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ABSTRACT

Context. Wind dynamics play a pivotal role in governing transport processes within planetary atmospheres, influencing atmospheric
chemistry, cloud formation, and the overall energy budget. Understanding the strength and patterns of winds is crucial for compre-
hensive insights into the physics of ultra-hot-Jupiter atmospheres. Current research has proposed different mechanisms that limit wind
speeds in these atmospheres.

Aims. This study focuses on unraveling the wind dynamics and the chemical composition in the atmosphere of the ultra-hot Jupiter
TOI-1518 b.

Methods. Two transit observations using the high-resolution (R; ~ 85000) optical (spectral coverage between 490 and 920 nm) spec-
trograph MAROON-X were obtained and analyzed to explore the chemical composition and wind dynamics using the cross-correlation
techniques, global circulation models (GCMs), and atmospheric retrieval.

Results. We report the detection of 14 species in the atmosphere of TOI-1518 b through cross-correlation analysis. VO was detected
only with the new Hy VO line list, whereas TiO was not detected. Additionally, we measured the time-varying cross-correlation trails for
six different species, compared them with predictions from GCMs, and conclude that a strong drag is slowing the winds in TOI-1518 b’s
atmosphere (Tgg ~ 10°~10* 5). We find that the trails are species dependent. Fe+ favors stronger drag than Fe, which we interpret as
a sign of magnetic effects being responsible for the observed strong drag. Furthermore, we show that Ca+ probes layers above the
Roche lobe, leading to a qualitatively different trail than the other species. Finally, We used a retrieval analysis to further characterize
the abundances of the different species detected. Our analysis is refined thanks to the updated planetary mass of 1.83 + 0.47 My,, we
derived from new Sophie radial-velocity observations. We measure an abundance of Fe of log,, Fe = —4.88’_’8132 corresponding to 0.07
to 1.62 solar enrichment. For the other elements, the retrievals appear to be biased, probably due to the different K,/Vy, shifts between

>

Fe and the other elements, which we demonstrate for the case of VO.
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1. Introduction

The golden age of exoplanet characterization began in the last
two decades. One of the most exciting topics is the exploration
of their atmospheric diversity in terms of composition and
dynamics (Madhusudhan 2019; Wordsworth & Kreidberg
2022). Exoplanet atmospheres can be studied by observing their
spectra either in emission (Chauvin et al. 2005; Swain et al.
2008) or in transmission (Charbonneau et al. 2002), and soon
it will be possible in reflected light (Martins et al. 2013) from
ground-based and space observatories. Recently, the sensitivity
of the JWST has begun to revolutionize this field, enabling
extremely advanced studies of the fine structure and dynamics
of the atmospheres of giant planets (Tsai et al. 2023; Coulombe
et al. 2023). Thanks to their extended atmospheres, ultra-hot
Jupiters (UHIJs) are ideal targets for atmospheric characteriza-
tion in transmission. These planets are very close to their stars
and are tidally locked. This implies a significant day-to-night

* Corresponding author: adrien.simonnin@oca.eu

temperature gradient, which creates strong atmospheric
circulation (Showman et al. 2020). Differences in temperature of
several hundred degrees have been measured between the day-
sides and nightsides (Parmentier & Crossfield 2018). Due to their
extreme temperature, volatile and refractory elements are acces-
sible and detectable in such atmospheres. Indeed, refractory
species (with high condensation temperatures) are expected to be
gaseous in UHJs (Lothringer et al. 2018), while in colder planets
they are inaccessible because they condensed out of the gas
phase. The measure of the refractory to volatile elemental ratio
of these planets (e.g., O/Fe. C/Fe), recently emerged as a new
powerful way to trace planet formation (Lothringer et al. 2021;
Chachan et al. 2023; Pelletier et al. 2025; Smith et al. 2025).
When using low to moderate spectral resolution (R, < 5000;
e.g., JWST), the observed spectra contains a mixture of infor-
mation from various parts of the atmosphere. Because each part
of the atmosphere has different properties — such as temperature
or chemical composition (Espinoza et al. 2024) — misleading or
biased inferences about the different properties derived from the
data may occur (Feng et al. 2015; Line & Parmentier 2016).
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Fig. 1. Airmass and S/N plot over orbital phases. The gray area represents the out-of-transit phases. Due to better observational conditions (humidity

and airmass), the S/N is higher for the second transit.

For the first time in 2010, high-resolution (R, > 40000)
spectroscopy was used to characterize the atmosphere of a tran-
siting hot Jupiter by resolving individual molecular lines using
CRIRES at the VLT (Snellen et al. 2010). During the tran-
sit, the Doppler shifts caused by the planet’s rotation and the
atmospheric winds allow lines formed in different parts of the
planetary atmosphere to be spectroscopically separated (e.g.,
Nortmann et al. 2025). Recent ESPRESSO observations at the
VLT showed that the Fe absorption lines of WASP-76b and
WASP-121b, two canonical UHJs, are progressively blueshifted
during the transit (Ehrenreich et al. 2020; Borsa et al. 2021).
While different scenarios have been suggested to explain this
behavior, the precise physical mechanism remains elusive. The
signal could result from a hot, puffy evening terminator and
a cool, compact morning terminator, whereby the blueshifting
winds and rotation of the hot evening terminator dominate the
absorption signal due to its larger scale height (Wardenier et al.
2021). Alternatively, it has been shown that 3D models with
opaque clouds can also reproduce the observed signal (Savel
et al. 2022), whereby the cloud deck “blocks” the absorption
features on the morning terminator. Other studies highlight the
richness of WASP-76b with the detection of multiple species
with different shift (Kesseli et al. 2022). Finally, as shown by
Beltz et al. (2023), magnetic effects may also contribute to the
observed Doppler shift in high-temperature targets.

Here, we present two transit observations of TOI-1518 b with
MAROON-X at the Gemini-North Observatory. As shown in
Table 2, TOI-1518 b, with an equilibrium temperature of (Teq
= 2546 K) sits in-between the well-studied UHJs WASP-76b
(Teq = 2228 K) and WASP-121b (Teq = 2720 K) with Fe
previously detected by Cabot et al. (2021).

After presenting the observations and the data reduction in
Sect. 2, we present the chemical information we obtained thanks
to cross-correlation techniques in Sect.3. Then, we compare
the Fe trail detected with global circulation models (GCMs)
to explore the wind dynamics of the planet in Sect. 4. We
finally present a retrieval analysis in Sect. 5, hinting at the dif-
ferent abundances of the species detected in the atmosphere of
TOI-1518 b.

2. Observations and data reduction

We observed two transits of the UHJ TOI-1518b with
MAROON-X, a high-resolution (R, ~ 85000) optical (spec-
tral coverage between 490 and 920nm) spectrograph at the
8.1-m Gemini-North observatory in Hawaii. Recent observa-
tions showed the capacity of MAROON-X to characterize UHJs
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Table 1. Overview of TOI-1518 b observations during the two tran-
sits from program IDs GN-2022B-Q-128 and GN-2023B-Q-127; PI:
Parmentier.

Night 2022-08-13 2023-10-19
Phase 0.96-0.04 0.96-0.04
Nops 40 (25 + 15) 41 (25 + 16)
Exp. time 260s (b), 220s (r) 220s (both arms)
Airmass 1.45-1.9 1.47-1.6
S/N 110-180 155-210
(Avg = 150) (Avg = 180)

Notes. N, is the total number of observed spectra with in-transit (25)
and out-of-transit (15) observations.

by detecting ions and volatile and refractory elements. It has
also allowed the description of the time variation of the atmo-
spheric signal during transit (also known as the “trail”’) (Pelletier
et al. 2023; Prinoth et al. 2023) and even to study some strong
lines such as Ca+ triplet (Prinoth et al. 2024). The observations
were taken on 13 August 2022 and 10 October 2023 (program
ID GN-2022B-Q-128 and GN-2023B-Q-127, PI: Parmentier). A
summary of the observations is given in Table 1.

MAROON-X is divided into two detectors, one “blue”
covering wavelengths ranging from 490 to 678 nm and one “red”
covering wavelengths ranging from 640 to 920 nm. To ensure
complete coverage of transit events, the observations include
30 min baseline measurements both pre- and post-transit. The
exposure time for the red detector was slightly lower than for
the blue arm (220s vs. 260s) during the first observation. For
the second observation, the exposure time for both detectors
was set up to 220 sec. Each order of the red detector comprises
4036 pixels, while the blue one has only 3954 pixels. There are
28 spectral orders for the red detector and 33 for the blue one.
Fig. 1 presents the signal-to-noise ratio (S/N) and the airmass as
a function of the observation frames for both transits. For both
nights, the S/N was was always above 110, with a slightly better
S/N for the second night (155 min and 210 max). During the sec-
ond night, the blue arm seemed to perform less well than the red
arm because the blue arm’s exposure time was higher during the
first transit. Conditions of the second transit (average humidity
= 7% and lower airmass) were better, and so both arms still have
better S/Ns than during the first transit (average humidity =24%).

The MAROON-X data were reduced using the standard
pipeline (Seifahrt et al. 2020) in one-dimensional wavelength-
calibrated spectra and order by order for each time series expo-
sure. The outputs are given as Noders X Nerames X Npixels, With



Simonnin, A., et al.: A&A, 698, A314 (2025)

Observation frames

852
Wavelength (nm)

854

Fig. 2. Correction of stellar and telluric signals. Top panel: raw data of two orders of MAROON-X red detector between 845 and 867 nm. Three
strong stellar lines corresponding to the Ca+ triplet are observed around 849, 854, and 866 nm. Bottom panel: residuals obtained after correction
with out-of-transit data. The dark signal here is the planetary Ca+ absorption lines, while the yellow signal is the Doppler shadow discussed in

Sect. 3.4 that is caused by the Rossiter-McLaughlin effect.

Norders the number of spectral orders. In total, 40 frames were
observed during both transits. The redder order of the blue detec-
tor (between 668 and 678nm) was removed because the S/N is
too low (<35).

One main limitation with high-resolution transmission spec-
troscopy from ground-based observations is the Earth’s atmo-
sphere and stellar signals. Planetary signals are much fainter,
but change over time because of the rapid Doppler acceleration,
inducing shifts of many tens of km s~! to the planet spectrum
over the transit duration. The telluric lines, however, stay con-
stant, and the positions of the stellar lines vary only by the order
of 100 m s~!. This allows us to distinguish the planetary signal
from the other two. We applied different reduction steps to the
data following the sequence described by Pelletier et al. (2023)
and summarized below:

— All observed spectra are aligned in the stellar rest frame to
remove the Earth’s barycentric motion and TOI-1518’s reflex
motion. This is necessary to subtract the stellar signal from
the data.

— Each spectrum is set to the same continuum level to remove
blaze and throughput variations.

— The in-transit data are divided by a master stellar spectrum
made with the averaged out-of-transit data.

— A principal-component-analysis (PCA) approach removes
the telluric signal and residuals from the stellar correction.
For most species, we removed the first three principal com-
ponents and verified that this was not significantly affecting
our signal (see Fig. B.7). This is not the case for the Ca+
lines, which dominate the observed spectrum and are thus
too affected by the PCA. For these, we decided to not use
any PCA correction.

In Fig.2, we show two orders of MAROON-X red detectors
before (top) and after (bottom) the division by the master-out
stellar spectrum. The strong stellar Ca+ lines are efficiently
removed, leaving the planetary lines and the Doppler shadow
effect apparent (see Sect. 3.4). In this wavelength range, the

planetary Ca+ lines are clearly visible, even without PCA
corrections.

3. Cross-correlation analysis
3.1. TOI-1518 system

The ultra-hot Jupiter TOI-1518 b was discovered by Cabot et al.
(2021). It is a 1.875 Ryyp planet with an equilibrium temperature
for zero albedo of 2546 K. The planet is misaligned, with an
impact parameter of 0.9 (see Table 2), meaning that it does not
cross the zero-velocity plane of the star. The planet is precessing
and the impact parameter has been shown to vary through time
(Watanabe et al. 2024). Between our observations, a change of
0.03 was expected, which is too small to affect our observations
(from b = 0.91497 in 2019 to b = 0.8797 in 2022). The geometry
of the system is presented in Fig. B.1.

The planet orbits a 7300 K F-type star, which is fast rotat-
ing. The fast rotation rate from the star impeded Cabot et al.
(2021) from detecting the radial velocity motion due to the orbit
of the planet. As such, Cabot et al. (2021) were only able to
put an upper limit to the planetary mass. In Appendix A, we
also report the first significant detection of TOI-1518 b in radial
velocity, using the SOPHIE spectrograph. This allows us to vali-
date the planetary nature of the transits and to better characterize
the system’s parameters, in particular the planetary mass and the
semi-major axis. SOPHIE measurements allowed us to pin-down
the mass of TOI-1518b to 1.83 +0.47 My, (see Appendix A
for details). Additionally, we analyzed 56 transits of TOI-1518 b
captured by TESS, compared to only 24 analyzed in Cabot
et al. (2021). This increased dataset has enabled us to refine
the planetary ephemerides, including the semi-major axis. The
improved parameters lead to a planetary semi-amplitude veloc-
ity of Kp=207.32+4.51, which is 10 km/s lower (1.5 sigma lower)
than in Cabot et al. (2021).

A314, page 3 of 24
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Table 2. TOI-1518 stellar and planetary parameters from Cabot et al.
(2021).

Stellar parameters Value

Stellar radius 1.950 + 0.048 R,
Effective temperature 7300 £ 100K
Metallicity [Fe/H] —0.1 £0.12dex

Rotational velocity 85.1 +6.3km s
Spectral type FO

Value

1.83 + 0.47 M¢
1.875 + 0.053 Ry

Planetary parameters

Planet mass
Planet radius

Equilibrium temperature 2546+ K“

System parameters Value

Orbital period 1.90261131 +
0.00000043 days*

Mid-transit Time 2458787.04943 +
0.00028 BJID_TDB*

Orbital Inclination 77.626 + 0.097 degrees”

Semi-major axis 0.03712 + 0.00082 AU

Systemic Velocity (Vsys) ~13.94 +0.17km s~

Projected orbital velocity 207.32+4.51kms™! %
(Kp)
Impact Parameter (b) 0.9036"00053

Notes. % : Derived from Eq. (1). Recent observations from SOPHIE
(described in Appendix A) provide updates for some of them (marked
with ¢).

3.2. Template spectra for cross-correlation

The cross-correlation method is needed to detect the faint plane-
tary lines in the residuals obtained after PCA. We cannot detect
most of them directly, except for a few individual lines (such
as Ca+). Fortunately, atoms and molecules have many spectral
lines, and a cross-correlation with a template boosts the signal,
allowing a precise detection of the planetary spectrum. A tem-
plate is needed to combine these lines. We generated synthetic
spectra specific to TOI-1518 b using the parameters from Table 2
and PetitRadtrans (Molliere et al. 2019), assuming a temperature
of 2500K, with chemical abundances determined by equilibrium
chemistry and calculated with FastChem (Stock et al. 2022).
We produced spectra for individual molecules at a resolution of
R, = 250000 over the 400 to 1000 nm wavelength range. These
single-species spectra, to be used as cross-correlation templates,
use collision-induced absorption (CIA) cross-sections of H2-H2
and H2-He as continuum. We then interpolated the spectra onto
the MAROON-X wavelength grid and convolved them to match
the instrumental resolution. The spectra were also convolved
with the planetary rotation kernel. These spectra are shown in
Fig. 3. The species selected in this study are based on those previ-
ously detected in recent MAROON-X publications (Prinoth et al.
2023; Pelletier et al. 2023).

Line lists from the Kurucz database were used for all atoms
and ions (Kurucz 2017). For TiO, we used the TOTO line list
(McKemmish et al. 2019). For VO, both the HyVO line list
(Bowesman et al. 2024) and the VOmyt line list (McKemmish
et al. 2016) outputs were compared in Sects. 3.3 and 3.5.

Alkaline metals and ions show individual strong lines, while
other metals show line forests. Most of the signals except for the
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Ca+ triplet are stronger in the blue part of the spectrum, which
corresponds to the blue detector of MAROON-X. We decided
to analyze each detector individually as if it were two different
transits and then to sum every K,—V., map or cross-correlation-
function (CCF) map.

3.3. Species detected in the Ky—V;.s maps

We converted the cross-correlation maps into velocity-velocity
maps (K,—V,s diagrams) by shifting them to the expected
rest frame of the planet (K, = 207.32 + 4.51km s~ Veys =
—-13.94 + 0.17km s~!), assuming values of projected orbital
velocity between 0 and 400 km s~! in steps of 1 km s~!. Fig. 4
shows 14 clear detections obtained via cross-correlating the sig-
nal with single-species templates. The white cross in each plot is
the position of the expected signal from the planet if the plane-
tary atmosphere is considered static and the planet has a circular
orbit. The expected K, is calculated as follows:

K, = Vo *sin(i) = 212.25*sin(77.626) = 207.32+4.51 km s,
(H

with V,,, = %, where P is the period, a,, is the semi-major axis
of TOI-1518b, and i is the inclination of the system. All these
parameters are given in Table 2. To compute our K,—V plots,
we selected a range of orbital velocity (K,) from 0 to 400 km s™!
and a range of rest-frame velocity (Vis) from —150 to 150 km s~
with steps of 1 km s~! for each. We then integrated each point
of the CCF maps previously obtained (see Fig. 4) following the
slope determined by the orbital velocity at the rest-frame position
determined by V.. The noise level is calculated in a region far
from the central peak at Vi > 75 km s~!, where no signal of
the planet or Rossiter-McLaughlin (RM) residuals is expected.
Fourteen species are detected with an S/N > 4. The parameters
of the best Gaussian fits of the K, — V., maps are presented in
Table 3.

The K, — Vi, of other species of interested detected in other
UHJs are presented in the appendix (see Fig. B.2). These ones
show positive correlation near the expected orbital position and
may warrant follow-up observations. On average, most species
have a blueshifted signal compared to the expected velocity
(Vies = AVgys = =2.9km s™1). The orbital velocity is also lower
than expected (AK,  —20.5km s7!).

3.4. Trails of the signal in CCF maps

Figure 5 presents the time-variation of the CCF calculated with
an Fe template and shifted into the planetary rest frame. The
dashed yellow line on the right highlights the expected posi-
tion of the planet if the atmosphere is static and homogeneous.
As the planet is misaligned, the Doppler shadow effect (already
observed in Cont et al. 2021) only affects the planetary signal at
the beginning of the transit, and we thus decided to not mask it
or remove it.

The Fe track shown in Fig. 5 is slightly shifted from the the-
oretical planetary velocity computed with the orbital parameters
of Table 2. Previous high-resolution observations have demon-
strated the ability to resolve time variations of this atmospheric
track (Ehrenreich et al. 2020; Borsa et al. 2021). We thus inves-
tigated this with our data. We binned the CCF similarly to
Wardenier et al. (2024) to increase the planetary signal. We
divided the 25 in-transit frames observed in both datasets into
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Fig. 3. Synthetic transmission spectra computed with PetitRadtrans and FastChem used as templates for the cross-correlation analysis. They are
computed for TOI-1518 b parameters, assuming a temperature of 2500 K. The wavelength coverage of MAROON-X used in this study is represented
with blue (blue detector, 490-670 nm) and red (red detector, 640-920 nm) lines. Ions and alkalines have few very strong lines, while other metals
are composed of line forests. Molecules also have forests of spectral lines grouped in distinct absorption bands. Except for the Ca+ lines, the other
metals present strong signals in the range of the blue detector of MAROON-X, where few telluric lines are present. At 2500 K, the Fe+ and Cr+
lines are smaller than the others and are not visible in this plot.

Table 3. Best-fit parameters of Gaussian fits to K,—V,., diagram of
Fig. 4 at the K, position where the maximum signal is observed.

AK, Amp (o) Vies FWHM
Cat -741+05 21.1+05 49+01 369+02
Fe+ -71+01 123+11 —40+05 114+12
Ti+ -160+01 75+11 -34+06 9114
Bat -159+01 114+-06 -52+03 13.7+0.8
Ca 11401 8109 37+06 10.114
Fe -222+02 179+17 -38+05 11.1x12
Ti -45+04 101+07 -43+03 9.7+08
Si  -292+02 59+09 -14+08 9718
Mg -65+03 81+08 -31+06 11.7+14
V  474+06 58+05 -31+05 10211
Mn -55+06 40+02 -35+02 127+06
Cr -88+01 40+04 -13+08 125+19
Na -142+01 79+10 -13+12 183+33
VO -328+02 49+02 -121+02 105+0.5
Al —205+0.1 211+26 29+07 11.6+17

Notes. Amplitude (Amp) corresponds to the best-fit line depth of the
absorbing species above the spectral continuum. The amplitude is
expressed in units of signal-to-noise ratio (o), as each map is divided
by the standard deviation as explained in Sect. 3.2. Detections range
from 4 to 21.1 0. Vs corresponds to the radial velocity of the line cen-
ter, as measured in the rest frame of the stellar system (same as AV ).
FWHM denotes the Gaussian full width at half maximum. The other
parameters are expressed in kilometers per second. The value of AK),
is calculated by performing a Gaussian fit at the best-fit V,.s. The error
bars are determined from the covariance matrix of the Gaussian fit.

nine bins. We used scipy.optimize.curve_£it to fit a Gaus-
sian to each bin within + 10 km/s in the planetary rest frame.
This gave better results than performing the fit across a broader
range of velocities. The results are shown in Fig. 6. The velocity
center of the atmospheric track changes with time (Fig. 6, left
panel), becoming more blueshifted from around +1 km s~! to
around —8 km s~!. This is similar to what happens in the case of
other UHJs like WASP-76b and WASP-121b (Ehrenreich et al.
2020; Borsa et al. 2021). The signal’s amplitude reaches its peak
during mid-transit, rather than at the beginning or the end.

We further detected the time-varying trace of the CCF for
six different species: Fe, Fe+, Ca, Ca+, Na, and Mg (Fig. 7). All
species show a qualitatively similar behavior to the Fe trace, with
a blueshift over time.

3.5. Discussion

The equilibrium temperature of TOI-1518 b (2492 K, Cabot et al.
2021) is lower than that of WASP-189 b (2641 K, Anderson et al.
2018) and higher than that of WASP-76b (2228 K, Ehrenreich
et al. 2020), two recently UHJs observed with MAROON-X
(Pelletier et al. 2023; Prinoth et al. 2023). Thus, each species
observed in both planets is expected to be present in TOI-1518 b.
The detection of Fe, Mn, Cr, V, Mg, Ca, and Na is thus consis-
tent with previous observations. The non-detection of K is due to
the overlap of the telluric water lines with the Doppler-shifted K
lines. This is the consequence of an unfortunate systemic veloc-
ity and barycentric velocity during these two observations. The
detection of Ti in TOI-1518 b, while it was not present on the
cooler WASP-76 b but present on the hotter WASP-189 b, might
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around 100 km s~! and V. around —60 km s~! in some diagrams is due to the Doppler shadow and is not of planetary origin. We note that the Ca+

K, — V,.; map was computed without the use of PCA (see discussion).
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Fig. 5. Cross-correlation maps for Fe in planetary rest frame. The
dashed yellow lines of the left panel represent the trace of the plane-
tary signal at the expected K, — Vi.,. The dashed yellow line of the right
panel represents the position of the planetary signal if the atmosphere
is static. The dashed white line represents the ingress part if the transit
where we cannot distinguish the planetary signal (positive signal near
0 km/s) and the Doppler shadow (negative and positive signal diago-
nally from —130 to 0 km/s).
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be a sign that there is a trend of Ti abundance with temperature,
possibly linked to the formation of TiO or to the nightside con-
densation of Ti. Whereas TiO would be expected in TOI-1518 b,
we are not able to find it.

The detection of VO was made with a significance level
of 4.9sigma using the HyVO line list that was newly released
this year (Bowesman et al. 2024). VO is notoriously difficult to
detect in exoplanet atmospheres; however, Pelletier et al. (2023)
demonstrates the feasibility of such detections when employ-
ing a more accurate line list. For WASP-76b, the VOmyt line
list was useful for the detection of VO. Fig.8 illustrates that
this line list was unsuccessful in retrieving VO signals in the
observations of TOI-1518 b. This discrepancy can be attributed
to a stronger VO signal in WASP-76b, along with the use of
three transit observations compared to only two for TOI-1518 b.
In this study, we demonstrate the superior capability of the
HyVO line list, which successfully detected VO (see Fig. 8). The
detected signal is blueshifted by as much as —12.11 + 0.22 km/s
(see Table 3), which is significantly higher than the maximum
blueshift observed for other species in TOI-1518 b (recorded at
-5.16 £ 0.57 km/s). Currently, it remains uncertain whether this
difference is due to a shift in the line list itself or a physical shift
in the atmosphere, potentially stemming from the varying local-
ization of VO compared to metals and ions in the atmosphere of
TOI-1518 b. The presence of strong optical absorbers such as VO
and TiO in the atmosphere of UHIJs is crucial for thermal inver-
sion phenomena (Fortney et al. 2008). This finding underscores
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the significance of utilizing more accurate line lists for the detec-
tion of these molecules, especially in cases where the signals
may be weaker than those observed in WASP-76b. Further stud-
ies employing this new line list could reveal the presence of VO
in targets where it was previously undetectable, as highlighted in
Borsa et al. (2021).

Detecting Fe and Fe+, Ca and Ca+, Ti and Ti+, and poten-
tially V and VO raises questions. For example, Fe+ is expected
more in the hotter dayside atmosphere, whereas Fe should be
more present on the cooler limbs and nightside. However, the
tracks of Fe and Fe+ seen in Fig. 7 show a similar blueshifting
trend, meaning that they are likely probing similar atmospheric
regions. Additionally, the Fe trail of TOI-1518b observed in
Figs. 5 and 6 follows a comparable trend to the ones previously
observed in WASP-76b (Ehrenreich et al. 2020), WASP-121b
(Borsa et al. 2021), and WASP-189 b (Prinoth et al. 2023), with
a signal becoming more blueshifted with the transit.

One of the main uncertainties of this work is the impact
of the PCA step on the planetary signal. Fig.B.7 shows the

Fe K,—V.; map for three components removed on the left, and
on the right it shows the maximum of the K,—V s map in the
function of the number of PCA components removed for three
different boxes where we measured the standard deviation of the
map. The effect of PCA on high orbital velocity residuals is less
than that on low velocity residuals, so calculating the standard
deviation in the red box will underestimate the S/N. Conversely,
the effect of PCA on low velocity residuals is much stronger, so
the residuals will be smaller than those for high velocity, and
the S/N will be overestimated. We then decided to calculate the
standard deviation from the blue box, which mitigates this effect
by taking the residuals at each velocity — but still far from the
RM residuals or planetary signals — to avoid misinterpreting the
standard deviation of the residual. The same method was used
for each species observed.

Several K,—V s maps, such as Fe, Mg, Ca, or Cr, show a par-
asitic signal at K, ~ 90 km/s and Vs ~ —60 km/s. This signal
is a residual of the Rossiter-McLaughlin effect observed in the
CCF map in Fig. 5. The Rossiter-McLaughlin effect presents an
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Fig. 8. K, — Vi, map of VO in TOI-1518 b with two different line lists.
panel: same, but with VOmyt line list (McKemmish et al. 2016).

anticorrelation signal at negative K,. Therefore, it is not shown
here, but the residual positive correlation visible in yellow
around the anticorrelation signal in the CCF map is the parasite
signal observed in the K~V diagram mentioned previously.
Possible biases due to the Rossiter Mc-Laughlin effect are
present at a phase below —5 degrees and are represented in gray
on the trail map of Fig. 7. The positive correlation at phases
above 5 degrees is far from the planetary signal 5 (<—50 km/s).
For the case of Mg, a signal is also visible at expected K,
but Vies = 100 km s~'. This is due to a strong Fe+ line in
the Mg triplet. This is also visible in the CCF maps of both
species, where the residual signal of the other can be observed
as highlighted in Fig. B.3.

Figure B.5 highlights some limitations of the Gaussian pro-
files used to parameterize the Fe trail of TOI-1518 b, as most
one-dimensional CCFs do not follow a simple Gaussian profile.
Then we decided to center the fit Gaussian profile on the max-
imum of the 1D-CCF, even if this resulted in a misestimation
of the FWHM and probably of the error bars of the measured
Vi¢es- Another uncertainty might be due to the PCA applied to
the data. Fig. B.4 presents the Fe trail of TOI-1518 b with dif-
ferent numbers of principal components removed. The square
root of the variance of the Doppler shifts across all numbers
of removed components, cPCA was added to the uncertainty
quoted in the covariance matrix of the Gaussian fit obtained
from scipy.optimize.curve_£fit. The PCA does not change
the transit trend even when many components are removed for
all species except Ca+ (Fig. B.6). The PCA is essential for
detecting faint species. To maintain consistency, we removed the
same number of components (three) from all species, even for
those where it might not have been necessary. The only excep-
tion is Ca+, as the PCA significantly impacts the signal, even
when fewer components are removed, due to its very high signal
strength. Therefore, we decided not to apply PCA to Ca+ in order
to achieve a more robust analysis of its trail.

4. Comparison with global circulation models

To understand the physics behind the six time-resolved absorp-
tion trails we observed, we now compare our data with a suite of
GCMs.
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4.1. Model description

We considered five SPARC/MITgecm models of TOI 1518 b.
Three are presented in Fig.9. The SPARC/MITgcm was ini-
tially introduced by Showman et al. (2009). It has been widely
used to study the atmospheric physics and chemistry of (ultra-
)hot Jupiters (Fortney et al. 2010; Showman et al. 2013; Kataria
et al. 2013; Parmentier et al. 2018). Our cloud-free models of
TOI-1518b are based on work by Tan et al. (2024). As in
previous works (Showman et al. 2013; Komacek & Showman
2016; Parmentier & Crossfield 2018), we parameterized sev-
eral source of dissipation (including turbulent mixing (Li &
Goodman 2010), shocks (Heng 2012), hydrodynamic instabili-
ties (Fromang et al. 2016), and magnetic drag (Perna et al. 2010;
Beltz et al. 2022)) through a Newtonian relaxation term in veloc-
ity applied to the momentum equation. The relaxation timescale,
called the drag timescale hereafter, ranges from 7.4y = 10%s
(strong drag) to 744y = 10°s (weak drag).

These GCMs account for heat transport due to H2 dissocia-
tion and recombination (e.g., Bell & Cowan 2018; Komacek &
Tan 2018; Tan & Komacek 2019; Roth et al. 2021). H2 thermally
dissociates on the dayside, after which point atomic hydrogen
is advected to the nightside, where it recombines into H2 and
releases latent heat. When the atmospheric circulation is pre-
dominantly eastward, most of this heat is pumped on the evening
limb, resulting in a temperature asymmetry between the eastern
and western regions of the atmosphere (first and second columns
in Fig. 9). Drag restores energy to the atmosphere. Increasing
drag strength (i.e., lowering 74,,4) slows down winds in the
atmosphere hindering this model’s heat transport. In strong-drag
cases, the temperature structure becomes symmetric, resulting in
similar chemical compositions in the morning and evening limbs
(last column in Fig. 9). In the strong-drag model, there is only a
day-to-night flow as the equatorial jet is suppressed (Showman
et al. 2013). Table4 summarizes some other important parame-
ters of the two SPARC/MITgcm models. We refer the reader to
Table 1 in Tan et al. (2024) for the full list of opacities considered
in their radiative transfer (which include species such as TiO and
Fe driving thermal inversion on the planet’s dayside). All mod-
els were run at a horizontal resolution of C32, corresponding
to roughly 128 cells in longitude and 64 in latitude. Before com-
puting phase-dependent spectra of the GCMs with gCMCRT, we
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Fig. 9. Overview of three of five GCM models of TOI-1518 b considered in this work. The model in the first column is the drag-free model,
while the second and last columns consider, respectively, weak (74,45 = 10°s) and strong (Tarag = 10%s) drag effects. Each panel shows the planet’s
equatorial plane, with the relative size of the atmosphere inflated for visualization purposes. From top to bottom, the rows show the temperature
structure; the line-of-sight velocities due to winds (at mid-transit); and the spatial distribution of Fe+, Fe, Ca+, and Ca, respectively. The white
dashed contours in each plot represent isobars with pressures P = 10!, 107!,1073, 1073 bar.
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Table 4. Overview of some parameters of the GCMs described in
Sect. 4.1.

Value

1.6442 x 10°s (1.903 days)
200-2 x 1070 bars
1.3405 x 108 m (1.875 Ryyp)

Parameter

Orbital Period
Pressure range
Radius at bottom

Gravity 10.56 m/s>
Horizontal resolution C32
Vertical resolution 53 layers
Metallicity and C/O 1 X solar
H/H; heat transport v

{00,10%s,10%s,107s,10%s}
Non-grey (see Kataria et al. 2013)

Drag timescale
Radiative transfer

Notes. See Fig. 9 for plots of the equatorial plane of each model and
Fig. 10 for the limb planes.

binned the outputs down to 32 latitudes and 64 longitudes, as in
Wardenier et al. (2021, 2023, 2024).

4.2. Injection and cross-correlation maps

We computed phase-dependent transmission spectra of the five
GCM models across the MAROON-X spectral range (between
490 and 920 nm) using gCMCRT (Lee et al. 2022). The cal-
culations account for Doppler shifts due to planet rotation and
winds. Section2 of Wardenier et al. (2023) shows the radia-
tive transfer and post-processing details. Therefore, we only
briefly summarize the gCMCRT setup for TOI-1518 b analysis.
Before feeding the GCM outputs into gCMCRT, we mapped the
atmospheric structures onto a 3D grid with altitude (instead of
pressure) as a vertical coordinate. We accounted for the fact
that each atmospheric column has a different scale height set
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by local gravity, temperature, and mean molecular weight. For
each of the five TOI-1518 b models, we simulated 25 spectra
(equidistant in orbital phase) between phase angles +8 degrees,
covering the in-transit part of our observations. At each orbital
phase angle, gCMCRT simulated a transmission spectrum by
randomly shooting photon packets at the part of the planet limb
that is blocking the star and evaluating the optical depth encoun-
tered by each photon packet. Due to the geometry of TOI-1518 b
(Fig. B.1), the part of the planet that is illuminated differs from
the case of WASP-121 b, where the impact parameter is near zero
(Fig. 10, Right Panel). In this calculation, the code accounts for
Doppler shifts imparted on the opacities by the radial compo-
nent of the local wind vector and planet rotation (Wardenier et al.
2021). The transit depth at a specific wavelength is calculated by
averaging it over all photon packets. To accurately represent the
shapes, depths, and shifts of the spectral lines, we used 10> pho-
ton packets per wavelength. Since we did not explicitly account
for scattering, the direction of propagation for the photon packets
remains constant throughout the calculation. The spectra were
simulated at a native resolution of R = 300000 and then con-
volved down to the instrument resolution of R; = 85 000, which
differs from Wardenier et al. (2023, 2024). We included the same
set of continuum opacities and line species for the radiative trans-
fer as in Wardenier et al. (2023). To properly compare the GCM
spectra with the data, we need to inject the GCMs into the data
and perform PCA, similarly to what we did for the data. The
different steps are listed below:

— Inject the spectra at each orbital phase into the three compo-
nents that were removed during the data reduction process,
using the K, velocity value from Eq. (1);

— Perform PCA on the data + GCM removing three compo-
nents, the same number of components as for the data in the
case of Fe;

— Subtract the post-PCA data from the combined data+GCM
to isolate the GCM signal post-PCA and remove the noise;
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Fig. 12. Same as Fig. 11, but with results of Gaussian fit for Fe+ compared to models.

— Do the cross-correlation with the same Fe template and

methods used for Sect. 3.2.

The resulting CCFs for the case of the drag model are shown
in Fig. 10. The difference between the two models at different
impact parameters b is also represented with the case of b =0 on
the upper row and b=0.9 on the lower row.

We then interpolated the cross-correlation results over the
same phase grid as for the observations of the two transits. We
then performed the same analysis using the fit with a Gaussian
profile, which allowed us to extract the position, amplitude, and
FWHM of the model’s signal. Figs. 11 and 12 show the CCF
signals of Fe and Fe+ that we obtain for each of the models, with
the real data plotted on top.

4.3. Discussion

Figure 11 (left panel) shows the Fe trails of the five GCM simula-
tions, along with the Doppler shifts of Fe measured in Sect. 3.2.
All models show a signal that is blueshifting with time. This
behavior was previously observed by Ehrenreich et al. (2020);
Borsa et al. (2021) and discussed in many papers (Wardenier
et al. 2021, 2023; Savel et al. 2022; Beltz et al. 2022, 2023).
Because the planet rotates during the transit, the start of the tran-
sit probes the dayside of the leading limb and the nightside of the
trailing limb. It is thus dominated by the hotter leading limb. The
planet rotation redshifts the leading limb by ~3.5 km/s, which is
compensated by the blueshift of the day-to-night winds. In the
second part of the transit, the opposite happens and the signal is
dominated by the trailing limb, which is blueshifted by rotation.

The change from being dominated by the leading and the trail-
ing limbs during transit is responsible for the blueshifting of the
signal with time.

In the case of TOI-1518 b’s atmosphere, the high impact
parameter reinforces this blueshift. Indeed, as shown in Fig. 10,
because the planet is close to grazing, we almost never probe the
full atmospheric limb. The signal from the first half of the tran-
sit is therefore entirely due to the leading limb, with only a very
small contribution to the trailing limb, and the opposite is true
for the second part of the transit. As a consequence, we find that
a given planet is expected to have a stronger blueshift with time
when observed with a high impact parameter than with a low
impact parameter.

Furthermore, the global shift of the planetary trace is linked
to the day-to-night winds that blueshift both leading and trail-
ing hemisphere signals. These day-to-night winds are strongly
affected by drag. As shown in Fig. 11, models without drag
produce an Fe signal that is too blueshifted compared to the
observations. Overall, the planetary signal stands between the
stronger drag models (Tgrqg = 10* and 10° s). When looking at
the amplitude and at the FWHM of the signal, however, we see
that the 74,4y = 10*s model is favored, because the T4y = 10 s
provides a signal that is too small and not wide enough compared
to data.

If we now look at the Fe+ trace (Fig. 12), we see that the
Tdrag = 10* s overestimates the blueshift, whereas the Tdrag =
103 s (purple) is a much better match. For Fe+, the amplitude
of the model is unaffected by the drag, and the FHWM errorbars
are too large to differentiate between the two strong-drag models.
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Fig. 13. Same as lower panel of Fig. 7, but with results of Gaussian fit for stronger drag models included.

The apparent contradiction between the Fe trace favoring the
Tdrag = 10*s model and the Fe+ trace favoring the stronger
Tdrag = 10%s drag model could be an indication of the presence
of ohmic drag in the atmosphere. Indeed, as shown by Beltz
et al. (2022), ohmic drag strength strongly depends on plane-
tary location because it is stronger in the hotter dayside and at
lower pressures. Because the Fe/Fe+ equilibrium is temperature-
dependent, the Fe+ signal naturally probes more into the hotter
planetary dayside than the Fe signal, where the temperatures are
hotter and magnetic drag effects are expected to be larger.

Figure 13 shows the trails for the six species of Fig. 7 with the
signals of the stronger drag models. For Ca, Na, Mg, and Ca+,
the signal straddles between both these GCMs, as in the case of
Fe. We therefore confirm that the strong drag scenario is pre-
ferred by the signal of all the other species. A similar agreement
with an intense drag model atmosphere was already observed in
the case of WASP-121 b by Wardenier et al. (2024), pointing out
that strong drag is common in ultra-hot-Jupiter atmospheres.

The trail of the Ca+ is significantly different from the ones
of the other species, as it starts strongly redshifted. This is
clearly not captured by the model. We calculated the contribu-
tion functions of our model and find that the CCF of most species
(including Ca, Fe, and Fe+) probes the 1073 and 107 bar layers,
whereas the Ca+ probes layers up to 1078, We directly fit the
resolved individual Ca+ lines using a method similar to that of
Prinoth et al. (2024) and found a transit depth corresponding to
an effective radius of 1.97 + 0.04 R,,. This value is similar to the
planetary Roche radius (Rroches = 1.96 R;, at Lagrange point 1
following Gu et al. 2003). As a consequence, we believe that
the Ca+ lines likely probe the outflow of the planet. This region
shows a different atmospheric flow than the deeper regions, with
an important contribution from planet-star interactions, which
is not modeled in our GCM. Our results for Ca+ are similar to
the recent observations of H-alpha for WASP-121b (Seidel et al.
2025).

The CCF of the GCM, presented in Fig. 10, exhibits a
double-peak structure with one centered near 0 km/s and another
around —7 km/s. This feature arises from the contribution of both
atmospheric limbs. Fitting this complex signal with a simple
Gaussian profile is inherently limiting, as a single-peaked func-
tion cannot accurately capture the asymmetric nature of the CCF.
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Parameters such as the FWHM and amplitude may be misrepre-
sented, potentially leading to an incomplete interpretation of the
atmospheric dynamics. Finally, for VO, the predictions from the
GCM:s do not match the observed signal observed in Fig. 8. The
GCMs estimate a change in K, of about +£5 km/s and a Vs rang-
ing from —6 to —13 km/s (decreasing with decreasing drag) when
the signal observed in the data is at AK,, around —33 km/s and
Ve 1s at around —13km/s.

5. Retrieval analysis

After detecting the species shown in Sect. 3.2 thanks to cross-
correlation analysis, the next step was to explore the abundances
of these species in comparison to solar values. This compar-
ison is possible due to the solar metallicity of the host star.
One approach developed in Brogi & Line (2019) is to use a
Bayesian atmospheric retrieval framework with high-resolution
cross-correlation spectroscopy (HRCCS) that relies on the cross-
correlation between data and models for extracting the planetary
spectral signal. This approach allows the characterization of
many atmospheres of UHJs and puts constraints on abundances
(Line et al. 2021; Kasper et al. 2021, 2023; Brogi et al. 2023).

5.1. CHIMERA code

Following the above method, we applied the cross-correlation-
to-log-likelihood retrieval framework from Brogi & Line (2019)
to derive the molecular volume-mixing ratios and the tempera-
ture layer we were probing. For the retrieval process, we used
the CHIMERA “free-retrieval” (Line et al. 2013; Kreidberg
et al. 2015) paradigm, which assumes constant-with-altitude
gas-mixing ratios and uses a simple isothermal T-P profile,
which is an adequate approximation to retrieve abundances with
MAROON-X as shown by Pelletier et al. (2023). We used a sim-
ilar setup to Line et al. (2021), but with a wavelength range
and a choice of chemical species adapted to the MAROON-
X bandpass. Additionally, we used a native resolution for the
radiative transfer of 500.000, which was downgraded to the
MAROON-X 85.000 resolution after instrumental and rotational
broadening and orbital Doppler shift. The retrieval parameters
specific to our analysis and their prior ranges are provided in
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Fig. 14. Histograms of measured abundances of different elements in TOI-1518 b’s atmosphere. The proto-solar value of each element is represented

by dashed lines (from Lodders 2019).

Table 5. Parameters and corresponding priors used in retrieval analysis
with CHIMERA for the study of TOI-1518 b.

Parameter Description Prior
TO Isothermal temperature 15004500 K
xRp Scaled radius of the planet 0.5-1.5
Mp Mass of the planet 0.5-2.3
log10(Pc) Continuum -6-0
Kp Planet Orbital velocity 100-300 km/s
Vsys Systemic Velocity —100-100 km/s
logio(a) Model scaling factor -2-2
log1o(H-) Continuum -12-0
logio(x;) log gas volume mixing ratio -12-1.5

Table 5. A more detailed description of the high-resolution
GPU-based radiative-transfer method and log-likelihood imple-
mentation within pymultinest (Feroz et al. 2009; Buchner et al.
2014) is given in Line et al. (2021).

5.2. Results of the retrieval analysis

We combined the blue- and red-arm MAROON-X data for our
retrieval for both transits. We included most of the species
detected in Sect.3.2 + TiO and abundance proxies for the
H- bound-free and free-free continua. However, some species
detected in the cross-correlation analysis were not included in
the retrieval framework due to a lack of opacity files in the right
format, such as Ba+, Si, and Mn.

The mass prior was set using the SOPHIE observation results
(see Table A.2) as a free parameter that follows a Gaussian dis-
tribution with Mp = 1.83 My, + 0.47. For this analysis, we
considered the two detectors independently, as we did for the
CCF, and we added the likelihood from the red and the blue
detector analyses and then from both transits. For the retrieval
analysis, we performed PCA on the data and the injected models,
using the same number of components as in the CCF analysis.
As shown before, the PCA does not strongly affect the plane-
tary lines, apart from the ones of the Ca+. However, because the
retrieval considers all species at the same time, we cannot have
different PCA numbers per species. The results of the measured
abundances are summarized in Fig. 14, and the whole corner plot
is given in the appendix (Fig. D.2).

5.3. Discussion of the retrieval analysis

The K, and V. distribution of the retrieval analysis (Fig. D.2)
are consistent with the Fe signal detected in Sect. 3.2. The
measured Vi (=3.05'05 km/s) and K, (181.99°%1% km/s)
also agree with the detection of Cabot et al. (2021)
(AVgy = —2.063:88 km/s and K= 157f‘6“g km/s). With a
AK,, of approximately —25 km/s compared to the K, derived
from the SOPHIE data, and a Vs around —3 km/s, the retrieval
also captures the blueshift of the signal as a function of the
planet’s orbital phase, as detailed in Sect. 4. We observed that
the velocity parameters obtained are influenced predominantly
by the strongest absorber, particularly Fe.

Our model retrieves an Fe abundance of log, Fe=—4.88+053.
This corresponds to 0.07 to 1.62 solar enrichment in Fe. This
remains consistent with a solar (and then stellar) metallicity. We
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Fig. 15. Likelihood distributions for temperature, K, V ., and logoVO derived from the multi-species retrieval (in red) and from retrieval with

only VO inside (in blue).

checked that the Fe abundance was robust to different assump-
tions in the retrieval, and that it was not changing when different
other species were added.

The retrieval results for the other chemical species are more
surprising and highlight the difficulty of atmospheric retrievals
for transit spectroscopy at high spectral resolution. First, the ion-
ized species, such as Fe+ and Ca+ have retrieved abundances
that are much higher than solar. These high abundances, up
to log,oFe=—1.94*02 are unlikely in a gas giant atmosphere.
Instead, we believe that these could stem from a lack of flexibility
in the forward model. Indeed, ionized species are more likely to
probe different parts of the atmosphere (both vertically and lon-
gitudinally) than neutral species, because the spatial repartition
of neutral and ionized forms of the same species is anticorre-
lated. This can lead to signals at different temperatures and K,
and V., (e.g. Table 3). However, given that the temperature, K,
and V. for all species are determined by the neutral Fe lines,
which represent the strongest signal, the abundances of the other
species are likely biased to compensate for the K;/V s offset. For
lines with a strong Kp/Vsys shift and small opacities, such as Cer,
V, Ti or VO, the retrieval leads only to upper limits, which are
all consistent with a solar enrichment.

For the Ca and Mg lines, the retrieval provides a detection
with an abundance of log,,Ca=—8"%7, and log (Mg=—5.91*]-%,
corresponding to 0.0002 to 0.034 times the solar abundance for
Ca and 0.0004 to 0.339 times solar for Mg. The retrieved value
for Ca is significantly lower than that of Fe, and it is, for now,
unclear whether this is due to a physical effect (e.g., most Ca
being into Ca+) or a bias in the retrieval. Finally, our results for
VO deserve a special mention.

Despite using the latest VO line list, the multi-species
retrieval did not successfully detect VO. To explore this issue
further, we conducted a single-species retrieval focused solely
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on VO (see Fig. D.1). This approach resulted in a detection with
a temperature around 2700 K, compared to 3500 K in the multi-
species retrieval, along with a different K, — Vi distribution
(Fig. 15). The measured value of VO in such a framework is
log,,VO= —5.573%2, corresponding to an enrichment of 1.10 to
45708.81 times solar. The discrepancy in the K, — Ve, distribu-
tion resembles the patterns observed in the K, — Vies map (see
Table 4). This difference could be attributed to either dynam-
ical factors — if VO probes specific regions of the atmosphere
— or inaccuracies in the positioning of the lines within the VO
line list. This situation underscores the limitations of the current
framework in accurately deriving abundance for species that are
settled in a different K, — Vi, distribution.

Further observations with bluer or redder instruments to
detect molecules or ionized species are needed to determine why
such elements are subsolar. Moreover, using a non-isothermal
profile instead would have a dual effect on the spectrum. First,
it would produce a similar effect to an abundance gradient
by stretching the spectral lines. Second, it would enhance the
abundance gradient in the case of chemical equilibrium, further
impacting the observed spectral features. Incorporating more
realistic temperature and abundance gradients in future retrieval
analyses will be essential to better constrain the abundances of
ionized species.

6. Conclusions

This study presents an in-depth analysis of TOI-1518 b, an ultra-
hot Jupiter. We used transit observations from MAROON-X on
Gemini-N to explore its atmospheric dynamics and chemical
composition. Our findings offer new insights into the unique
characteristics of this extreme exoplanet. Using the SOPHIE
spectrograph, we also report the first significant detection of
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TOI-1518 b in radial velocity. This allows us to better character-
ize the system, and in particular to measure the planetary mass
Mp =1.83 +0.47 Myy.

Our cross-correlation analysis focused on detecting atomic
and molecular species within the atmosphere. We report the
detection of 14 different species. High-resolution spectroscopy
allowed us to identify ionized and neutral species with ion-
ized metals such as Fe+, Ca+, and Ti+. The detection of these
ionized species, as opposed to their neutral counterparts, under-
scores the extreme temperatures of TOI-1518 b’s atmosphere,
where thermal ionization is significant. Additionally, we report
the detection of VO, a critical absorber that has implications for
thermal inversions in UHJs. The presence of VO adds a crucial
piece to the puzzle of understanding the thermal structure and
chemical processes in such extreme environments. This was pos-
sible thanks to the newer HyVO line list that should be used in
other studies were detection of VO failed with previous line lists.

We investigated the atmospheric wind dynamics by analyz-
ing the blueshift of multiple species in the observed spectra as a
function of the planet’s orbital phase. The blueshift of Fe is con-
sistent with previous observations of other UHJs. By combining
the signal from different species, particularly Fe+ and Fe, and
comparing them with GCMs, we conclude that a strong drag is
needed (7grag = 103 — —10%s) to explain the data. Fe+ seems to
need more substantial drag compared to Fe, which can be due
to the increased ohmic drag on the planetary dayside. Finally,
we find that the trail of Ca+ is very different from the other
species, which is likely due to Ca+ probing the escaping atmo-
sphere above the Roche lobe while all other species probe deeper
atmospheric pressures.

The retrieval analysis provided constraints to the abundance
of various chemical species in the atmosphere. We report an
abundance of Fe of log, ,Fe= —4.88t8:§2, which is consistent with
a solar enrichment. The retrieval being driven mainly by Fe, we
believe that the Fe abundances are robust. However, most other
species are detected at a different K,/Vies, which our retrieval
framework does not consider. As a consequence, we believe that
the retrieved abundance for the other species are strongly biased.
We studied this bias in more detail for the specific case of VO,
for which our main retrieval does not find a signal, but where a
retrieval without Fe lead to a detection at a different temperature,
K, Vres, and an abundance of 1.10 to 45708.81 times solar.

Overall, our study demonstrates the power of combining
high-resolution spectroscopy with advanced modeling tech-
niques to probe the atmospheres of UHJs. They shed light on the
specific properties of TOI-1518 b and contribute to the broader
understanding of atmospheric dynamics and chemistry in these
extreme exoplanets. Future studies should continue to refine
these models and expand observational efforts to explore the
diversity and complexity of UHJ atmospheres.
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Appendix A: Measurement of the planetary mass

Cabot et al. 2021 obtained a hint (less than 20 significance) for
a radial-velocity (RV) detection of TO-1518b using the FIES
spectrograph. They reported an RV semi-amplitude of 152 +
75 m/s, which they converted to a 2-0- upper limit of 281 m/s,
corresponding to a planetary upper mass limit of 2.3 Myy,.

With the goal to improve the constraint on the planetary
mass, we observed TOI-1518 with the SOPHIE spectrograph
at the 1.93-m telescope of the Observatoire de Haute-Provence,
France. SOPHIE is a stabilized échelle spectrograph dedicated to
high-precision RV measurements (Perruchot et al. 2008; Bouchy
et al. 2009, 2013). We used its high-resolution mode (resolv-
ing power R = 75000) and fast readout mode. We obtained
exposures at 14 different epochs between December 2023 and
January 2024. Exposure times ranged between 3.9 and 16.8 min-
utes depending on weather conditions, allowing signal-to-noise
from 35.6 to 47.3 to be reached per pixel at 550 nm. The log of
the observations is reported in Table A.1.

The RVs were extracted with the SOPHIE pipeline, as pre-
sented by Bouchy et al. (2009) and refined by Heidari et al.
(2024). It derives cross correlation functions (CCF) from stan-
dard numerical masks corresponding to different spectral types.
As expected from the known rapid rotation speed of the star, the
derived CCFs were broad, with typical FWHM around 100 km/s.
So to measure the RV, instead of fitting a Gaussian profile as it
is standardly done for slow rotators, here we fitted the CCF with
a profile constructed from the convolution of a Gaussian and a
rotational profile following Gray (2022). This provided good fits
of the CCFs. The Moonlight pollution, estimated using the sec-
ond SOPHIE fiber aperture that is targeted on the sky, 2’ away
from the first one pointing toward the star, was negligible.

The FWHM of the Gaussian is unknown, but is expected to
be small by comparison to the FWHM of the rotational profile.
We attempted free and fixed values for that Gaussian FWHM,
which did not significantly modify our results. We finally fixed
the FWHM of the Gaussian profile to 7 km/s on each exposure,
which is a common value for such kind of stars. The FWHM of
the rotational profile was free to vary among exposures, and we
obtained values corresponding to v sin i, = 78.9 km/s, with a dis-
persion of +1.1 km/s. This is in good agreement with the values
vsini, = 85 = 6 km/s reported by Cabot et al. 2021. The mea-
sured RVs (see Table A.1) are derived from the fitted center of
the Gaussian and rotational profiles, constrained to be identical
for a given epoch.

We phase-folded those SOPHIE’s RV using the 1.9-d period
derived from the transits observed by TESS. This provided a
significant RV semi-amplitude K = 232*% m/s, in phase with
the transit epoch measured with TESS. This agrees with the
upper limit reported by Cabot et al. (2021). So we concluded
our SOPHIE data allow the planet TOI-1518 b to be significantly
detected, for the first time with RVs.

To refine the system parameters, we made a joined fit of the
TESS transit light curves and the available RVs. Following Hei-
dari et al. (2025), we fitted that dataset using the EXOFASTv2
package (Eastman et al. 2013; Eastman 2017; Eastman et al.
2019). Cabot et al. (2021) used TESS sectors 17 and 18 cov-
ering TOI-1518, observed in FFI mode so with a long-cadence
30-min sampling, in addition to five ground-based photometric
follow up. Here, we used both those TESS sectors, as well as the
three additional TESS sectors covering TOI-1518 now available,
which have a short-cadence 2-min sampling (sectors 57, 58, and
77). So by comparison to Cabot et al. (2021), the number of TOI-
1518 b individual transits included in our fit increases from 24 to

Table A.1. SOPHIE measurements of the planet-host star TOI-1518

BJDyrc RV +lo  exp. SNR per pix
-2460000 (km/s) (km/s) (sec) at 550 nm
287.28150 -11.64 0.11 1010 46.3
29430716  -11.89 0.14 543 46.7
29525968 -11.30  0.13 284 46.6
296.31131  -11.68 0.12 268 46.9
29729585 -1146  0.12 271 46.6
298.23770 -11.60  0.12 233 46.5
300.28312  -12.12  0.13 803 41.6
302.22014  -12.21 0.13 662 46.4
323.26383 -11.88 0.13 452 471
334.29677 -11.92 0.16 904 35.6
33524376  -11.60  0.12 593 46.6
336.24214 -12.10  0.12 530 46.9
337.23923  -11.52  0.12 237 46.7
339.25846  -11.46 0.11 407 47.3

56. And in addition to our new SOPHIE RVs, we also used the
FIES RVs published by Cabot et al. (2021).

Cabot et al. (2021) reported a negligible eccentricity (e =
0.0031f8:88‘2‘2). We tested eccentric and circular orbits without
detecting significant differences, and finally adopted here a cir-
cular orbit. According to Watanabe et al. (2024), the system
shows a change in the impact parameter b of the planet as a func-
tion of time. Over the 4.5-yr span of the TESS observations we
use, the expected effect is of the order of 0.05 on b. This is not
taken into account here, and we report averaged values. This has
no significant impact on the reported planetary mass.

Our fitted RVs and transit light curve are shown in Fig. A.1
and A.2, respectively. We finally measured an RV semi-
amplitude K = 192fj§ m/s, corresponding to a planetary mass
1.83 + 0.47 Myyp. The full results of our fit are reported in
Table A.2. Our derived parameters agree with those presented by
Cabot et al. 2021, with improved uncertainties for most of them.
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Fig. A.1. Radial velocities of TOI-1518 as a function of the planetary orbital phase (left) and time (right). SOPHIE (Table A.1) and FIES (Cabot
et al. 2021) measurements are plotted in green and black, respectively, together with their 1-o- error bars. The fitted Keplerian orbit (Table A.2) is
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Fig. A.2. Phase-folded TESS transit light curve of TOI-1518. The fitted Keplerian orbit (Table A.2) is overplotted in red. The bottom panel shows
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Table A.2. Median values and 68% confidence interval for the TOI-1518 system.

Parameter  Units

Values

Stellar Parameters:

M,.. Mass Mg)..oovvnnnnn.

R, .. Radius (Rg).............

L,.. Luminosity (Lg)...........

P - Density (cgs)............
logg. Surface gravity (cgs).........
Tefr - Effective Temperature (K) .. ....
[Fe/H]  Metallicity (dex) ..........

Planetary Parameters:

P.. Period (days) ............

Rp.. Radius (Ryup) - . vovvvntn

Mp . Mass Myp) ovvvvvnnnn

Tr.. Time of transit (BJDpg).......

To .. Optimal conjunction Time (BJDrpp) .
a.. Semi-major axis (AU)........

i... Inclination (degrees).........

Ty - Equilibrium temperature (K).....
Teire - Tidal circularization timescale (Gyr) .
K.. RV semi-amplitude (m/s) ......
Rp/R, Radius of planet in stellar radii . . ..
a/R.. Semi-major axis in stellar radii .. ..
0.. Transit depth (fraction) .......
Depth Flux decrement at mid transit ....
T.. Ingress/egress transit duration (days) .
Tis . Total transit duration (days) .. ...
Trwgny ~ FWHM transit duration (days) . . ..
b.. Transit Impact parameter ......
Os2sum  Blackbody eclipse depth at 2.5um (ppm)
Os;soum  Blackbody eclipse depth at 5.0um (ppm)
0s75.m  Blackbody eclipse depth at 7.5um (ppm)
Pp .. Density (cgs)............

loggp Surface gravity ...........

0.. Safronov Number ..........

(F) . Incident Flux (10° erg s™' cm™) ...
Ts.. Time of eclipse (BJDpg) . ... ..

Ty.. Time of Ascending Node (BJDpg) ..
Tp.. Time of Descending Node (BJD1pg) .
Mp/M, Massratio .............

d/R, . Separation at mid transit .......

Pr.. A priori non-grazing transit prob . ..
Prg . A priori transit prob .........

Wavelength Parameters:

u .. linear limb-darkening coeff .....
u.. quadratic limb-darkening coeff .. ..

Telescope Parameters:

Yrel - Relative RV Offset (m/s).......
oy.. RV Jitter (m/s) ...........
ol RV Jitter Variance .........

Transit Parameters:

o’.. Added Variance ..........
Fy.. Baseline flux ............

TOI-1518
1881
1.942 + 0.043

o s
0.3622% 553
4.136 £ 0.011
7299+98

100
-0.10+0.12

TOI-1518b

1.90261131 + 0.00000043

1.878 +£0.042
1.83 £0.47

2458787.04943 + 0.00028
2459983.791942 + 0.000066

0.03712 + 0.00082
77.626 + 0.097
254673
0.0059 + 0.0015
192+48
oot
1Y% 0020
0.00988 + 0.00010
0.00988 + 0.00010
0.03562+0'0007|
: —-0.0027
1378 + 24
207142
2633721
0'343+0.087

—0.009:
9 54+(95%0 8
1 T-0.52

2458788.00074 + 0.00028
2458788.47639 + 0.00028
2458787.52509 + 0.00028

0.00093 + 0.00024
41090,

0.2192*70:013

0.2676 + 0.0013

TESS
0. 165+0.035

-0.034

0.326 + 0.035

FIES
0007110

~16000¢ 5400

TESS long cadence

00000002347 roomes

1.0017 + 0.0044

Notes. See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.

SOPHIE
~11708*3]
172768
30000+27000

—16000

TESS short cadence
0.0000000225 +0.0000000060

1 0004+ 68&0800000059
. —0.0014
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Appendix B: Cross-correlation-function
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Fig. B.1. Qualitative geometry of the transit of TOI-1518 b. This planet is highly misaligned with the star (impact parameter = 0.9).

Ky (km/s)

Fig. B.2. All K, - V,,, diagram for non-detected species in TOI-1518 b dataset. The white cross indicates the expected location of the planetary
signal, which assumes a static atmosphere. The signal observed at K, around 100 km s™1 and V,,, around -60 km s~ 1 in some diagrams is an
artifact due to the Doppler shadow.
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Fig. B.3. Trails of Fe + and Mg with contamination from Mg in Fe + trail and Fe + in Mg trail due to the proximity of a strong Fe+ feature in the
Mg triplet.
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Gaussian fit of the data varying with nPCA

nPCA = 1
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Fig. B.4. Measured Doppler shifts for Fe as a function of orbital phase angle. Different colors represent different numbers of components removed
from the data.
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Fig. B.5. Example of the Gaussian fit applies to one binned CCF result. The blue line is the CCF binned for one orbital phase. In the yellow dashed
line, the Gaussian fit performs where we infer the three parameters presented in Fig. 6 and Fig. 11.
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Fig. B.6. Same as lower panel of Fig.7 but with the results of the Gaussian fit for the study with and without PCA.
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Fig. B.7. Comparison of the S/N level obtained as function of number of PCA components with different boxes used for the calculation of the

standard deviation of the Fe K,-V,., map.
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Appendix C: Global circulation models

No drag Weak drag Strong drag

(]
(&) -4
[
m -5
E
5 %
® w2
(] -9
Z -10
=11
q, -3
[&] -
c
@© -5
e g
@ 82
0 -9
=

Fig. C.1. Same as figure 9 with Na and Mg abundances.

Appendix D: Retrieval analysis
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Fig. D.1. Corner plot of the single species retrieval with only VO
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