 2009; Buchner et al. 2014).

3. Results and Discussion

In this section, we discuss the results from our retrieved
abundances and wind profiles for each planet and compare their
constraints. We first explore the chemical constraints for the
eleven species for each of the six planets in our survey,
followed by a discussion of relative abundance constraints with
high-resolution spectroscopy. We then discuss the HyDRA-2D
retrievals performed on WASP-76 b and WASP-121 b, and the
abundance variation of each species in the different regions of
the terminator. Finally, we compare and contrast the wind
profiles we obtain across the sample and discuss the mass
constraints for MASCARA-2 b and HAT-P-70 b.

3.1. Chemical Abundances

We performed spatially homogeneous retrievals for the six
planets in our survey, WASP-76 b, MASCARA-4b, MAS-
CARA-2b, WASP-121 b, HAT-P-70 b, and WASP-189b. We
retrieve the volume mixing ratios of eleven species, Fe, Mg, Ni,
Cr, Mn, V, Ca, Ti, TiO, TiH, and Na. These species were
chosen as they are expected to be the most prominent in the
optical and have often been detected in the atmospheres of
UHJs (e.g., Merritt et al. 2021; Kesseli et al. 2022). Figure 3
and Table 2 show the abundance constraints for each species in
each of the planets, with the overall Ti value as the sum of the
constraints from atomic Ti, TiO, and TiH. We note that the
abundances for each species correspond to the photospheric
constraints at the terminator of these planets. The majority of
species shows clear abundance constraints, with 20 upper
limits for the species that did not show any peak in the posterior
distribution. From these, we can see that Fe is the most clearly
constrained species, in line with expectations given its high
abundance and opacity. Planets such as WASP-76b and
MASCARA-4b show the tightest constraints given their
multiple nights of high signal-to-noise observations.

To compare our retrieved abundances, we modeled the
chemical equilibrium abundances of the species in our survey
with FastChem (Stock et al. 2018). This chemical equilibrium
code assumes that the chemical reaction rates are directly
proportional to the concentrations of all reactants, also known
as the law of mass action. By minimizing the Gibbs free energy
of the closed atmosphere system, the abundances of various
molecules, atoms, and ions are calculated at a given pressure
and temperature in gas-phase. These models account for the
ionization of species as well as the formation and interaction of
molecules in the atmosphere, and the chemical element
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Figure 3. Top panel: volume mixing ratios and lo errors of each species relative to the stellar abundance for the planets in our survey, ordered by planetary
equilibrium temperature. Bottom panel: values of ¢x e and 1o errors for each species, defined as ¢y . = log(X/Fe) — log(X./Fe), where X and Fe refer to the
each species’ volume mixing ratios, and X, and Fe,, refer to their solar abundance (see Section 3.3). Where no significant constraints were retrieved, we show the 20
upper limit. Note that the Ti value is the sum of the constraints for atomic Ti, and molecular TiO and TiH. The dashed lines for each species indicate the expected
abundance in chemical equilibrium at 3000 K and 0.1 mbar pressure (see Figure 4).

composition assumes solar abundances from Asplund et al.
(2009). The abundances for each species are shown in Figure 4
as a function of pressure and temperature. We show the
expected volume mixing ratio as well as the ratio of each of
species to the total atom content, X, of the atmosphere.
Typically, high-resolution ground-based observations in the
optical probe pressures near ~0.1 mbar (e.g., Maguire et al.
2023).

The chemical equilibrium models show that, as the
temperature increases or the pressure decreases, the abundance
of each species decreases due to ionization. Hence, we expect
lower abundances of the neutral species as the temperature
increases or as we probe higher up in the atmosphere. For
species such as Fe and Mg, the overall ionization is low until
we get to very high temperatures (23500 K), but for others
such as Ca, Ti, and Na, the abundance drops significantly at
temperatures 2700 K and with decreasing pressure. For Ti,
the dominant carrier of the atom is expected to be molecular
TiO up to ~2500K, after which point atomic Ti becomes
stronger as the TiO dissociates, before that too depletes at
higher temperatures as the neutral Ti ionizes.

3.1.1. Fe

We compared the Fe abundance of each planet relative to
their host star’s metallicity, shown in Table 1. The constrained
abundances of Fe for all of the planets are broadly consistent
with the stellar value. This may indicate that these planets may
have formed under similar conditions. Only WASP-189b
showed an Fe constraint with the 1o error below the stellar Fe/
H value, by ~0.7dex. The chemical equilibrium models in
Figure 4 show that the majority of the iron remains as neutral
Fe for typical photospheric conditions unless the temperature
becomes very high (23500 K). As WASP-189 b is the hottest
planet in our sample (see Figure 11), the lower value of Fe may
be due to a significant amount of Fe being ionized.
Alternatively, the lower Fe abundance could hint at a mass—
metallicity trend as WASP-189 b is the most massive planet in
our sample that has a known mass determination (see Table 1).

Figure 5 shows the mass—metallicity relation from the Fe/H
for each of the planets in our survey. We determine the masses
of MASCARA-2b and HAT-P-70 b from the median value of
log(g) retrieved for each (see Section 3.6). We see a weak trend
of decreasing abundance with mass in line with the solar
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Figure 5. Mass—metallicity relation for known exoplanets and the solar system,
corrected for the stellar metallicity of each system. The Fe constraint for each
planet from this work is shown in black. The orange region indicates the solar
system trend. We also show the H;O/H (blue) and CO/H (green) constraints
for a range of exoplanets obtained with low-resolution and high-resolution
observations respectively (Welbanks et al. 2019; Guillot et al. 2022).

system trend in C/H, but significant trends are difficult to
ascertain given the limited mass range of these planets. Our
findings are consistent with recent work from low-resolution
retrievals, which showed at or near stellar abundances of alkali
metals in hot Jupiters (e.g., Welbanks et al. 2019). On the other
hand, recent high-resolution dayside observations of MAS-
CARA-2 b and other ultrahot Jupiters have shown evidence for

superstellar abundances (Cont et al. 2022; Kasper et al. 2023),
indicating that there may be some variation in abundances of
Fe in UHJs. Neutral Fe remains gaseous down to temperatures
of ~1350 K at 0.1 mbar (see Table 3), does not strongly ionize
until high temperatures (see Figure 4), and is the dominant
carrier of iron for these UHJs (Visscher et al. 2010). Therefore,
neutral Fe is likely to be a good measure of the bulk Fe
composition of such targets. However, this also holds true for
other species such as neutral Mg, Cr, or Mn, which are also
relatively stable and the dominant carrier of the atom. Hence,
using their abundance as a proxy for atmospheric metallicity
for the planets in our survey could potentially result in differing
conclusions (see below), and highlights the difficulty of using
the abundance of a single species to probe bulk metallicity.

The atmospheric abundance of refractory species such as Fe is
a particularly important quantity as it is an indicator of the rock
composition accreted during the planet’s formation (Lothringer
et al. 2021). Chachan et al. (2023) further demonstrate how
measuring the abundances of refractory species, specifically Fe,
can break degeneracies that exist when trying to determine the
formation location of an exoplanet when using only volatile
species, such as C- and O-rich species. In the future, our results
of measured refractory abundances can be combined with
abundances of volatiles from near-infrared observations, to
constrain how the population of ultrahot Jupiters formed and
evolved, as was recently done with dayside spectra (Kasper et al.
2023).
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3.1.2. Mg, Ni, Cr, and Mn

The abundances of Mg, Ni, Cr, and Mn show weaker
constraints and greater variation than Fe. The Mg constraints
have a wider uncertainty given the relatively few spectral lines
in the range of our observations, but these agree well with the
results for Fe. Our Ni abundance across the sample shows a
trend of superstellar values, but Cr indicates more substellar
abundances, particularly for MASCARA-4 b. In some of our
retrievals, we constrain very low abundances (log(Volume
Mixing Ratio) < -9) for Cr owing to their strong optical opacity
and the high-precision observations. Pelletier et al. (2023) find
a similar trend in their retrievals of WASP-76b and suggest
that an increased Ni abundance could be due to an impact
during planet formation. However, neither constraints for Ni or
Cr are as significant as Fe given the generally weaker
absorption of these species, making precise abundance
constraints and hence interpretations more difficult. Ni has a
higher ionization fraction than Fe, Mg, Cr, or Mn (see
Figure 4), and its higher retrieved abundances may also be an
indicator of vertical mixing driving more neutral Ni toward the
photosphere at higher altitudes. The Mn abundance also shows
variation across our sample, with WASP-76 b and HAT-P-70 b
indicating superstellar abundances but with the other planets
indicating substellar values. Hence, further observations of the
terminator of UHJs are required to explore these variations in
abundances further.

We note that we are able to constrain Ni and Mn in the
atmosphere of MASCARA-4 b, but Zhang et al. (2022) were
not able to clearly pick this up in cross correlation. The
retrieval is able to explore a wide range of chemical
abundances, temperature profiles, and opacity decks, which
increases the parameter space probed, which may result in
better constraints. This is particularly important for species
such as Mn, which was constrained to be ~2 orders of
magnitude lower than its expected value. Furthermore, our
retrieval fits for all species simultaneously, meaning that
masking of spectral features from Ni and Mn by other stronger
species (e.g., Fe) is accounted for. The observations of
MASCARA-4 had strong RM+CLV, which we did model,
and we ensured that we used phases that avoided the stellar
residuals, but we caution that our constraint for this planet may
be affected by some uncorrected stellar residuals. Zhang et al.
(2022) were also able to detect Na, but our retrievals showed
only a weak peak with no clear constraint (see Section 3.1.5),
indicating that these two methodologies may have slight
advantages and disadvantages for weak chemical signatures
depending on the species being probed.

313V

The V abundance for the planets in our survey also shows
more variation, with WASP-76 b, WASP-121b, and HAT-P-
70 b showing abundances consistent with the stellar values, but
MASCARA-4b, MASCARA-2b, and WASP-189b showing
significantly lower values or upper limits. This may potentially
be due to the formation of VO, which depletes the atmosphere
of neutral V. We do not include VO as part of our analyses
given the lack of reliable high-resolution line lists available (de
Regt et al. 2022). VO possesses a strong optical opacity and is
also capable of causing thermal inversions in ultrahot Jupiters
(e.g., Hubeny et al. 2003; Fortney et al. 2008; Gandhi &
Madhusudhan 2019). On the other hand, the three planets with

Gandhi et al.

the lowest V abundances also possess the strongest RM and
CLV, which may be interfering with the V signal in the
observations. Cont et al. (2022) suggest depleted V abundances
for the UHJ WASP-33b in emission compared with other
species, showing that there may be some variation in inferred V
abundances in UHJs.

3.14. Ca and Ti

The chemical equilibrium models show that the neutral Ca
and Ti are expected to be reduced by ~1-2 orders of magnitude
at a temperature of 3000 K and 0.1 mbar pressure (dashed line
in Figure 3). This brings us to a much closer agreement to the
retrieved abundances for these species. However, there are still
some differences, with Ca and Ti constrained to be even lower
than what the chemical equilibrium models predict. This may
indicate that the temperature is higher, as this will act to further
ionize the Ca and Ti and reduce the retrieved abundances. The
temperature profile constraints do indicate that the median
temperatures are higher than 3000 K for many of these planets
(see Figure 11), but our retrieved abundances do not show a
strong dependence with the retrieved temperature profiles. In
fact, the Ca abundance in WASP-76 b, the coolest planet in our
survey, is the lowest of any of the planets when we account for
the host star metallicity (see Figure 3).

A potential explanation for the low abundances of gaseous
Ca and Ti-bearing species is the formation of CaTiOj; clouds on
the nightside, depleting the Ca and Ti in the atmosphere due to
rain-out. These clouds form at temperatures of ~1600 K at
0.1 mbar (see Table 3), and the nightsides of UHJs have been
shown to be cool enough for such clouds to precipitate (Mikal-
Evans et al. 2022). As CaTiO3 has the hottest condensation
temperatures for the species used in our work, Ca and Ti are the
most likely to be depleted due to rain-out on the nightside.
Hence, Ti-bearing species may be sequestered deep in the
interior of the planet through cold-trapping (e.g., Spiegel et al.
2009). Recent work has also shown no evidence for Ti or TiO
in WASP-121 b (Hoeijmakers et al. 2022; Maguire et al. 2023),
or TiO in MASCARA-2 b (Johnson et al. 2023).

Across our sample, we are only able to constrain Ti-bearing
species (both Ti and TiO) in WASP-189 b, as found by Prinoth
et al. (2022). This is the hottest exoplanet in our sample with
temperature constraints ~3900 K (see Figure 11), and hence
least susceptible to condensation of Ti-rich species. The lower
equilibrium abundances of neutral species such as Fe at these
high temperatures may also reduce the shielding of Ti and TiO
spectral features in addition to any effect clouds and/or
quenching may have. TiO is of particular interest given that it
has strong optical opacity and can cause thermal inversions in
the photosphere (e.g., Hubeny et al. 2003; Fortney et al. 2008;
Piette et al. 2020).

Another possibility is vertical chemical gradients in the
atmosphere, which artificially reduce the constrained abun-
dance. The chemical equilibrium models show that Ca, Na, and
Ti are expected to have some of the strongest decreases in their
abundance with atmospheric height, but our retrieval is not able
to capture this given that we assume vertically homogeneous
chemistry. Hence, the cores of spectral lines, which are
generated at lower pressures, will be weaker than expected
given the strong ionization of neutral species in the upper
atmosphere, and will therefore drive the retrieved abundances
to lower values. In addition, other species containing Ca may
form in the atmosphere and deplete the atmosphere of neutral
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Figure 6. Comparison of our retrieved abundances for each species with Pelletier et al. (2023) for WASP-76 b in the left panel and Maguire et al. (2023) for WASP-

121 b in the right panel.

gaseous atoms. Molecules such as CaO have also been shown
to be capable of causing stratospheres in the atmospheres of
UHJs (Gandhi & Madhusudhan 2019), but are likely to make
up a small fraction of the overall Ca budget in equilibrium.
Determination of the Ca+ abundance will provide a key
indicator to the overall ionization of neutral Ca and the total Ca
content of the atmosphere, as many of these planets have
shown very strong Ca+ absorption (Merritt et al. 2021; Kesseli
et al. 2022; Zhang et al. 2022; Pelletier et al. 2023). However,
including this into retrievals may be challenging as they probe
the exosphere (Maguire et al. 2023).

3.1.5. Na

Neutral Na is expected to be substantially ionized at the
conditions typical for ultrahot Jupiter photospheres, with the
equilibrium models indicating depletion by almost 3 orders of
magnitude at 3000 K and 0.1 mbar (see Figure 4). Given this
lower abundance and the relatively few prominent spectral
lines, our retrievals are unable to conclusively constrain Na for
any of the planets, but the upper limits on the retrieved
abundances are consistent with the equilibrium model predic-
tions, with 20 upper limits around log(Na) ~ —8 (see Table 2).
We did obtain tentative peaks for Na in WASP-121b and
MASCARA-4 b, hinting at a detection, but in both cases, there
was a long tail in the abundance distribution that extended to
the edge of our prior, and so we conservatively do not report
these as confident detections. Other works have been able to
constrain Na through other observations (see Section 3.2).
However, given its relatively few spectral lines, direct detection
of the spectral features from the Na ~0.589 ym D lines have
proved the most effective to detect Na in these planets (e.g.,
Casasayas-Barris et al. 2019; Seidel et al. 2019; Borsa et al.
2021; Langeveld et al. 2022; Zhang et al. 2022). Furthermore,
the Na feature had a velocity shift relative to other species such
as Fe for WASP-76b (Kesseli et al. 2022), as well as a
significant velocity offset from the known orbital solution for
WASP-121b (Seidel et al. 2023). This may also reduce our
constraints given that the retrieval assumes no velocity shifts
between species. We note that the strong opacity of the Na D
lines may also result in the absorption features occurring in the
nonhydrostatic regions of the atmospheres at very low
pressures (Hoeijmakers et al. 2020b; Gebek & Oza 2020),
thereby making accurate inferences of Na abundances more
difficult.
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3.2. Comparison with Previous Works

We compared our results to previous retrievals of the
terminator of WASP-76b and WASP-121b. These used
MAROON-X/Gemini-North observations by Pelletier et al.
(2023) for WASP-76 b and ESPRESSO/VLT observations by
Maguire et al. (2023) for WASP-121b. The comparison of the
retrieved volume mixing ratios are shown in Figure 6. We find
excellent agreement with both studies, but Pelletier et al. (2023)
did constrain higher abundances for Cr and Ca in WASP-76 b
compared with our values. Their work constrained both neutral
Ca and ionized Ca+ and showed that the Ca+ dominates over
the neutral Ca, indicating that the calcium in the atmosphere is
almost completely ionized. They were also able to constrain
Na, with an abundance slightly above that of our upper bound.
For WASP-121 b, Maguire et al. (2023) retrieved upper limits
to Ti similar to ours, but did constrain Na at abundances similar
to but slightly above our upper bounds. Furthermore, Gibson
et al. (2022) constrained Fe, Mg, Cr, and V in WASP-121b
with UVES/VLT observations, which are also in good
agreement with our abundance constraints. We note that for
these studies and our retrievals the relative abundances are
more robust (see below). However, given the differences in
data sets, analyses, and atmospheric modeling, the consistency
of these results is encouraging, and a verification of the
statistical and modeling frameworks used for high-resolution
retrievals.

3.3. Constraining Relative Abundances with High-resolution
Spectroscopy

Figure 7 shows the posterior distribution for WASP-189 b,
where we clearly constrain the abundances for nine atomic and
molecular species and the pressure level of the opacity deck.
The posterior shows that the abundance constraints are
negatively correlated with the location of the opacity deck, as
found previously for Fe for WASP-76 b (Gandhi et al. 2022).
This is because HRS is more sensitive to the relative strengths
of the spectral lines over the continuum (i.e., the opacity deck),
rather than the absolute level. Species with strong opacity, such
as Fe, TiO, and Cr, were the most strongly correlated with the
opacity deck given their significant number of spectral lines.
Therefore, this leads to abundances between species being
positively correlated with each other. For some species such as
Cr, the trend of increasing abundances with increasing Fe is
particularly strong (see Table 4). This indicates that relative
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Figure 7. Posterior distribution of the volume mixing ratios of Fe, Mg, Ni, Cr, Mn, V, Ca, Ti, TiO and the opacity deck for the HyDRA-H retrieval of WASP-189 b
performed over the ¢ = — 0.033 — 4 0.02 range. These highlight the dependence of each parameter on the other (see Section 3.3).

abundance constraints with high-resolution spectroscopy are
much more precise and robust, as found by previous works
(e.g., Gibson et al. 2022; Maguire et al. 2023; Pelletier et al.
2023). Such relative abundances over the continuum are also
common in low-resolution spectroscopy (e.g., Welbanks &
Madhusudhan 2019), indicating this is a general feature of
transmission spectroscopy.

It is instructive to define a new variable that allows us to
clearly explore the relative abundances between species. We
define @ g as

QOA,B = log(XA/XB) - log(Xslar,A Xsta.r,B), (5)

11

where X, and Xp are the atmospheric volume mixing ratios,
and Xy, 4 and Xy, p are the stellar volume mixing ratios of
species (A) and (B) respectively. This allows us determine the
relative enhancement of one species over another with respect
to the stellar values. Note that this is similar to definition of the
stellar metallicity,

[FC/H] = log(Xstar,Fe/Xstar,H) - log(X(D,Fe/X@,H), (6)

where X, re and X, g refer to the solar abundances of Fe and
H. For our work, we use ¢ in order to distinguish the planetary
abundances and avoid confusion with the stellar values. We
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constraint.

often scale the stellar [Fe/H] value for the abundances of the
other species in the star. This reduces @4 p to

oap = log(Xa/Xp) — log(Xe.a/Xe B)- 7
We have now removed the dependence on the measured host
star metallicity. As an example, a value of ¢, g =2 means that
ratio of species (A) to species (B) is 100x that of their solar
abundance ratio.

Figure 3 (bottom panel) and Table 4 show the constraints on
x re for each of the species in the planets in our survey. The
values show that almost every species has an improved error
constraint for relative abundances over their absolute values
(given in Table 2), and highlights the strength of HRS to
constrain relative abundance ratios. This is an important insight
and shows it may be more reliable to use such relative
abundance ratios as observational tracers and/or parameters in
retrievals. This also shows that abundance ratios such as the
Fe/O or C/O ratios obtained through high-resolution infrared
observations may be more reliable than absolute abundances,
therefore allowing us to robustly explore formation scenarios
(Oberg et al. 2011; Lothringer et al. 2021).

However, we note that relative abundances can also have
biased estimates in their values, such as if any RM and/or CLV
affect from the star is greater for one species over another. For
each of our planets, we chose phase ranges that avoided the
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stellar contamination to ensure unbiased estimates of the
planetary signal, which were not influenced by the star or its
atomic abundances. Furthermore, if species have velocity/
wavelength shifts relative to one another this can also bias the
retrieved ratios, as our retrieval assumes that the line positions
of species do not have any relative shifts between one another.
These shifts can arise due to species being probed at different
altitudes, where the wind shear can alter the overall Doppler
shifts of spectral signals. For UHJs it is expected that the
strongest wind speeds occur at the lowest pressures (e.g.,
Wardenier et al. 2021), and hence the species with strong
spectral lines probing these upper regions of the atmosphere
will have more significant Doppler shifts.

3.4. Variation in the Terminator of WASP-76 b and
WASP-121b

Figures 8 and 9 show the constraints on seven atomic species
in the terminator regions of WASP-76b and WASP-121b
respectively using HyDRA-2D. We did not conclusively detect
Ti, TiO, TiH, or Na in our spatially homogeneous and phase-
combined retrievals for either planet (see Section 3.1), and thus
they were not included in our HyDRA-2D retrievals for
computational efficiency. Our results for both planets are
generally consistent with the constraints described above, and
most species show similar abundances in each region. This
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Figure 9. Atmospheric abundance constraints from our HyDRA-2D retrieval of WASP-121 b (see Figure 8 for details).

points to a terminator that is broadly homogeneous, with only
some slight differences in the chemistry. Hence, other factors
such as variation in the thermal profile between each region and
winds in the upper atmosphere are likely to play a larger role in
spectral differences, consistent with previous works in emission
geometries (Beltz et al. 2021).

The retrievals show that all of the retrieved species show
strong constraints in some regions of the atmosphere. In
particular, Fe is well constrained in all 4 regions of the
terminator for both of the planets, owing to its high abundance
and prominent opacity in the optical wavelengths where the
ESPRESSO observations probe. We generally find that the
abundance is consistent with the stellar value. For WASP-76 b,
we find that our abundance constraints for the nonirradiated
regions (regions (B) and (C) in Figure 8) are the weakest with
the lowest abundance. This is consistent with previous
theoretical works suggesting rain-out of Fe on the nightside,
clouds obscuring the morning and/or leading side terminator
and/or thermal differences between the two sides leading to a
lower and less-well-constrained abundance (Ehrenreich et al.
2020; Wardenier et al. 2021; Gandhi et al. 2022; Savel et al.
2022). On the other hand, we do not see such a difference
between the different regions of the terminator for WASP-
121 b, which may be due to its higher irradiation preventing
significant rain-out and/or cloud formation. We note that the
Fe abundance for WASP-121 b for region (B) is only a lower
limit and is not fully bounded by our retrieval as the posterior
extends toward the upper edge of the prior range. However, this
is still consistent with the abundance in the other regions.
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In addition to Fe, we constrain Mg, Ni, Cr, Mn, V, and Ca in
both planets, but some species only show upper bounds on the
abundance for some regions. For WASP-76b, Mn shows
significant peaks for all regions of the atmosphere, but the Cr
and V abundance is only well constrained in regions (A), (B),
and (C). On the other hand, Ni is only prominently detected in
regions (A), (C), and (D), with the irradiated regions (A) and
(D) showing the tightest constraints. One of the most difficult
species to constrain on each side was Mg given its fewer
spectral lines, and we only obtained clear detections for the
morning and/or leading side of the terminator. Generally
however, we find that the regions that only show upper limits
are consistent with the values in the constrained regions for all
species.

The abundance constraints for WASP-121b in Figure 9 are
generally weaker and show a wider uncertainty for each species
due to the single night of observations used in our study. While
Fe, Ca, and V show clear posterior peaks, the other species are
not seen in all regions. One of the most intriguing constraints
that we observe is for Mn, where we see a clear peak for the
species in region (A) but were not able to clearly constrain it in
our spatially homogeneous retrievals or in any other terminator
region of the spatially resolved and phase-separated retrievals.
This may point to some slight offsets in velocity in the Mn
signal over the other species, potentially arising from
differential wind speeds given that the spectral signals arise
from slightly different altitudes for each species. On the other
hand, if the Mn is only prominent on one side of the
atmosphere, the spatially homogeneous retrieval may not be
able to clearly constrain it given that it will have a stronger
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blueshift than that of the species that have more equal
prominence across both halves of the terminator. In addition,
the upper limit for Mn in region (D) appears to be inconsistent
with the constrained abundance in region (A), further
supporting this difference in Mn between the two sides. MnS
clouds are expected to form at temperatures below ~1100 K
(see Table 3), but this is not consistent with our temperature
constraints of 22000 K for the terminator, or with the clear
constraint obtained for Mn in WASP-76 b, the planet with the
lowest equilibrium temperature in our survey. Hence, further
observations of the terminator are needed to fully ascertain the
variation of Mn in the terminator.

For some species, such as Cr, we find that a higher
abundance and/or stronger constraint in region (A) results in
weaker constraints in region (C) and vice versa. To separate
regions (A) and (C) and regions (B) and (D), we split the
terminator into two halves and retrieve separate chemical
abundances for each side. However, abundance constraints for
one side may influence the constraints for another, as regions
(A) and (C) and regions (B) and (D) are retrieved simulta-
neously in the retrieval. Hence, any velocity shifts between
species may be compensated by increasing the abundance for
one side or the other. In addition, a higher abundance or
stronger signal for a given species in one region may spread its
spectral features out over the other region of the atmosphere.
This is because the spectral lines are broadened and therefore
may be partially blended together, thus resulting in a lower
abundance and/or a wider uncertainty for the region with
weaker absorption. This is similar to that seen for Fe in WASP-
76b, where the more dominant signal from region (A)
increases the uncertainty in region (C) (Gandhi et al. 2022).

We find that the evening (or trailing) side for the last part of
the transit (region (A)) generally has the strongest constraints
on the abundances for each species. This is because this is the
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region that is being irradiated and hence has the highest
temperatures from our retrievals. The higher temperatures mean
that the scale height of the atmosphere is increased, and thus
these regions of the terminator are the dominant part of the
signal. Any east-west meridional circulation patterns would
also act to shift the dayside hotspot toward the eastern side of
the planet and thus closest to region (A). Hence we expect this
to be the region with the strongest absorption and therefore the
most tightly constrained abundances.

3.5. Wind Speeds

Atmospheric winds have a strong influence on the high-
resolution observations, through Doppler shift and broadening
of lines in the observed spectra (e.g., Showman et al. 2013).
For such planets, the dominant winds in the upper atmosphere
are expected to be those that travel from the dayside of the
atmosphere toward the night, and thus lead to an overall
blueshift of the spectrum as material travels toward the
observer (e.g., Miller-Ricci Kempton & Rauscher 2012;
Flowers et al. 2019; Wardenier et al. 2021; Savel et al.
2022). The wind speeds are determined by the balance of day—
night temperature contrasts and dissipation mechanisms such as
hydrodynamic or magnetic drag (e.g., Gandhi & Jermyn 2020);
Beltz et al. 2022). Figure 10 shows the constrained value of
AV, the proxy for the wind speed, and the spread in its
velocity, 6Vying, assuming a uniform day-night wind. The
wind broadening kernel is assumed to be a Gaussian profile and
is separate from the Doppler shift due to rotation, which is
applied as rigid body rotation assuming a tidally locked planet
(e.g., Showman & Guillot 2002). As we account for this
planetary rotation, the wind speed distribution in Figure 10 is
driven by the winds and/or other broadening effects, and
therefore can be compared across planets regardless of their
rotation.
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The retrieved values of AV, are dependent on the precision
of the stellar velocity (Viys), the time of mid transit (7.), and the
orbital period (P). All of the planets are extremely well-studied
due to the fact that they orbit bright stars and have short orbital
periods, leading to many observed transits over years of
baseline. The uncertainties in Vg, for each star are
<0.15km s~! (see Table 1). We propagate the uncertainty in
T, and P for each system and find that for each case the change
in the measured AV value is less than 0.3 km s~ '. We note
that these are fitting errors and do not account for the overall
systematic uncertainty and may potentially be larger. However,
because the retrieved AK}, and AV values are correlated (see,
e.g., Gandhi et al. 2022) and the K, values have larger
uncertainties of 1-6 kms ™', this is actually the largest source
of uncertainty on AVj,,. Even with the larger uncertainties on
K, we still find the total propagated uncertainty in AV, is less
than 1kms~!in every case, and cannot explain the overall net
blueshifts we observe in the planet atmospheres.

All retrievals for all of the planets have a net blueshift (i.e., a
negative velocity) of the planetary signal relative to the known
value of the systemic velocity, which we interpret as evidence
of a day—night wind. In addition, the median value of the offset
is more than the overall 30 propagated uncertainty in the
measured value of Vi, for every planet except MASCARA-4 b
(see Figure 10), and hence cannot solely be explained through
errors in the orbital parameters alone. There is a range in values
present for the HyDRA-H retrievals, between —0.84701/
kms~' for MASCARA-4b to —6.871){7 kms ™' for WASP-
76b, as shown in Table 5. The constrained blueshifts are
consistent with previous work exploring the Na signatures for a
range of transiting hot and ultrahot Jupiters (Langeveld et al.
2022). From our constraints, we do not observe any significant
trend in wind velocity across our sample of planets. Hence,
further observations of the terminator at high resolution are
needed to discern the driving mechanisms of the atmospheric
dynamics.

Figure 10 also shows the constraints on the wind speeds for
WASP-76 b and WASP-121 b for the first and last parts of the
transit from the HyDRA-2D retrievals. This allows us to
compare the wind profiles for each phase region. The results
show that, for WASP-76 b, the wind speeds are much higher,
and the profile has a much smaller spread for the latter part of
the transit, in agreement with previous findings (Ehrenreich
et al. 2020; Kesseli & Snellen 2021). Previous retrievals have
shown that this could be driven by either the condensation of
Fe on the morning and/or leading side or a high altitude
opacity deck, which obscures the signal from this part of the
atmosphere, with a slight preference for the latter (Gandhi et al.
2022). Hence, the signal is dominated by the more blueshifted
evening (or trailing) side of the atmosphere, and thus the wind
speeds are higher with a lower spread in the spectral signal. On
the other hand, the retrievals for WASP-121 b indicate a more
similar wind speed and §Vy;,q for the first and last parts of the
transit. This may be due to the higher irradiation of WASP-
121 b, resulting in a hot dayside where the Fe does not rain-out,
and/or clouds do not form as readily in the photosphere. Our
obtained wind speeds are also in agreement with the work by
Maguire et al. (2023), who obtained values ~ —6 km s~ ! for
three separate transits of WASP-121b.

The value of §Vy;,g, indicative of the spread in the profile,
varies significantly across our sample. Three of the planets,
MASCARA-4b, MASCARA-2b, and WASP-189b, show
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broader profiles for the wind speed distribution compared to
the others. The larger spreads in the profiles of MASCARA-4 b
and WASP-189 b could be driven by stellar residuals as these
were the two planets in our sample where the RM effect
significantly affected the planetary signal. While our RM
correction allowed us to recover the planet’s signal, it clearly
left both positive and negative residuals near the planet’s trace,
which easily could cause the signal to appear broader. While
MASCARA-2b did not suffer from as much stellar contam-
ination, this could still cause some amount of broadening.
Previous studies using this same data set noted that the Fe I
cross correlation profile appeared double peaked (e.g., Stangret
et al. 2020), and with our 1D retrieval, a double peaked
absorption profile could manifest as a large value of §Vii,q. TO
fully understand what physical phenomenon is driving the
blueshifts and line broadening, further analysis and data are
required, which we leave for a subsequent study. For our study,
we note that net blueshifts on the order of ~1-7 kms™' seem
ubiquitous in UHJ atmospheres.

3.6. Mass Constraints for MASCARA-2 b and HAT-P-70 b

For MASCARA-2b and HAT-P-70 b, only an upper limit
has been placed on the planetary mass, and hence we included
the surface gravity, log(g), as an additional retrieval parameter
for these two planets. The surface gravity of the planet has a
strong influence on the strength of spectral features as it
determines the scale height of the atmosphere, and previous
studies have shown that transit observations can be used to
extract the mass of the planet (de Wit & Seager 2013). For our
retrievals of these two planets, we use a uniform prior of log
(g) =[2,7] (with g in centimeters per square second). For a
given value of log(g), the corresponding mass M is

R 2
M 4.0347 x 1074 x 10%°2® x (—”) , (8)

M Ry

where R, refers to the radius of the planet, and M, and M, refer
to the radius and mass of Jupiter respectively.

Using our retrieved value of log(g), we derive the masses of
2.16703) My for MASCARA-2 b, and 1.667539 M, for HAT-P-
70b. This is consistent with their upper limits of <3.5 My and
<6.78 Mj respectively (Lund et al. 2017; Zhou et al. 2019).
Hence, this method may be viable in providing mass
constraints for exoplanets orbiting fast rotating stars such as
MASCARA-2b and HAT-P-70b in the future. We tested the
validity of this method by performing retrievals on the WASP-
76 b ESPRESSO observations with log(g) as an additional
retrieval parameter, and obtained a mass estimate of 0.84)9¢
Mj for the ¢ =+ 0.02 — + 0.04 phase range, consistent with
but slightly lower than the measured mass of 0.89403!% M,
(Ehrenreich et al. 2020).

However, we note that this method of determining the
planetary mass has degeneracies with the atmospheric temp-
erature, as both the temperature and mass strongly influence the
scale height. The method also relies on the assumption that the
mean molecular weight of the atmosphere is determined, which
for our case is assumed to be an atmosphere dominant in H and
He. The recombination of H to H, in the atmosphere will
reduce the scale height, and may result in the log(g) and hence
the mass being overestimated if we assume an H/He-rich case.
In addition, nonhydrostatic effects in the upper atmosphere can
also influence the overall extent of spectral features and hence
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bias the determined planet mass. Therefore, further independent
verification of the masses of these two objects is needed to
robustly test these biases further.

4. Conclusions

We retrieve the chemical abundances of eleven neutral
atomic and molecular species in six UHJs through optical
observations with the ESPRESSO and HARPS-N/HARPS
spectrographs. We use the HyDRA-H and HyDRA-2D
retrieval frameworks to perform retrievals of the terminator
observations (Gandhi et al. 2019, 2022). From our retrieval
survey, we find the following:

1. All of the planets show clear constraints on the
atmospheric abundance of Fe given its high opacity and
abundance, with values consistent with the stellar
metallicity across the sample. This points to UHJs having
at or near stellar abundances for refractory species,
consistent with previous high-resolution studies (Pelletier
et al. 2023) and previous work exploring alkali metals at
low resolution (Welbanks et al. 2019).

2. In addition to Fe, we also retrieve for the abundances of
Mg, Ni, Cr, Mn, V, Ca, Ti, TiO, TiH, and Na for each
planet. Our abundance constraints for Mg, Ni, Cr, Mn,
and V show a much greater variation across the sample of
UHJs, with generally wider uncertainties or upper limits
given their lower abundance and/or opacity. This
highlights the challenge of using the abundance of a
single species as a proxy for atmospheric metallicity, as
these planets show significant compositional diversity.

3. Three species in our sample, Ca, Ti, and Na, show
constraints and/or upper limits, which are below that
expected if each species was present at stellar metallicity
for all of the planets. However, chemical equilibrium
models provide a good explanation as these are the
species that are some of the most strongly ionized at high
temperature and low pressure. Hence, the abundance of
neutral species containing these atoms is reduced. For Ca
and Ti, the retrievals do still indicate even lower
abundances than suggested by chemical equilibrium,
which may be caused by strong vertical chemical
gradients for these species and/or the presence of
CaTiOj clouds quenching these two species below the
photosphere. We are able to constrain Ti and TiO for only
WASP-189 b, the hottest planet in our sample, supporting
the hypothesis of Ti being quenched on the nightsides of
the other cooler planets.

4. We find that abundance ratios between species show
tighter error bars than the absolute values for almost all
species and planets, consistent with previous works (e.g.,
Gibson et al. 2022; Maguire et al. 2023; Pelletier et al.
2023). This near-universal finding across our sample
indicates that HRS has an inherent strength in constrain-
ing the abundance ratios of species in exoplanet atmo-
spheres. This arises because HRS is more sensitive to the
relative line strengths between species given that the
contribution from the spectral continuum is often
removed and/or reduced during the analysis. This
highlights the potential of using HRS for high-precision
abundance ratio measurements, such as for refractory-to-
volatile or C/O ratios. In addition, using low-resolution
observations such as with Hubble Space Telescope and
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JWST could be key in further constraining the abun-
dances of trace species when used in tandem with HRS
(Gandhi et al. 2019).

5. For two of the planets, WASP-76 b and WASP-121 b, we
perform spatially resolved and separated-phase retrievals
to explore the variation of each species in each region of
the terminator. These retrievals show that the chemical
abundances of each species at the terminator do not vary
significantly and hence that there is no significant
chemical asymmetry for most of the species. For both
planets, we are able to retrieve Fe, Mg, Ni, Cr, Mn, V,
and Ca in at least one part of the atmosphere, with the
regions where they were not conclusively constrained
generally showing upper limits consistent to the retrieved
abundances in the detected regions. For WASP-76 b, we
did constrain a lower abundance for Fe with a wider
uncertainty for the less irradiated regions of the
terminator, in agreement with previous work indicating
that rain-out, cloud formation, and/or thermal differences
between the leading and trailing limbs may be present
(Ehrenreich et al. 2020; Wardenier et al. 2021; Gandhi
et al. 2022; Savel et al. 2022).

6. In addition to the chemical abundances, we explored the
atmospheric winds present on these planets through the
wavelength shift and broadening of the planetary
spectrum compared with the known orbital parameters.
This Doppler shift arises as a result of winds in the upper
atmosphere transporting material from the dayside to the
nightside. From our retrievals, we find blueshifts with
median values ~2.3-9 km s_l, but with no significant
trend across the sample of planets in our survey. For
WASP-76 b, we constrain the highest wind speed for the
end of the transit of 9.03f}j8? kms ™', but the first quarter
of the transit shows a much lower 4.9471% kms™!
velocity offset. This is consistent with previous observa-
tions and analyses (Ehrenreich et al. 2020; Kesseli &
Snellen 2021; Wardenier et al. 2021; Gandhi et al. 2022).

7. We derive the masses of MASCARA-2b and HAT-P-
70 b by including a free parameter for the log(g) of the
planets, constraining masses of 2.167033 M; and 1.66" 93
Mj respectively. This is consistent with their upper limits
in Table 1. This presents a potential way to determine the
masses of planets around fast rotating stars, but we note
that various degeneracies may exist in using the spectro-
scopic mass, and further work is needed to fully explore
these biases.

Future work can expand the sample across a wider range of
equilibrium temperatures and planet masses and radii in order
to determine whether these trends vary across planetary system
properties. The exoplanets with slightly cooler equilibrium
temperatures nearer to 2000 K are of particular interest as many
refractory species are expected to condense out of the
atmosphere, and the transition between ultrahot Jupiters and
hot Jupiters occurs (e.g., Fortney et al. 2008). Our retrievals
could also be expanded to include ionic species in the
atmosphere, as the chemical equilibrium models have shown
that some species are significantly ionized at temperatures
above ~2500 K. However, the ionization of atomic species is
often a very strong function of pressure and may therefore
require an abundance profile that varies with atmospheric
altitude instead of our assumption of vertically homogeneous
chemistry. The ionic species also often probe the exosphere,
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which can make inferring abundances more challenging (e.g.,
Zhang et al. 2022; Maguire et al. 2023). In addition, we can
also explore trends across the sample of planets in emission
spectroscopy, which probe the hotter dayside and are more
sensitive to the thermal profile of the atmosphere (e.g., Line
et al. 2021; Cont et al. 2022; van Sluijs et al. 2023; Brogi et al.
2023).

Abundance constraints for the refractory species are of
particular importance as they are expected to be accreted onto
the planet as solids given their high sublimation temperatures,
and hence provide a measure of the accreted rock during
formation (Lothringer et al. 2021; Knierim et al. 2022; Chachan
et al. 2023). Future work can combine these optical observa-
tions with those in the infrared such as JWST and ground-based
observatories such as IGRINS/Gemini-S and CRIRES+/VLT,
which can constrain volatile species. Such studies will provide
important insights into the refractory-to-volatile ratios of
exoplanets, allowing us to compare with carbon and oxygen
bearing species to determine formation and migration scenarios
(e.g., Oberg et al. 2011; Mordasini et al. 2016). For such
retrievals, the vertically homogeneous chemistry assumptions
may also need to be relaxed as abundances of species such as
H,O are strong functions of pressure (Parmentier et al. 2018),
and can otherwise lead to biased retrieved estimates (Pluriel
et al. 2022).

This work demonstrates the similarities and differences in
the chemical abundances in our sample of ultrahot Jupiters.
Furthermore, the high-resolution observations are sensitive to
atmospheric winds, which transport thermal energy and
material between the dayside and nightside, resulting in a net

Gandhi et al.

blueshift of the spectrum, which we are able to clearly constrain
for the planets in our sample. High-resolution spectroscopy will
therefore play a key role in exploring atmospheric chemistry
and dynamics on exoplanets in upcoming years, in particular
with the next generation of large ground-based facilities such as
the Extremely Large Telescope (Maiolino et al. 2013).
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Appendix A
Condensation Temperatures for Refractory Species

Table 3 shows the condensation temperatures for a range of
species that are expected to form in the atmospheres of UHJs.

Table 3
Condensation Temperatures for the Refractory Species in Our Work

Species Condensate P-T Relation T(0.1mbar)/K Reference
Ca/Ti CaTiO, g = 5.125 — 0.277log(P) — 0.554[Fe/H] 1604 Wakeford et al. (2017)
Fe Fe g = 5.44 — 0.48log(P) — 0.48[Fe/H] 1359 Visscher et al. (2010)
Mg Mg,SiO4 g = 5.89 — 0.37log(P) — 0.73[Fe/H] 1357 Visscher et al. (2010)
Mg MgSiO; g = 6.26 — 0.35log(P) — 0.70[Fe/H] 1305 Visscher et al. (2010)
Cr Cr g = 6.576 — 0.486log(P) — 0.486[Fe/H] 1174 Morley et al. (2012)
Mn MnS g = 7.45 — 0.42log(P) — 0.84[Fe/H] 1095 Visscher et al. (2006)
Na Na,S g = 10.05 — 0.72log(P) — 1.08[Fe/H] 774 Visscher et al. (2006)

Note. The third column shows the P-T relation of the condensation curve, with the temperature 7 in kelvins, the pressure P in bar, and the metallicity of the

atmosphere [Fe/H].
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Appendix B
Temperature Profiles

Constraints on the temperature profiles from our retrievals
for each planet, shown in Figure 11.
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Figure 11. Retrieved temperature profiles for the HyDRA-H retrievals for each of the planets in our survey. The median profile is given by the blue line, with the
darker and lighter shades of purple indicating the 10 and 20 confidence ranges respectively.

Appendix C
Relative Abundances

Table 4 shows the constraints on the relative abundance of
each species against Fe.

Table 4
Values of ¢x e and 1o Errors for Each Species X for the Planets in Our Survey
Species WASP-76 b MASCARA-4 b MASCARA-2 b WASP-121 b HAT-P-70 b WASP-189 b
Mg 0.571033 0.33794¢ 0.27+548 —1.3540:86 0.74503} 0.247033
Ni 0.69°317 —0.1673 < —0.08 0.85%92 <0.66 0.5792,
Cr —1.16%918 —2.817933 —1.28+02 —0.7193¢ —1.25%03% —0.427014
Mn 0.36:013 —1.82°0%8 —0.63590% <-178 0.361932 —0.74593
\% —0.57+01¢ —2.0613%, <-27 —0.247017 —0.6579% —1.697 54
Ca —3.14%343 —2.81751¢ —2.45%011 —2.7479%4 —2.867934 —2.23+013
Ti* < —2.66 <-281 < - 167 <-216 <-213 — 1485043
Na <—163 <—261 <—=20 <-152 <—2.02 <—227

Notes. Where no significant constraints were retrieved, we show the 2¢ upper limit.
% Tj value is the sum of the constraints for atomic Ti, and molecular TiO and TiH.
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Appendix D
Constraints on Winds

Table 5 shows the phase ranges used for our retrievals and
the constraints on the winds.

Table 5
Phase Ranges and Wind Constraints for Each of the Planets in Our Survey
AVyys/
Planet ¢ Range km s~ Vigina/km s ™!
WASP-76 b —0.04 — —0.02, —6.877317 6.93703°
+0.02 — +0.04
2D —0.04 — —0.02  —494118 1158703
2D +0.02 — 4+0.04  —9.03*1% 6.46793
MASCARA-4 b —0.03 — —0.015, —0.841017 1014494,
4+0.00 — +0.01
MASCARA-2b  —0.022 — — 0.005, —2.97+332 18754038
4+0.005 — +0.022
WASP-121 b —0.0475 — —0.02, —5.58704, 7.92714,
+0.02 — +0.0475
2D —0.0475 — —0.02 7374 402513
2D +0.02 — +0.0475 —433+12 47543
HAT-P-70 b —0.01 — +0.025 —6.71033 45941 %
WASP-189 b —0.033 — +0.02 —2.33%03 235971

Note. The right 2 columns give the constraints on AV, and 6Vying and their
1o errors. For WASP-76 b and WASP-121 b, we also show the constraints
from the HyDRA-2D retrievals on each of the separate phase ranges.
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