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Abstract

Ultrahot Jupiters (UHJs) are exceptional laboratories for studying planetary atmospheres under extreme
irradiation conditions. With close-in tidally locked orbits, these planets can have daysides hot enough for metals
to be significantly ionized while still maintaining nightsides cold enough for refractory species to potentially
condense. We present an analysis of the UHJ HAT-P-70b taken with the MAROON-X high-resolution
spectrograph. Using cross correlations, we detect 14 neutral and singly ionized species, including Fe I, Fe 11, Ti I,
CaLLCall,Cr, NaLL VI, MnI, Ni L, Mg 1, Ball, O, and Sr I, with tentative evidence for H 1, Co I, and K I. The
absorption signals exhibit blueshifts on the order of a few kilometers per second, consistent with day-to-night
winds. We further constrain relative abundances with atmospheric retrievals and demonstrate that some inferred
elemental abundance ratios depend strongly on modeling assumptions. In particular, we show that a well-mixed
retrieval approach neglecting ionization can strongly bias highly ionizable elements such as Ca and Ti.
Accounting for the effects of equilibrium chemistry and thermal ionization generally results in inferred elemental
abundance ratios that are closer to expectations for a solar-like composition, although not in all cases.
Interestingly, we find a distinct nickel enrichment on HAT-P-70b, adding to the growing number of UHJ studies
where the Ni abundance is seemingly enhanced. Our results underline the importance of considering physical and
chemical atmospheric processes such as ionization when interpreting high-resolution transmission spectra
of UHJs.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheric composition (2021); Exoplanet atmospheric
dynamics (2307); Transmission spectroscopy (2133); High resolution spectroscopy (2096); Hot Jupiters (753)

1. Introduction coolants such as H,O are significantly depleted from the upper

Ultrahot Jupiters (UHJs) are gas giants orbiting extremely dayside atmosphere due to thermal dissociation (V. Parmentier

close to their host stars. With orbital periods of a few days at
most, they are tidally locked in synchronous rotation and have
a hot, permanent dayside facing the star and a relatively cooler
nightside facing away. Due to this proximity, their atmo-
spheres are subject to strong stellar irradiation, leading to
equilibrium temperatures (T¢q) above ~2000K (J. Arcangeli
et al. 2018; T. J. Bell & N. B. Cowan 2018; V. Parmentier
et al. 2018). At these high temperatures, refractory metals
(Fe, Mg, Si, Ti, V, etc.) that would otherwise be condensed in
cooler atmospheres can vaporize, adding significant optical
opacity to the gas phase (D. Kitzmann et al. 2018). The
ionization of metals (Na, K, and Ca in particular) can also add
significant amounts of free electrons to the atmosphere
(A. B. Savel et al. 2024), causing H™ opacity (bound-free
and free—free) to become important (J. Arcangeli et al. 2018;
V. Vaulato et al. 2025). In tandem, important atmospheric
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et al. 2018). As a result of added optical opacity sources under
intense irradiation conditions and the removal of infrared
coolants, UHJs can form strong thermal inversions (e.g.,
I. Hubeny et al. 2003; J. Fortney et al. 2008; J. D. Lothringer
et al. 2018; S. Gandhi & N. Madhusudhan 2019; A. A. A. Piette
et al. 2020). Their hot, inflated atmosphere, where refractory
elements are predominantly in the gas phase and thus spectro-
scopically accessible, makes UHJs ideal targets for probing the
composition of giant planets, as well as the dynamics at play in
these extreme atmospheres (J. J. Fortney et al. 2021).
High-resolution spectroscopy (I. A. G. Snellen et al. 2010;
M. Brogi et al. 2012; J. L. Birkby 2018; I. A. G. Snellen 2025)
has emerged as a powerful technique for characterizing the
atmospheres of UHJs. It has a distinct advantage compared to
current low or medium spectral resolving power instruments
on board space-based telescopes such as the Hubble Space
Telescope and JWST. As opposed to molecules, most atomic
and ionic species (e.g., Fe I, Fe 1I, Ca I, Ca II) only have very
narrow absorption lines rather than broadband features, which
cannot be adequately probed using current space-based
instrumentation. At resolving powers of R > 25,000, however,
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observations can detect individual spectral lines, resolve line-
profiles, and measure wind-induced Doppler-shifts (e.g.,
I. A. G. Snellen et al. 2010; M. Brogi et al. 2016; L. Nortmann
et al. 2025; J. V. Seidel et al. 2025). This has allowed high-
resolution spectroscopy of UHJs to reveal extremely rich
observations of exoplanets comprising spectral signatures from
a plethora of different chemical species simultaneously, giving
unique insights into the thermal structures, dynamics,
escape processes, and chemistry of their atmospheres (e.g.,
H. J. Hoeijmakers et al. 2019; A. Y. Kesseli et al. 2022;
C. Maguire et al. 2022).

Among refractory metals routinely detected in UHJ atmo-
spheres, two that are of particular interest are titanium and
vanadium. If present in the gas phase, the oxides of these
species (TiO, and VO) have long been theorized to be potential
drivers of thermal inversions in strongly irradiated giant
exoplanets, owing to their strong opacities at optical
wavelengths (I. Hubeny et al. 2003; J. Fortney et al. 2008).
In practice, vanadium is consistently detected in UHJ atmo-
spheres spanning a wide range of temperatures (B. Prinoth
et al. 2022; N. W. Borsato et al. 2023; S. Pelletier et al. 2023;
A. Simonnin et al. 2025). However, this is not the case for
titanium for planets on the colder side of the UHJ population,
potentially due to a cold-trapping mechanism (D. S. Spiegel
et al. 2009; V. Parmentier et al. 2013). Previous studies find
that, on WASP-76b (T.q ~ 2200K), Ti and TiO are not
detected in cross-correlation analyses (H. M. Tabernero et al.
2021; A. Y. Kesseli et al. 2022). In particular, retrieval results
show that titanium is largely depleted, whether compared to Fe
or equilibrium chemistry predictions (S. Pelletier et al. 2023;
S. Gandhi et al. 2023). This suggests the presence of a titanium
cold trap on the nightside of the planet, depleting titanium
species from the observable gas phase. Similarly on WASP-
121b (Teq ~ 2350K), cross-correlation analyses did not find
titanium signatures (S. R. Merritt et al. 2020; H. J. Hoeijmakers
et al. 2024; L. Bazinet et al. 2025). However, more recently,
observations with ESPRESSO in 4UT mode reveal Ti I at high
significance on WASP-121b, but at a weaker level than
predicted by models with respect to V 1 (B. Prinoth et al.
2025). A recent retrieval analysis on data from the Near Infrared
Imager and Slitless Spectrograph on JWST shows that titanium
is depleted by a factor of 10 or more, suggesting the presence of
a partial titanium cold-trap that removes a fraction of titanium
from WASP-121b’s atmosphere (S. Pelletier et al. 2026).

In contrast, the cross correlation reveals strong signals from
titanium species in the atmosphere of planets with higher
equilibrium temperatures, such as TOI-1518b (T.q ~ 2500 K)
(A. Simonnin et al. 2025), MASCARA-1b (Tq ~ 2600 K)
(G. Scandariato et al. 2023), WASP-189b (T4 ~ 2650 K)
(B. Prinoth et al. 2022, 2023), and KELT-9b (7,4 ~ 4050 K)
(H. J. Hoeijmakers et al. 2018; Y. Zhang et al. 2026). This
trend suggests that the nightside cold trap mechanism that
depletes titanium species from the observable atmosphere of
cooler UHJs can be broken, at least partly, on hotter planets.
However, the extent to which titanium is gradually released
remains uncertain. Even on MASCARA-1b and WASP-
189b, retrievals show that titanium is marginally under-
abundant (S. Gandhi et al. 2023; B. Guo et al. 2024).
Crucially, the behavior of titanium relative to slightly less
refractory but otherwise chemically similar species such as
vanadium enables us to indirectly probe the condensation of
nightside clouds and the advection and vertical mixing
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processes capable of revaporizing them back to the
observable atmosphere on the hotter dayside and terminator
regions (S. Pelletier et al. 2026).

With an equilibrium temperature of 2562 K (G. Zhou et al.
2019), HAT-P-70blies in a temperature regime where Ti is
expected to be present in gas form, although a fraction of its
budget could still be missing if some regions of the night-
side are still cold enough for it to condense. Early high-
resolution cross-correlation spectroscopy (HRCCS) of a single
transit obtained with the High Accuracy Radial velocity
Planet Searcher for the Northern hemisphere (HARPS-N)
spectrograph revealed a variety of neutral and ionized species,
including V I (A. Bello-Arufe et al. 2022). While Ti I was not
detected, a tentative signal of Ti II was reported, suggesting
that HAT-P-70b could be in the titanium transition region.
Using the same dataset, S. Gandhi et al. (2023) performed a
retrieval assuming vertically uniform abundance profiles and
concluded that titanium is depleted in HAT-P-70b’s atmos-
phere compared to model predictions. More recently, thermal
emission observations from CARMENES and PEPSI provided
evidence for Ti I on the dayside of the planet via a cross
correlation (B. Guo et al. 2026). Despite this detection, their
retrievals recovered a subsolar Ti abundance, which was
interpreted as evidence for the presence of a cold-trap
removing some refractory elements from the gas phase. In
parallel, time-resolved high-resolution spectroscopy with
GHOST (A. B. Langeveld et al. 2025) and CARMENES
(T. Gan et al. 2026) identified strong Ca II absorption signals
blueshifted by ~5kms™ ', indicative of a partially ionized
atmosphere with strong day-to-night winds at high altitudes. In
this work, we revisit HAT-P-70b with MAROON-X observa-
tions in the red optical, with the goal of building a chemical
inventory of the planet’s atmosphere and constraining the
abundances of metal species.

This paper is organized as follows. Section 2 describes our
observations and data reduction process. Section 3 details the
cross-correlation and retrieval analyses. We present our results
in Section 4 and end with our conclusion in Section 5.

2. Observations and Data Reduction

HAT-P-70 is a fast-rotating (v sini ~ 100 km s~!) A-type
star with a magnitude of V = 9.470 4+ 0.004 and an effective
temperature of T = 84507330 K (G. Zhou et al. 2019).
HAT-P-70b is an UHJ on a close-in orbit with a period of 2.74
days (Table 1). It is likely tidally locked, with a hot, permanent
dayside facing the star and a comparatively much cooler
nightside facing away. Orbiting so close to its host star,
HAT-P-70bis subject to intense stellar irradiation, with an
equilibrium temperature of T.q = 2562743 K assuming zero
albedo and full heat redistribution (G. Zhou et al. 2019). The
mass of HAT-P-70b is poorly constrained from radial velocity
measurements owing to its fast-rotating host, with only an
upper limit of M, < 6.78 My, at 30 (G. Zhou et al. 2019).
More recently, S. Gandhi et al. (2023) spectroscopically
derived a mass of M, = 1.66939 My, from HARPS-N transit
observations. HAT-P-70balso has a large radius of
R, = 1.877015 Ryyp, likely indicating that its mass is no more
than a few times that of Jupiter to hydrostatically support such
an inflated radius (M. Gully-Santiago et al. 2024). Here, My,
and Ry, refer to one Jupiter mass and one Jupiter radius,
respectively.
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Table 1
Star and Planet Properties for the HAT-P-70 System
Parameter Value References
Gaia R.A. (2015.5) 4:48:12.560 )
Gaia decl. (2015.5) +09:59:52.726 t))
TYCHO V (mag) 9.4700 + 0.0040 %))
M, (M) 1.890%0013 ()
Ry R) 1.8581 3361 (1
Torr (K) 8450340 )
log g (cgs) 4.1817°00% M
[Fe/H] —0.059* 008 M
vsini (kms™ ') 99.85708! 1)
Ky (kms™h <0.649 (30) 1
Viye (kms™") 25.260 £ 0.110 1)
P (days) 2.744320 + 0.000001 )
Ty (BJD1pp) 2459175.05277 + 0.00017 ®)
M, (Myup) <6.78 (30) 1)
R, (Ryup) 1.871013 6))
K, (kms™") 187 3)
Teq (K) 2562733 )

Note. References are as follows: (1) G. Zhou et al. (2019), (2) E. S. Ivshina &
J. N. Winn (2022), and (3) A. Bello-Arufe et al. (2022).

We observed two transits of HAT-P-70b using MAROON-X
(A. Seifahrt et al. 2016, 2018, 2020), a high-resolution
(R ~ 85,000), bench-mounted, fiber-fed échelle spectrograph
operating in the red-optical range (500—920 nm). MAROON-X
is mounted on the 8.1 m Gemini North Telescope on Maunakea,
HI, and provides simultaneous coverage with two detectors: the
“blue” arm (500—670 nm) and the “red” arm (650—920 nm).
Observations were conducted on UT 2023 December 13 and UT
2023 December 24 (program GN-2023B-Q-126, PI: Pelletier).
For each night, we obtained 36 exposures, with the integration
times of the blue and red arms set to 403 and 363 s, respectively,
owing to their different readout times (see Table 2 and Figure
Al for observation details and conditions). The data were
reduced using the standard MAROON-X reduction pipeline
(A. Seifahrt et al. 2020), with the output organized as a data
cube time series with dimensions Nexp X Nogger X Npixel for each
transit and spectral channel, where Nexp, Norder, and Npixer denote
the number of exposures, spectral orders, and detector pixels,
respectively.

3. Methods

In this section, we describe the data reduction and atmo-
spheric modeling used to obtain a chemical inventory of
HAT-P-70b’s atmosphere and constraints on the elemental
abundances of species of interest.

3.1. Data Detrending

The observed MAROON-X spectroscopic time series
contain the faint planetary signal mixed with the stellar
spectrum, Earth’s tellurics, and noise (Figure 1, panel (A)).
Our goal is to remove the stellar and telluric contributions,
leaving only the absorption signal of the planet buried in the
noise. This is possible because the planetary signal undergoes
radial velocity shifts of ~60kms ' throughout the transit
event, whereas the telluric and stellar lines remain stationary or
quasi-stationary (<1kms~') in velocity space. Given the
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Figure 1. Data detrending steps. (A) A single MAROON-X spectral order for
the transit time series obtained on 2023 December 24. (B) After outlier
correction and continuum alignment. (C) After dividing out the polynomial fit
to the median out of transit. (D) After PCA removal (first five components) of
remaining stellar and telluric residuals. At this stage, the data contain the faint
planetary trace as well as the Rossiter—McLaughlin (RM) trail buried in noise,
and are served as input for the cross-correlation and retrieval analyses.

resolving power of MAROON-X (R ~ 85,000), which
corresponds to a velocity resolution of ~3.5kms ', the
planetary Doppler shift is well captured by the instrument.

To remove unwanted telluric and stellar contributions, we
follow a detrending procedure similar to S. Pelletier et al.
(2023). As the main source of contamination for atmospheric
studies of metals in the atmosphere of HAT-P-70b is expected
to be the host star rather than the tellurics in the optical
bandpass, we first shift the data into the stellar rest frame. We
then mask out all low signal-to-noise ratio (SNR) wavelength
regions where the flux drops to below 50% of that of the local
continuum. In addition, we mask out wavelengths between
0.6868—0.694 yum and 0.7595—0.769 pm, which correspond
to the O, B band and A band, respectively, from Earth’s
atmosphere (L. Arnold et al. 2014; J. L. Bertaux et al. 2014).

To correct for outlier pixels, we divide each order of each
exposure by its median flux. We then divide each spectral
channel by its temporal median, effectively producing a
residual matrix. In this residual matrix, outliers are flagged as
pixels deviating by more than 60 from the median of their
corresponding spectral channel. These flagged pixels are
subsequently corrected by interpolation from neighboring
pixels along the spectral direction as in M. Brogi et al.
(2014). Finally, with all outlier pixels corrected, we multiply
the residual matrix by the previously divided temporal and
spectral medians to reproduce the now outlier-corrected
original flux matrix.

Following N. P. Gibson et al. (2020), we then remove
throughput and blaze variations by aligning all spectra to a
common continuum level. More specifically, we first divide
each pixel by its temporal median, then run a low-pass box
plus Gaussian filter replicating continuum variations, and
finally divide the original spectra by this filter. The box filter
has a width of 51 pixels and is smoothed by a Gaussian kernel
with a standard deviation of 100 pixels (Figure 1, panel (B)).
We further compute the median spectrum of the out-of-transit
exposures M, and divide out each spectrum by a second-order
polynomial fit to M of the form aM* + bM + ¢ (Figure 1,
panel (C)).

Finally, as stellar and telluric lines are not perfectly removed
by the median fit, we use a principal component analysis
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(PCA) approach along the time axis to remove remaining
correlated residuals. We find that, while removing none or just
a few principal components results in strong residuals
remaining in the data, removing between 5 and 15 components
yields similar and stable results. On the other hand, removing
even more components risks suppressing the planetary signal.
To avoid overdetrending, we choose to only remove the first
five components in our analysis. We do so by taking the
continuum-normalized spectrum and divide out each of the
omitted components. At this stage, the data are mostly free of
low acceleration stellar and telluric contamination while still
carrying the high acceleration planetary trace and the Rossiter—
McLaughlin (RM) trail, alongside intrinsic noise (Figure 1,
panel (D)). The PCA notably cannot remove RM-induced
residuals as they vary significantly in velocity throughout the
transit, owing to the fast rotation rate of the host star (G. Zhou
et al. 2019).

The uncertainty for each pixel is estimated using a
likelihood-minimization approach described in N. P. Gibson
et al. (2020, 2022), given by

o, = (aF, + b)*?, )

where F), is the measured flux at the pixel n, and a and b are
the fitted parameters. The fitting of a and b is done during the
data detrending stage.

While the detrending procedure is effective at isolating the
planetary signal from unwanted sources of contamination, it
also distorts the data (M. Brogi & M. R. Line 2019). There-
fore, as in S. Pelletier et al. (2021), all detrending steps are
later reapplied on each forward model to mimic the distortions
and avoid biases in the retrieved abundances.

3.2. Atmosphere Modeling

We use the SCARLET framework to generate atmosphere
models of HAT-P-70b, which serve as templates for our cross-
correlation analysis (B. Benneke & S. Seager 2012, 2013;
B. Benneke 2015; B. Benneke et al. 2019a, 2019b; S. Pelletier
et al. 2021, 2023; L. Bazinet et al. 2024). We include the
opacities of neutral and singly ionized species from the VALD
database (N. E. Piskunov et al. 1995; T. Ryabchikova et al.
2015), as well as TiO (L. K. McKemmish et al. 2019),
VO (L. K. McKemmish et al. 2016), and H™ (bound-free and
free—free; D. Gray 2021). Cross sections are calculated using
HELIOS-K (S. L. Grimm & K. Heng 2015; S. L. Grimm et al.
2021). We include in our atmosphere model the effects of
collision-induced absorptions from H,—H, as well as H,—He
interactions (A. Borysow 2002). All models are generated at a
spectral resolving power of R = 250,000 and then convolved
with a Gaussian kernel to match the MAROON-X resolution
of R = 85,000.

UHJ atmospheres are expected to be thermally
inverted (J. Fortney et al. 2008; S. Petz et al. 2025), with the
temperature increasing with altitude. However, the extent of
the inversion is expected to strongly depend on the atmo-
spheric composition, specifically the presence of optical
absorbers (e.g., metal oxides and hydrides, neutral metals,
H™). To explore different temperature regimes, we follow a
similar approach as in B. Prinoth et al. (2023) and generate
three atmospheric models assuming isothermal temperature—
pressure (TP) profiles of 2562 (the equilibrium temperature of
the planet), 4000, and 6000 K. The cooler atmosphere template
is used to cross correlate with the species expected to be more
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abundant in the lower atmosphere (e.g., neutral metals), while
the hotter template at 4000K is used to search for species
expected to be more abundant in the upper atmosphere (e.g.,
ions). Finally, we include a template at 6000 K to cross
correlate with dissociation byproducts H and O that may be
present in extended, potentially nonhydrostatic regions of the
atmosphere. In particular, the 6000 K templates of H and O
show additional activated spectral features not present in the
4000 K template, which could be present in the data and lead
to a nondetection if not included.

For the three models used in the cross-correlation analysis,
we assume volume mixing ratios (VMRs) following chemical
equilibrium predictions at the given temperatures for a solar-
like composition, calculated with FastChem (J. W. Stock
et al. 2018, 2022; D. Kitzmann et al. 2024).

3.3. Cross-correlation Analysis

We perform a cross-correlation analysis to search for species
in the observed transmission spectrum of HAT-P-70b.
This technique has been widely used in the literature and has
been proven to be highly effective in detecting a variety of metal
species on UHJs (e.g., H. J. Hoeijmakers et al. 2018, 2019;
S. R. Merritt et al. 2021). The cross-correlation function (CCF)
is given by

CCF() = 3 dnma ), ©)

a summation over all wavelength bins (n), where d, is the
detrended data (e.g., Figure 1, panel (D)) with corresponding
uncertainties o, and m,,(v) is the model transmission spectrum
shifted by the velocity v (I. A. G. Snellen et al. 2010). We
compute the CCF over a grid of velocity shifts ranging from
—400 to 400kms~ ' in steps of 1kms~'. While the data
detrending is done order by order, the CCF is computed order
by order, and then summed over all orders to produce a time
series computed over a range of velocities.

As our cross correlation is performed with the data in the
stellar reference frame, we take the extra step of aligning the
CCF in the barycentric frame before combining both transits.
This barycentric Earth radial velocity (BERV) correction is
done on the CCFs to avoid further interpolating the data
directly. Since many chemical species are expected to be
present in both the star and the planet (e.g., Fe, Ca, Mg), we
apply a mask with a width of 26 km s~ along the visible dark
RM trace to prevent contamination in our cross-correlation
analyses (Figure 2, bottom panel). The width of the mask is
chosen to preserve as much data as possible while removing
the RM trace. Likelihood contributions from exposures where
the planetary trace overlaps in velocity space with this mask
are set to zero in the retrievals to avoid any biases. We then
phase-fold the data and sum the contributions across exposures
over a grid of K, and Vi, which are the planetary radial
velocity semiamplitude and systemic velocity, respectively.
The resulting phase-folded CCF in a K,, — Vs map should
then peak near the expected velocity parameters of
HAT-P-70b (K, = 187 £ 4km s~', S. Gandhi et al. 2023;
Veys = 21.76 £ 0.39km s~!, J. V. Seidel et al. Submitted) if
the atmosphere models match the data. SNR is computed as
the CCF value at each position in the map divided by the
estimated standard deviation away from the peak. We calculate
the standard deviation from a box delimited by
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Figure 2. Cross-correlation time series of two transits of HAT-P-70b from the
MAROON-X spectrograph. Top panel: CCF results of the night of 2023
December 13. The orange, horizontal dashed lines mark the beginning and the
end of the transit event. The slanted black-dashed line shows the expected trail
of the planet. The planetary signal shows as a white trace near the expected
path. We see a clear dark trail, symmetric to the planetary signal with respect
to zero velocity shift due to the RM effect. Middle panel: same as top panel,
but for the night of 2023 December 24. Bottom panel: same as previous
panels, but with both transits stacked and with the Rossiter-McLaughlin trail
masked out.

Vsys = —100 km s 'and Vsys = 0km s~ to avoid the planetary
and RM signals contributing to the noise estimate.

3.4. Retrieval Analysis

While a cross-correlation analysis is effective at confirming
whether a species is present in HAT-P-70b’s atmosphere, it
does not directly constrain abundances. Therefore, to quantify
the atmospheric composition, we perform a retrieval analysis
to constrain the elemental abundances of key species: Fe, Ti,
Ca, Cr, Ni, Mg, V, Mn, Co, and Sr. We also include H™ as an
opacity source in our retrievals, as H~ bound-free absorption is
expected to be the dominant source of continuum opacity at
optical wavelengths in UHJ atmospheres. We do not fit any cloud
parameters as the dayside and terminator of HAT-P-70b
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are likely too hot for any significant cloud mass to be
sustainable (C. Helling et al. 2021).

For our atmospheric retrievals, we use the SCARLET
framework with emcee as a sampler (D. Foreman-Mackey
et al. 2013). We follow the prescription of N. P. Gibson et al.
(2020), with the log-likelihood given by

N 1 d? + m?
In(L) = _Eln[ﬁ(z " = 2CCF)], 3)

n n

where N is the total number of data points. To retrieve a
temperature—pressure profile, we freely fit eight evenly spaced
points in log pressure between 10 '° and 1 bar, using the
parameterization of S. Pelletier et al. (2021). We choose a
relatively weak smoothing prior of o, = 500K dex ? to
flexibly fit TP profiles with any shape while still penalizing
nonphysically steep temperature gradient changes. We addi-
tionally retrieve the global K, and Vi, as well as the line
broadening due to planetary rotation (v,o).

While many retrieval prescriptions exist in the literature for
exoplanet atmosphere characterization, the most common ones
fall under two main families: free (or well mixed; e.g.,
J. K. Barstow & K. Heng 2020) and chemical equilibrium
(e.g., M. Brogi et al. 2023) retrievals. In this work, we explore
both types of retrieval and showcase potential biases in
inferred elemental abundances in both cases.

Because the mass of HAT-P-70bis only reported as an
upper limit (M, < 6.78 My,p; G. Zhou et al. 2019), one could
include M, as a free parameter in the retrieval. However, we
note that the planetary mass is strongly degenerate with both
the temperature structure and atmospheric abundances
through the scale height. Variations of M, can be largely
compensated by adjustments in the temperature—pressure
profile or species abundances, limiting the ability of high-
resolution transmission spectroscopy to independently con-
strain the mass. Therefore, we do not treat it as a free
parameter in the free retrieval and fix it at M, = 1.66 My,
which corresponds to the spectroscopically derived value
reported by S. Gandhi et al. (2023).

In contrast, for the chemical equilibrium retrieval, we keep
M, as a free parameter. In this framework, the coupling
between chemical species imposed by equilibrium chemistry
can partially alleviate degeneracies, allowing the data to
provide better constraints on the surface gravity. We use a
uniform prior between 1 Mj,, and 6.64 My,,, with an initial
guess of 1.66 My,(Table 3). The lower bound is chosen to
ensure hydrostatic equilibrium at low pressures.

3.4.1. Free Retrieval

The first prescription we explore is the classical free
retrieval, which adopts a more agnostic approach. That is, the
abundances of individual chemical species are assumed to be
constant with altitude and treated as independent parameters,
unconstrained by thermochemical equilibrium relations. This
gives the retrieval flexibility to probe a wide range of possible
atmospheric conditions that may include disequilibrium
processes such as quenching and photochemistry. Although
free retrievals often result in a larger parameter space, they
provide a more data-driven measurement of the composition
and allow deviations from equilibrium expectations.
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Table 2
Overview of the MAROON-X Observations of HAT-P-70b

Date Duration (hr) # of Exposures Texp [s] Mean SNR Orbital Phase Range # of Out-of-transit Exposures
2023 Dec 13 4.6 36 403 (363) 151 0.972-0.041 9
2023 Dec 24 4.7 36 403 (363) 133 0.970-0.039 9

Note. We indicate the values for the blue arm with the corresponding values for the red arm in parentheses. The reported mean SNR is per pixel.

In this work, we independently fit the log VMR of each
species. This includes Fe, Ti, TiO, Ca, Cr, Ni, Mg, V, VO, Mn,
Co, Sr, and H™. In each layer of the atmosphere model, the
retrieval sums the VMRs of these species and adds H,, He, and
H as filler gases such that the VMRs of all the species sum to
one. As in S. Pelletier et al. (2023), the relative amounts of H,
He, and H are calculated using FastChem given the
temperature—pressure profile queried at each step of the
retrieval.

Ionized species (e.g., Fe II, Ca II) have very strong lines that
probe into the extended upper atmosphere, a region that is
likely not in hydrostatic equilibrium and that our models
cannot match (C. Maguire et al. 2022; E. K. Deibert et al.
2023; B. Prinoth et al. 2024; A. B. Langeveld et al. 2025;
A. Simonnin et al. 2025). As in B. Prinoth et al. (2023), in the
case of the similar UHJ WASP-189b in terms of equilibrium
temperature, we find that our models cannot reproduce the
strength of most ionic signals (e.g., Fet, Na™1). Indeed, we find
that all test retrievals that include ions recover extremely high
temperatures, which is likely more representative of the
exosphere. As a result, we opt to fit only the opacity
contributions of neutral species in this work.

In this framework, M, is fixed, such that variations in the
scale height are completely absorbed by the retrieved
temperature structure and chemical abundances.

3.4.2. Chemical Equilibrium Retrieval

In contrast to free retrievals, chemical equilibrium retrievals
link the abundances of all chemical species to a common set of
atmospheric parameters (e.g., metallicity and C/O) to enforce
thermochemical equilibrium given the queried temperature—
pressure profile. This approach has the advantage of being
more physically motivated while reducing the number of
model parameters. In the context of UHJ atmospheres, the
abundance profiles of many metal species are shaped by
thermal dissociation, and chemical equilibrium retrievals have
a natural way of incorporating this information. However, they
lack the flexibility to model important disequilibrium pro-
cesses, for example due to cold-trapping (S. Pelletier et al.
2023) or quenching (D. K. Sing et al. 2024; L. Welbanks
et al. 2024).

The second retrieval prescription we test is a variation of
the chemical equilibrium retrieval. Instead of having a global
metallicity knob that controls the abundance of every species
assuming solar-like proportions, we fit a set of elemental
abundance, one for each metal species ([Fe/H], [Ca/H],
[Ti/H], [V/H], [Mg/H], [Mn/H], [Cr/H], [Ni/H], [Co/H],
and [Sr/H]), similar to P. C. B. Smith et al. (2024). Here, for
instance, [Fe/H] sets the abundance of neutral Fe while
[Ti/H] controls both neutral Ti and TiO. The abundance
profiles of all species are then calculated assuming
equilibrium chemistry given these elemental abundances
and the queried temperature—pressure profile. For

Table 3
Retrieved Parameter Description and Prior Ranges for the Free and Chemical
Equilibrium Retrievals

Parameter Description Prior Range
T; Temperature of layer i [K] U[100, 8500]
K, Radial velocity semiamplitude [km s U[157, 217]
Vigs Systemic velocity [km s™'] Ul-1.3, 38.7]
Vrot Rotational broadening [km s’l] U[o, 20]
Free
logVMR; VMR of species j Uul-12, -1]
M, Planetary mass [Mj,p] U[1.00, 6.64]
Chemical equilibrium
[M./H] Metallicity of species k Ul-3, 3]

Note. i =0 to 7 (Tp at 107'° bar and 75 at 1 bar) j = Fe, Ti, TiO, Ca, Cr, Ni,
Mg, V, VO, Mn, Co, Sr, and H; k = Fe-H ", Ti-TiO, V-VO, Ca, Cr, Ni, Mg,
Mn, Co, and Sr.

consistency, both Fe and H™ are tied to the same elemental
abundance parameter [Fe/H], as the H abundance is
expected to depend on the availability of free electrons from
ionization of metals. This effectively links the continuum
opacity to the electron budget set by the metal content in
HAT-P-70b’s atmosphere, while avoiding an additional free
parameter in the retrieval. Similarly to the setup in our free
retrieval, we only consider the opacity contributions of the
neutral species in our models. However, we note that, in this
case, ionization is considered in the calculation of the
abundance profiles. This approach grants more flexibility for
the retrieval to model nonsolar relative metal abundance
while still naturally accounting for expected thermal ioniz-
ation and dissociation processes (e.g., S. Pelletier et al.
2025, 2026).

4. Results and Discussion
4.1. Cross-correlation Results

Via a cross-correlation analysis, we search for every neutral
and singly ionized element with available opacities in the
VALD database, as well as TiO and VO, to produce a
chemical inventory of species in HAT-P-70b’s atmosphere that
are observable in the red optical. We confirm the detections of
Call, Cr1, FeL, Fe 11, HI, Mg I, Na I, and V I reported by
A. Bello-Arufe et al. (2022) and further detect Ba II, Ca I, Mn
LNiIL OIL Sr1 and TiI (Figure 3). We further find a tentative
signal for Co I and K 1, although the SNR is too low to claim a
detection. We note that observations from CARMENES have
also found a tentative signal of K I (T. Gan et al. 2026). The
detection of these neutral and ionized species is broadly
consistent with previous results for other UHJs (A. Y. Kesseli
et al. 2022; N. W. Borsato et al. 2023; S. Pelletier et al. 2023;
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Figure 3. K, — V,, maps for species that we claim a detection or a tentative detection in HAT-P-70b’s atmosphere with two transits from the MAROON-X
spectrograph. White-dashed lines indicate the expected position of the signal, assuming a symmetric planet with a static atmosphere. Peaks of the cross-correlation
function are shown as white regions near the expected position. The peaks show a slight offset in Vi, indicative of the presence of strong winds in the atmosphere.
The standard deviation is calculated with from a box delimited by Vs = —100 km s and Viys = 0 km st

B. Prinoth et al. 2025). Notable nondetections are shown in
Appendix (Figure A2). However, these may simply be due to
the wavelength coverage of MAROON-X being limited to the
red optical. For example, while we find clear evidence of Ti I,
we could not confirm the tentative Ti II signal observed from
HARPS-N by A. Bello-Arufe et al. (2022). This is because the
strongest absorption lines of Ti II are concentrated at blue-
optical to UV wavelengths (e.g., H. J. Hoeijmakers et al. 2019,
see their Figure C.1), which MAROON-X does not cover.
However, we note that, given the observed presence of Fe I
and the fact that Ti ionizes more readily than Fe, we expect Ti
II to be present on HAT-P-70b.

Table 4 provides a summary of the chemical species with clear
or tentative observed signals. For each element or ion, we report
confidence intervals derived from slices in K, and V,, going
through the position of the maximum SNR of the
map. The values then correspond to the position at
SNR = SNRp;x — 1. The K, value of H I is notably missing
from Table 4, with its peak outside of our grid. Therefore, for H I
only, we instead take the Vi, slice that corresponds to
K, = 187kms ', the expected K, of the planet, to calculate
the uncertainties in V.

We observe a net blueshift of a few kilometers per second in
Viys for all observed signals (Figure 3; Table 4), consistent with
the presence of day-to-night winds in the atmosphere of HAT-P-
70b likely driven by a large temperature gradient between both
hemispheres. This is common for inflated planets on close-in
orbits (A. P. Showman et al. 2012; J. P. Wardenier et al.
2021, 2023; S. Gandhi et al. 2023; C. Akin et al. 2025). Viewed
in the rest frame of HAT-P-70b, all species (with the exception of
Sr I and H I) show signals that are systematically blueshifted
(Figure 4). Moreover, the planetary traces show near-constant
strengths throughout the duration of the transits, with a slight
decrease toward egress likely induced by the PCA subtraction.
This is in contrast to slightly colder planets such as WASP-76b
and WASP-121b, which show signals that become progressively
stronger and more blueshifted during transit (D. Ehrenreich et al.
2020; F. Borsa et al. 2021; A. Y. Kesseli & I. A. G. Snellen 2021;
S. Pelletier et al. 2023). In this case, the more constant signal on
HAT-P-70b could indicate a more symmetric morning and

Table 4
Cross-correlation Analysis Results for Detected Species

Species Max SNR K, AV

(kms (kms 1
Fel 229 18513 -3.504
Til 49 215+# —4.1%33
Cal 10.9 198*3 —3.3%2)
Cr1 8.7 195433 —3.9421
Na I 115 2004 —5.2439
VI 9.2 195439 —43+2!
Mn I 5.9 20955 —5.5%38
Nil 8.7 1794 —3.7:%1
Mg 1 4.1 197419 —43443
oI 6.2 188731 —1.743}
Sr1 52 16473 0.833
Fen 19.0 1873 —1.751
Call 10.7 21878 —6.3133
Bam 43 199+78 —4.27332
Hr* 3.5 —6.05130
Cor* 2.9 175412 —1.67%}
K1* 32 189+63 —3.833
All 19.0 19628 —4.3*1]

Note. We report the values of the maximum signal-to-noise ratio (SNRpx)
and the corresponding K, and AV (with respect to the stellar reference
frame) for each species that we claim a detection or a tentative detection
(indicated with an asterisk). We derive the uncertainties in K, and AV, using
the best-fit slices along both directions, with values corresponding to the
positions at SNR = SNR,,;,x — 1. For H 1, since we do not have significant
constraints on K,,, we use instead the slice corresponding to the expected K, of
the planet (187 km s ") to calculate the uncertainties in AV,y,. The majority of
species are blueshifted relative to the systemic velocity of the star
Ve = 21.76 kms™ .

evening terminator. This could potentially be due to its overall
hotter temperature reducing the vaporization timescale of any
clouds circulated from the nightside to the morning
terminator (A. B. Savel et al. 2022), or increasing ionization
rates, causing stronger magnetic drag and hence hampering the
advection of heat away from the substellar point (J. P. Wardenier
et al. 2021).
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Figure 4. Similar as Figure 2, but now in the planetary rest frame and showing individual species. Orange, horizontal dashed lines mark the beginning and the end of
the transit event. The black-dashed line indicates the expected position of the planet assuming a static atmosphere and no three-dimensional effects. The white trace
corresponds to the signal from the planetary atmosphere. Most species show signals that are stable in both strength and blueshift throughout the transit duration of

HAT-P-70b.
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Figure 5. Retrieved elemental abundances of metal species of interest using a free retrieval prescription. Abundances are normalized according to Equation (4)
(o x = log(x/Xr) — 10g(x/Xpe)=). Results from S. Gandhi et al. (2023) are shown in gray. All error bars represent 1o uncertainties, and arrows represent the
retrieved 20 upper limits. We provide new constraints for Co and Sr, which were not considered in S. Gandhi et al. (2023). Our value for Ti (V) is calculated by
summing the retrieved abundances for atomic Ti (V) and molecular TiO (VO). Both works are consistent within the 20 level.

We measure an elevated K, with respect to the expected
K, = 187 £ 4km s~ ! for some species, the most obvious being
Ca Il and H I (Figure 3; Table 4). This is not entirely surprising.
Signals from different species can probe various parts of the
atmosphere HAT-P-70b. For instance, species with very strong
lines can probe the extended, low-density upper atmosphere,
while neutral species tend to probe deeper layers of the
atmosphere where they are more abundant (e.g., A. Y. Kesseli
et al. 2022; C. Maguire et al. 2022; B. Prinoth et al. 2023). In
addition, K, is intrinsically difficult to constrain from transit
datasets owing to the relatively small portion (~7%) of the orbit
sampled during transit, which leads to large uncertainties.
Therefore, although some species appear to have an elevated
K,, the values remain consistent with the predicted orbital
velocity within 1o. A similar behavior has also been observed on
other UHJs, where values of K, can span a range of ~60 km s

for different chemical species that probe distinct regions of the
atmosphere (e.g., N. W. Borsato et al. 2023, see their Figure 6).

4.2. Free Retrieval Results

There are many physical processes that can alter the line
depths of observed chemical species, including the surface
gravity and mean molecular weight via the scale height, the
continuum level, the abundances, and the temperature—
pressure profile. This creates degeneracies between fitted
parameters in atmospheric retrievals that can be hard to
break (B. Benneke & S. Seager 2012). In HRCCS, these
degeneracies are aggravated by the data reduction process,
which removes the absolute continuum level through normal-
ization and detrending. As a result, the observed signal is
mostly sensitive to relative line contrasts rather than absolute
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Figure 6. Comparison of the retrieved elemental abundances with the free and chemical equilibrium prescriptions. Abundances are normalized according to
Equation (4) (p, = log(x /Xre) — 108(X/Xpe)o). Species are ordered according to the predicted ionization fractions at 4000 K and 1mbar by
FastChem (J. W. Stock et al. 2018, 2022). All error bars represent 1o uncertainties. In the free retrieval, Ti (V) is the sum of atomic Ti (V) and molecular
TiO (VO). With an ionization fraction of 0.67, Fe is the least readily ionized species included in our retrievals. As a result, the free retrieval finds generally lower
abundances relative to Fe than the equilibrium chemistry retrieval, which accounts for ionization effects.

line depths (M. Brogi & M. R. Line 2019; N. P. Gibson et al.
2020). Therefore, we find that relative abundances are much
better constrained, consistent with previous studies
(N. P. Gibson et al. 2022; C. Maguire et al. 2022; S. Gandhi
et al. 2023; S. Pelletier et al. 2023). As a result, we present our
results and derive all of our conclusions based on measured
relative metal abundances (e.g., Mg/Fe) rather than “absolute”
(e.g., Fe/H, Mg/H) abundances.

We follow the approach of S. Gandhi et al. (2023) to
interpret our retrieval results. We derive the relative abun-
dances of each species normalized to the solar value
(M. Asplund et al. 2009) using

o, = log(x/xpe) — 10g8(X/ Xpe)o> )

where x is the abundance of the species, Y. is the abundance
of Fe, and the subscript ® indicates solar values. For ¢ and ¢y,
we include the sum of the contributions from both
atomic and molecular species (i.e., ¢ = log(xri1 + Xrio)/
Xre) — 10g8(xri1 + Xrio)/ Xre)o)- We use the composition of the
Sun as a reference as no stellar abundances are available in the
literature for most species detected here. This is due to the rapid
rotation of HAT-P-70, which causes severe spectral line broad-
ening that hinders precise abundance measurements (e.g.,
M. B. Lam et al. 2024).

We use a free retrieval approach to constrain the abundances
of nine metal species (Ti, Ca, Cr, Ni, Mg, V, Mn, Co, and Sr)
relative to Fe and compare these with the results of S. Gandhi
et al. (2023; Figure 5). Our results are overall consistent for
most elements, although do show some notable discrepancies.
For oy, our value sits slightly above the 20 upper limit
reported by S. Gandhi et al. (2023; likely consistent at 30),
which included contributions from Ti, TiO, and TiH. For ¢y;,
we recover a slightly supersolar abundance, consistent with the
reported upper limit from S. Gandhi et al. (2023). For ¢c,, ©crs
and ¢y, we retrieve values slightly higher than those
previously reported, but still consistent within lo—20. In
contrast, our retrieval favors subsolar values for e and Oy,

whereas S. Gandhi et al. (2023) reported solar-to-supersolar
abundances. Finally, we report solar abundances for (¢, and
s, which were not considered in any previous analysis.
Overall, both studies show a broad consistency, with all values
in agreement at roughly the 20 level.

4.3. Chemical Equilibrium Retrieval Results

Free retrievals assuming constant-with-altitude abundance
profiles can struggle to accurately infer abundances of chemical
species that have highly nonuniform abundance profiles, for
example due to ionization or thermal dissociation (e.g., M. Brogi
et al. 2023). In the context of UHIJs, the upper atmosphere can
heat up to several thousand kelvins, where atoms may be strongly
ionized (Figure A4, top right panel). Of the species we include in
our retrieval analyses, Fe has the highest ionization threshold. For
instance, FastChem predictions at 4000 K and 1 mbar yield an
ionization fraction of 0.67 for Fe and 0.98 for Ti (Figure 6).
Therefore, abundances inferred from free retrievals assuming
constant-with-altitude profiles should be interpreted with caution,
especially for species expected to be strongly affected by
ionization or dissociation. In such scenarios, it is more
informative to compare retrieved abundances with predictions
from equilibrium chemistry (S. Gandhi et al. 2023; Y. Chachan
et al. 2025). In order to incorporate the effects of ionization in our
abundance estimation, while also allowing for nonsolar metallic
ratios, we also run chemical equilibrium retrievals as described in
Section 3.4.2. While inferred abundances from free and chemical
equilibrium retrievals should yield similar values for species that
do not ionize readily such as Fe, Co, and Mg, elements with
weakly bound outer electrons such as Ca, Sr, and Ti should be
more affected by allowing for highly nonuniform ionized
abundance profiles.

Indeed, we find that the change in retrieved abundances relative
to Fe becomes increasingly significant for elements with higher
ionization fractions (Figure 6). Here, we define the ionization
fraction of an element to be the ratio of the amount of singly
ionized atoms to the total amount of atoms of that element at a
given temperature and pressure. In this case, we calculate them
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Table 5
Summary of Retrieved Parameters with 1o Uncertainties
Parameter Free Chem Equi
on 194508 ~0.37%510
e —1.841013 0187008
o —0.807513 0.147567
oni 04803 1335063
Pme —0.547313 —0.11759
oy —0.307014 0.52705
Mn —0.34%015 0.04 510
oco ~0.09°013 0.117545
o 0.04834 L6253
K,/kms™" 186.367073 186.0470:38
Viys/km's™! 18.48+591 18.501997
Mp/MJuP 1~64j8.%§
Veor/km 57! 4.4419%3 4344038

Note. Values of ¢, are derived parameters from the retrievals.

using FastChem at a temperature of 4000 K and a pressure of
1 mbar. For Co, Mg, and Mn (and Fe), which have high ionization
thresholds, this correction is very small, and both the free retrieval
assuming constant-with-altitude abundance profiles and the
chemical equilibrium retrieval accounting for ionization find
similar values. On the other hand, including the effect of thermal
ionization provides a large correction in inferred abundances for
chemical species with lower ionization potentials such as Ca and
Sr. Indeed for most species (e.g., Mg, Mn, Cr, Ti, Ca), the
inclusion of thermal ionization in the modeling naturally explains
inferred underabundances from the free retrievals (which, again,
should be thought of as lower limits), with values more consistent
with abundance ratios of the solar photosphere (M. Asplund et al.
2009). However, in the cases of V, Ni, and Sr, accounting for
thermal ionization in an equilibrium chemistry framework appears
to provide an overcorrection with abundance ratios farther away
from the expected solar value.

Recently, B. Guo et al. (2026) also explored the atmospheric
composition of HAT-P-70b using free and equilibrium chemistry
retrievals. However, in their case, relative abundance constraints
from both retrieval prescriptions were consistent, with only minor
corrections from accounting for ionized abundance profiles. This
is likely because they observed the dayside thermal emission of
HAT-P-70b, which is sensitive to deeper layers of the atmosphere
relative to transmission spectroscopy, where ionization is not as
significant. In comparison, our transit data are sensitive to lower
pressure regions of the atmosphere with hotter temperatures
where atoms are expected to be ionized to a much higher degree.
This demonstrates that biases that may arise from applying well-
mixed retrievals to UHJ atmospheres are not as severe in
emission as in transmission spectroscopy.

4.4. Supersolar V, Ni, and Sr

While the chemical equilibrium retrieval generally recovers
relative abundances closer to solar values in the case of
HAT-P-70b, V, Ni, and Sr are notable exceptions (Figure 6,
Table 5). Using a free retrieval, we find a slightly subsolar
oy = —0.307013, a supersolar ¢y, = 0.48%0%, and a solar
Vg = 0.04702%. The chemical equilibrium retrieval accounting
for ionization boosts these values to ¢y = 0.5250%,
Oni = 1.3370:02, and Py = 1.621912, respectively. For vana-
dium, one possible explanation could be VO biasing the
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abundance inferences owing to its known line list imperfections
(S. de Regt et al. 2022). Interestingly, a V enhancement was
also reported in thermal emission observations of the UHJ WASP-
121b using a similar chemical equilibrium retrieval approach and
including VO (P. C. B. Smith et al. 2024). In that work, the authors
postulated that the VO line list being incomplete could result in the
total amount of V atoms in the atmosphere being overestimated.
Indeed, if we calculate y considering only V I (not including
VO), we find an enrichment level that is more consistent with
expectations from a solar-like composition.

The discrepancy in the recovered (n; and s, abundances is
both more extreme and more puzzling. Interestingly, B. Guo et al.
(2026) also retrieve a high ¢y; = 1.017925 on the dayside of
HAT-P-70b using a chemical equilibrium prescription, which the
authors attribute to the potential accretion of Ni-rich planetesi-
mals. While this could explain a slight enrichment of Ni, such a
hypothesis cannot explain Ni being overabundant relative to Fe
by an order of magnitude or more (S. Pelletier et al. 2023).
Instead, our measured elevated y; is more likely a result of
atmospheric processes or model shortcomings. We therefore
explore potential biases that could arise due to aliasing and model
incompleteness. Although Ni and Sr have many spectral lines in
the MAROON-X bandpass, the observed signals are likely only
from a few of the stronger lines that lie above the continuum level
set by H™ bound-free absorption in modeled transmission spectra.
It is then possible that the atmospheric inference is driven
primarily by relatively few spectral features in comparison to
other species such as Fe, which have a larger number of strong
lines. In this case, aliasing effects, where lines coincidentally
overlap in wavelength with the lines of other chemical species not
included in our model, could more easily bias our results (e.g.,
N. W. Borsato et al. 2023). Having only a few observable spectral
features also increases the risk of biases from possible outliers or
residuals remaining in the data. It is therefore possible that the
VMRs of Ni and Sr relative to Fe are artificially increased in the
retrieval as a result of a few lines being contaminated.

To explore potential sources of aliasing, we search through
the cross sections of all available species in the DACE
database'” and identify elements with strong lines overlapping
with those of Ni or Sr. For Ni, we find that Co I and Ce 1II
(ionized cerium) have some notable features that overlap with
the strongest Ni lines. While Co I is already included in our
retrievals, we choose to not further include Ce 1I given that our
retrievals struggle with ionic species. Similarly for Sr, we
identify Co I and Mn I as species with the most overlapping
lines, both of which are included in our retrievals. Never-
theless, we cannot rule out other unknown absorbers as sources
of contamination. To mitigate possible contamination from Ce
II and to further guard against aliasing from coincidental
alignment with any potential unknown spectral features not
included in our models, we repeat our analysis but with the
wavelengths of the five strongest absorption lines of Ni I and
Sr I in the MAROON-X bandpass masked out from the data.
The width of the mask centered on each line corresponds to a
+200km s~ ! radial velocity shift. In both cases, the values of
©ni and g, remain elevated despite omitting the deepest lines
from the analysis, suggesting that the high inferred abundance
ratios are not the result of only a few absorption features
driving the signal. We also tested masking additional strong
lines of Ni, finding that ¢y; remains consistently supersolar in

19 hitps:/ /dace.unige.ch/opacityDatabase /
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chemical equilibrium retrievals, albeit with larger error bars.
For HAT-P-70b, both transmission (this work) and emission
(B. Guo et al. 2026) spectroscopy recover an elevated Ni
abundance. Interestingly, enrichments of Ni relative to Fe are
commonly inferred from transmission spectroscopy atmo-
spheric retrievals of UHJs (H. J. Hoeijmakers et al. 2020;
S. Gandhi et al. 2023; S. Pelletier et al. 2023) and generally
show strong signals in emission spectroscopy (D. Kasper et al.
2022; H. J. Hoeijmakers et al. 2024; S. Pelletier et al. 2025).

Rather than thermal ionization, which is accounted for in the
equilibrium chemistry retrievals, photoionization could provide a
partial explanation to the observed elevated Ni abundance. With
its higher overall opacity in the UV relative to Ni I, Fe I may be
more susceptible to photoionization by high-energy stellar
irradiation. As this effect is not considered in our equilibrium
chemistry models, the inferred amount of Ni relative to Fe could,
in turn, appear to be enhanced with respect to expectations.
However, it is unclear that photoionization alone could explain
the observed ~20x enhancement of Ni we measure. Addition-
ally, this would further assume that photoionization affects other
metals (Co, Mg, Mn, etc.) similarly in order to preserve their
inferred solar proportions relative to Fe. Other possibilities
include either disequilibrium chemical processes in HAT-P-70b’s
atmosphere or incorrect modeling of the Ni chemistry.

We also explore the possibility that the observed enrichment in
Ni could be due to opacity inaccuracies. While our main analysis
uses the VALD (N. E. Piskunov et al. 1995; T. Ryabchikova
et al. 2015) database for atomic cross sections, we verify our
results by repeating our analysis using cross sections from the
Kurucz (R. L. Kurucz & E. Peytremann 1975; R. L. Kurucz
2017) and NIST (A. Kramida et al. 2012) databases. Similarly to
S. Pelletier et al. (2023; see their Extended Data Figure 7), we
find no significant changes in the results and recover an elevated
;i in all cases.

4.5. Partial Nightside Cold-trapping?

Past studies have shown that abundances of highly refractory
chemical species could be underabundant, or even depleted, if the
nightside temperature of the UHJ is low enough for condensation
and rainout to occur (V. Parmentier et al. 2013; D. Ehrenreich
et al. 2020). One notable example is titanium, which is often
missing from the observed chemical inventory (S. R. Merritt
et al. 2020; A. Y. Kesseli et al. 2022), or measured to
be underabundant or depleted (e.g., S. Gandhi et al. 2023;
S. Pelletier et al. 2023, 2026; B. Prinoth et al. 2025) in UHJs with
equilibrium temperatures below ~ 2400 K. Meanwhile, planets
with Toq > 2600 K tend to show strong signatures of Ti, Tit,
and TiO in their atmospheres (S. K. Nugroho et al. 2017;
H. J. Hoeijmakers et al. 2018; D. Cont et al. 2021; B. Prinoth
et al. 2022, 2023), suggesting that their nightsides are too hot for
even ultrarefractory Ti to condense. HAT-P-70b notably sits in
this transition region at Toq = 2562 K where part of its titanium
may still be cold trapped despite Ti-species being observed in its
transmission spectrum (A. Bello-Arufe et al. 2022). Using a free
retrieval, we find the Ti/Fe in the atmosphere of HAT-P-70b to
be below the Ti/Fe of the Sun by 1.947011 dex, consistent with
the upper limit found by S. Gandhi et al. (2023). However, our
chemical equilibrium retrieval refines this to a slightly subsolar
value at —0.377010 dex when accounting for contributions from
all titanium-bearing species in the chemical network, including
Ti", TiO, TiO,, and TiH (Figure 7, top panel). Indeed, account-
ing for thermal ionization under the assumption of chemical
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Figure 7. Retrieved [Ti/Fe] (top) and [Ti/V] (bottom) abundance ratios from
both retrieval prescriptions. In the free retrieval, Ti (V) is the sum of atomic Ti
(V) and molecular TiO (VO). In the chemical equilibrium retrieval, a full
chemical network of Ti, Fe, and V species is considered. The red, vertical
dashed line indicates the Ti/Fe and Ti/V elemental ratios in the solar
photosphere. As Ti ionizes more readily, it appears highly underabundant
relative to Fe in the free retrieval where nonuniform ionized abundance profiles
cannot be reproduced. Accounting for ionization in the chemical equilibrium
retrieval can explain part of the underabundance, but with [Ti/Fe] remaining
slightly subsolar. Comparing Ti to more chemically similar V, [Ti/V] is
more significantly underabundant, although this may also be due to V being
enriched.

equilibrium, 7 is only marginally subsolar. Because Fe ionizes
less readily than Ti, the free retrieval can underestimate the
proportion of titanium relative to iron in highly ionized UHJ
atmospheres. Although Ti/Fe is much closer to the solar ratio
under chemical equilibrium assumptions, it remains mildly
subsolar, suggesting that ionization effects alone may not fully
account for the inferred low Ti abundance.

As a secondary check, we also compare Ti to V, a chemically
similar species with comparable ionization potential that forms
analogous oxides (TiO, TiO,, VO, VO,). Our free retrieval finds
Ti/V depleted by a factor of 1.65731$ dex compared to the solar
ratio, and our chemical equilibrium retrieval finds Ti under-
abundant by 0.8870-05 dex (Figure 7, bottom panel). The value in
the free retrieval is derived from the sum of the VMRs of Ti (V)
and TiO (VO) to have a better representation of the entire
elemental content rather than just the neutral atomic species.
However, we caution that the inferred Ti/V relative abundance
may be affected by uncertainties in the TiO and VO line lists (see
Section 4.4; and B. Prinoth et al. 2022). We note that similarly
low Ti/V ratios have been reported in other UHJs, even based on
space-based low-resolution observations, which should not be as
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affected by line list issues (e.g., WASP-121b; S. Pelletier
et al. 2026).

Meanwhile, Tit was detected by a cross correlation in HAT-
P-70b’s atmosphere (A. Bello-Arufe et al. 2022). Combined
with our observed signal of neutral Ti, we can rule out titanium
being completely depleted by cold-trapping. If any rainout
of titanium does occur on the nightside of HAT-P-70b, the
depletion is only partially effective, with mixing and advection
timescales being efficient enough to circulate and evaporate
titanium back to the gas phase in the observable photosphere of
the terminator regions.

4.6. Constraints on Planetary Mass

Currently, HAT-P-70b only has an upper limit on the known
mass (G. Zhou et al. 2019). It has been shown that the planetary
mass can be constrained from atmospheric retrievals via
constraints on the scale height, although it is degenerate with
multiple fitted parameters (S. Gandhi et al. 2023). In this work,
we constrain the planetary mass using our chemical equilibrium
retrieval, where M, is treated as a free parameter. Under this
framework, our retrieval recovers a bimodal distribution, with
two solutions centered around ~1.4 My, and ~1.8 My, both of
which are comparably explored by the sampler (Figure A4). The
marginalized constraint of M, = 1.6475028 My, therefore reflects
a combination of both modes instead of a single well-defined
solution. We note that both modes are consistent with the
spectroscopically derived value of M, = 1.667539 My, reported
by S. Gandhi et al. (2023), as well as the known upper limit
M, < 6.78 My,p).

The presence of a bimodal solution indicates that the data do
not uniquely constrain the planetary mass under our modeling
assumptions. In particular, this behavior arises from the
degeneracies between planetary mass, temperature structure,
and chemical abundances through their combined effect on the
atmospheric scale height and line contrast. A lower-mass solution
can be compensated by a cooler temperature structure or reduced
abundances. Consistent with this picture, the posterior distribu-
tions of Fe and several other species exhibit a secondary peak,
tracking the bimodality in M, Overall, our results further
highlight that spectroscopically inferred planetary masses remain
sensitive to degeneracies with the temperature structure and
chemical composition of the atmosphere.

5. Conclusions

In this paper, we present a detailed atmospheric analysis of the
UHJ HAT-P-70b based on two transit observations with the high-
resolution red-optical MAROON-X spectrograph. Using cross-
correlation spectroscopy, we detect a rich set of atomic species in
the planet’s atmosphere. Our analysis reveals clear signals from
14 neutral and ionized species, including Fe I, Fe 1, Ti I, Ca I, Ca
ILCr,NaL, VI, Mn L, NiI, Mg I, Ball, O, and Sr I, while also
providing tentative evidence for HI, Co I, and K L.

To quantify the atmospheric composition, we perform
atmospheric retrievals at high spectral resolution and constrain
the relative abundances of nine metal species. We explore both
free and chemical equilibrium retrieval frameworks in order to
assess the impact of modeling assumptions on the inferred
abundances. We find that the free retrieval, which assumes
constant-with-altitude abundance profiles, tends to under-
estimate the abundances of species with relatively low
ionization potentials compared to Fe. In contrast, the chemical
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equilibrium retrieval naturally accounts for thermal ionization
and yields relative abundances that are generally closer to the
solar ratio. Notable exceptions are Ni/Fe and Sr/Fe, for which
the chemical equilibrium retrieval consistently finds enrich-
ment factors of ~20 and ~40 relative to solar, respectively,
potentially indicating the influence of disequilibrium processes
in HAT-P-70b’s atmosphere.

Titanium provides a useful probe for condensation and
ionization processes. Both Ti and Ti" have been detected in
the atmosphere, ruling out complete depletion by nightside
cold-trapping. However, even with thermal ionization
accounted for, the inferred abundance ratios remain subsolar
(Ti/Fe ~ —0.4 dex and Ti/V ~ —0.9 dex), suggesting partial
depletion. Given that HAT-P-70b lies in the transition regime
for titanium condensation, this result is consistent with partial
nightside cold-trapping combined with efficient atmospheric
mixing that replenishes Ti in the observable terminator.

In addition, our chemical equilibrium retrieval provides
constraints on the planetary mass. The posterior distribution is
bimodal, with two solutions near ~1.4 MJ,%P and ~1.8 My,p,. The
marginalized constraint of M, = 1.647035 My,, reflects the
combination of these two modes and remains consistent with
both the previously reported spectroscopic estimate and the
current upper limit on the planetary mass. This result illustrates
the potential of high-resolution transmission spectroscopy to
provide constraints on planetary bulk properties, while also
highlighting the sensitivity of such measurements to degeneracies
with the atmospheric temperature structure and composition.

Together, these results place HAT-P-70bin the transition
regime between cooler UHJs with potential titanium cold traps
and hotter systems where titanium remains fully in the gas
phase. The chemical inventory and abundance measurements
presented here provide new insights into the atmospheric
chemistry, dynamics, and structure of one of the hottest known
Jupiters, and set the stage for future comparative studies of
exoplanet atmospheres in extreme irradiation regimes.
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Appendix

In Figures A1-A4, we show the observation conditions for
both nights to assess the quality of the two transits observed
with  MAROON-X. In addition, we include the cross-
correlation maps for chemical species for which we do not
find significant signal near the expected position of the planet.
We also include corner plot results for both atmospheric
retrievals to assess the correlations between different
parameters.
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Figure A3. Retrieved constraints for HAT-P-70b’s atmosphere and orbital properties with two MAROON-X transits using the free retrieval prescription. Lower left:
corner plot including the marginalized distributions for the abundances of retrieved chemical species, radial velocity semiamplitude X systemlc velocity Vg, and
line broadening due to the planetary rotation v,. Top right: retrieved temperature structure with eight points evenly distributed between 107" and 1 bar. Shaded
regions represent 1o and 2o confidence intervals.
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