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Abstract

With high equilibrium temperatures and tidally locked rotation, ultra-hot Jupiters (UHJs) are unique laboratories within
which to probe extreme atmospheric physics and chemistry. In this paper, we present high-resolution dayside
spectroscopy of the UHJ WASP-189 b obtained with the new Gemini High-resolution Optical SpecTrograph (GHOST)
at the Gemini South Observatory. The observations, which cover 3 hr of post-eclipse orbital phases, were obtained
during the instrument’s System Verification run. We detect the planet’s atmosphere via the Doppler cross-correlation
technique, and recover a detection of neutral iron in the planet’s dayside atmosphere at a significance of 7.5σ in the red
arm of the data, verifying the presence of a thermal inversion. We also investigate the presence of other species in the
atmosphere and discuss the implications of model injection/recovery tests. These results represent the first atmospheric
characterization of an exoplanet with GHOST’s high-resolution mode, and demonstrate the potential of this new
instrument in detecting and studying ultra-hot exoplanet atmospheres.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Exoplanet atmospheric composition (2021);
Hot Jupiters (753); High resolution spectroscopy (2096)

1. Introduction

Due to their high dayside temperatures, short orbital periods,
and strong stellar irradiation levels, tidally locked ultra-hot
Jupiters (UHJs; Teq  2200 K; Parmentier et al. 2018) are
unique laboratories within which to study a range of physical,
chemical, and dynamical processes in giant exoplanet atmo-
spheres. Under these extreme conditions, their highly irradiated
permanent daysides can reach temperatures upwards of 3000 K
(Parmentier et al. 2018) and exhibit different atmospheric
chemistry from their cooler, permanent nightsides (e.g., Bell &
Cowan 2018; Komacek & Tan 2018; Tan & Komacek 2019).
In particular, molecules such as water are expected to dissociate

on their dayside hemispheres (e.g., Lothringer et al. 2018),
many atomic elements are found in their ionized states, and
temperature–pressure (T–P) profiles often exhibit thermal
inversions. On the cooler nightsides, various atomic species
may recombine or condense out of the atmosphere. Dynamical
processes such as recirculation, vertical mixing, and global heat
transport, as well the unique physical properties of individual
systems, dictate the extent to which chemistry on the nightside
impacts chemistry on the dayside, and vice versa.

In recent years, high-resolution spectroscopy at optical
wavelengths has proven to be a particularly powerful probe
of UHJ atmospheres. The atomic, ionic, and molecular species
expected to be present in their atmospheres exhibit hundreds
of their strongest spectral features at these wavelengths,
allowing for simultaneous detections of multiple species (e.g.,
Ehrenreich et al. 2020; Hoeijmakers et al. 2024; Pelletier et al.
2023; Prinoth et al. 2023). High-resolution optical spectroscopy
can be used to study UHJs both during transit and throughout
their pre- and post-eclipse orbital phases. Such observations
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offer us a global picture of their atmospheres, unveiling the
distinct—yet likely coupled—chemical regimes that exist
across these inherently three-dimensional (3D) worlds.

With an ultra-hot equilibrium temperature > 2600 K, a
relatively short orbital period of 2.72 days, and a hot, bright
host star (HD 133112, A61V–V; V = 6.6, Teff � 8000 K), the
UHJ WASP-189 b (Anderson et al. 2018) is particularly
amenable to atmospheric characterization. Since its discovery
in 2018, WASP-189 b has been studied in great detail at both
high and low resolution, and via both transmission and
emission spectroscopy. Although early attempts to characterize
its atmosphere resulted in null detections (Cauley et al. 2020),
the atmosphere of WASP-189 b was eventually detected by
Yan et al. (2020), who used high-resolution dayside observa-
tions from the High Accuracy Radial velocity Planet Searcher
in the Northern hemisphere (HARPS-N) at the Telescopio
Nazionale Galileo (TNG) to observe iron (Fe) emission lines
indicative of a thermal inversion. Soon after, Lendl et al. (2020)
used the CHaracterising ExOPlanets Satellite (CHEOPS) to
observe four occultations and two transits of WASP-189 b,
leading to refined measurements of various planetary para-
meters. Deline et al. (2022) later combined these data with full
phase-curve observations of WASP-189 b from CHEOPS,
further refining the system parameters and reporting no
significant hotspot offset from the phase curve.

Using high-resolution transmission spectroscopy from both
HARPS on the European Southern Observatory 3.6 m
telescope at La Silla Observatory and HARPS-N at the TNG,
Prinoth et al. (2022) reported significant detections of nine
species (Fe, Cr, Mg, Mn, Ti, V, Fe+ , Ti+ , and TiO) in the
atmosphere of WASP-189 b. These results represented the first
unambiguous detection of TiO in an exoplanet’s transmission
spectrum. Through analyzing the differing line positions of
these detected species, Prinoth et al. (2022) further explored the
3D thermochemical stratification present in the planet’s
atmosphere and concluded that the different species originated
in different thermal, chemical, and/or dynamical regimes.
Langeveld et al. (2022) analyzed these same HARPS and
HARPS-N observations and reported a detection of Na, which
was tentatively detected by Prinoth et al. (2022). Likewise,
Stangret et al. (2022) analyzed a subset of these data and
reported detections of Fe, Fe+ , and Ti. Gandhi et al. (2023)
analyzed these observations in a retrieval framework and
reported chemical abundances of 11 neutral atomic and
molecular species (Fe, Mg, Ni, Cr, Mn, V, Ca, Ti, TiO, TiH,
and Na; note that in the case of Na a 2σ upper limit was
reported). Lee et al. (2022) used a 3D general circulation model
to further study these detections.

More recently, Prinoth et al. (2023) combined these HARPS
and HARPS-N observations with additional transit data from
the Echelle SPectrograph for Rocky Exoplanets and Stable
Spectroscopic Observations (ESPRESSO) at the Very Large
Telescope and MAROON-X at Gemini North. Using a similar
analysis as in Prinoth et al. (2022), the authors were able to
detect H, Na, Mg, Ca, Ca+ , Ti, Ti+ , TiO, V, Cr, Mn, Fe, Fe+ ,
Ni, Sr, Sr+ , and Ba+ in the atmosphere of WASP-189 b via
time-resolved spectroscopy, of which Sr, Sr+ , and Ba+ were
new detections. Prinoth et al. (2023) also showed that, while
the majority of these species exhibit an increase in signal
strength over the course of the transit (likely due to the larger
atmospheric scale height of the hotter trailing terminator),
several species exhibit a constant or decreasing signal strength.

Notably, the signal strength of TiO decreases over the course of
the transit, while the signal strength of Ti remains roughly
constant. The authors hypothesize that TiO largely dissociates
on the hotter dayside (e.g., Cont et al. 2021), while Ti partly
ionizes to Ti+ (Prinoth et al. 2023). Finally, Prinoth et al.
(2024) analyzed particularly strong absorption lines in their
MAROON-X observations through narrowband spectroscopy.

In the infrared, Yan et al. (2022) used the GIANO-B
spectrograph at the TNG to detect CO in the dayside
atmosphere of WASP-189 b. As with the Fe lines detected in
Yan et al. (2020), the CO signal appeared in emission,
indicating the presence of a thermal inversion in the
atmosphere. In the near-ultraviolet, Sreejith et al. (2023) used
three transit observations from the Colorado Ultraviolet Transit
Experiment CubeSat to detect escaping metals (Mg+ and
possibly Fe+ ) in the planet’s upper atmosphere.

In this paper, we present high-resolution optical spectroscopy
of WASP-189 b’s dayside atmosphere obtained with the
new Gemini High-Resolution Optical SpecTrograph (GHOST;
Ireland et al. 2012, 2014; McConnachie et al. 2022a, 2022b,
2024; Kalari et al. 2024) at the Gemini South Observatory in
Chile. The observations were obtained as part of the instrument’s
System Verification (SV) run in 2023 May.19 Our aim is to
assess GHOST’s potential for high-resolution characterization
of exoplanet atmospheres by comparing these observations to
past work with similar instruments, as well as to characterize
WASP-189 b’s atmosphere with our GHOST data. We detect
the planet’s atmosphere at a high significance and recover the
neutral iron emission feature detected by Yan et al. (2020),
validating the presence of a thermal inversion in WASP-189
b’s atmosphere. We also search for additional atmospheric
species, and discuss the implications of model injection/
recovery tests on the planet’s atmospheric composition.

This paper will proceed as follows. In Section 2, we
introduce GHOST at Gemini South and describe the WASP-
189 b observations obtained during the instrument’s SV run.
We outline our data-reduction methods in Section 3, including
a brief overview of the GHOST data-reduction software. Our
analysis and modeling methods are presented in Section 4, and
our results and a discussion follow in Section 5. We conclude
in Section 6, and Appendices follow.

2. Observations

We obtained one phase-curve observation of WASP-189 b
over the course of approximately 3 hr with GHOST at the
Gemini South Observatory in Chile. GHOST is a new facility
instrument at Gemini South, available for regular queue
observations starting in the 2024A observing semester. The
observations described herein were obtained as part of the SV
observing run that took place in 2023 May, in order to prepare
the instrument for general community use. WASP-189 b was
chosen as a target due to previous high-significance detections
of its atmosphere (e.g., Yan et al. 2020), offering an excellent
comparison for GHOST, as well as the ease of scheduling
observations during the relatively short (� 1 week) SV period.
The raw and reduced data products are available in the Gemini
Observatory Archive (GOA) under the program ID GS-2023A-
SV-102 (PI: Deibert).20

19 https://www.gemini.edu/instrumentation/ghost/ghost-system-verification
20 https://archive.gemini.edu/searchform/GS-2023A-SV-102-10

2

The Astronomical Journal, 168:148 (16pp), 2024 October Deibert et al.

https://www.gemini.edu/instrumentation/ghost/ghost-system-verification
https://archive.gemini.edu/searchform/GS-2023A-SV-102-10


Below, we provide a brief introduction to GHOST, followed
by details about our WASP-189 b phase-curve observations.

2.1. The Gemini High-resolution Optical
SpecTrograph (GHOST)

GHOST is a new, facility-class high-resolution optical
spectrograph available at the Gemini South Observatory. The
instrument has the capability to obtain spectra from 347 to
1060 nm in a single exposure (with the useful range being
383–1000 nm; Kalari et al. 2024) Spectra can be obtained in
either a “standard resolution” mode with a resolving power of
R � 56,000 (with the option to observe two targets simulta-
neously) or a “high-resolution” mode with a resolving power of
R � 76,000. The instrument is composed of both a blue and a
red arm, with light being split at 530 nm by a dichroic. Separate
exposure times and readout modes can be set for the blue and
red arms, however we did not do so for this analysis (see
Section 2.2). As the blue and red arms consist of different
cameras and detectors, we carried out our analysis separately
on the blue and red throughout this work. Further details on the
instrument design, available modes, and early scientific
performance can be found in McConnachie et al. (2024), Kalari
et al. (2024), and references therein, as well as the GHOST web
pages.21

2.2. WASP-189 b Dayside Observations

We observed the phase curve of WASP-189 b for
approximately 3 hr on 2023 May 13 (UT) using the high-
resolution mode of GHOST. As the target itself was a bright
(V = 6.6) point source, we set the the instrument’s binning
mode to 1 × 4 (spectral × spatial) and the read mode for both
the blue and red detectors to “medium.” This resulted in a
combined readout and write time of � 21 s per spectrum. The
instrument was set to the high-resolution single-target mode,
with the science integral field unit (IFU) centered on the target
and a dedicated sky IFU observing the sky.

The observations are summarized in Table 1. In total, we
obtained 165 spectra covering orbital phases of � 0.58 to � 0.63
(i.e., following secondary eclipse; see Figure 1), which we
determined using the orbital parameters in Table 2. Of these
165 spectra, the first spectrum was obtained with an exposure
time of 60 s; however, the observer on duty noted that the
spectrum was saturated and reduced the exposure time to 45 s
for the remainder of the observing period, resulting in a � 66 s
cadence when accounting for the readout and write times. The
first overexposed spectrum was discarded from our analysis.
Additionally, two files (occurring approximately a quarter and
halfway through the observations) could not be processed by
the data-reduction software and were not included in our

analysis. In total, our analysis therefore made use of 162 45 s
exposures of the phase curve of WASP-189 b.

The GHOST control software crashed for approximately
20 minutes during the observing period, leading to a small gap
in our phase coverage from 0.591 to 0.597. This was due to
software issues while the instrument was still being integrated
into Gemini’s regular observing queue, and is unlikely to occur
in future observations. Given that our observations are not as
time critical as an exoplanet transit, however, this did not
impact our analysis, nor did it affect the exposures that were
obtained. The total observing period was therefore � 3.3 hr,
with � 3 hr of this time spent on-source and � 0.3 hr lost to
technical difficulties.

The air mass varied from � 1.12 to � 1.53 throughout the
observations, as shown in Figure 2. There was thin cirrus cloud
cover present throughout the night, and the seeing fell within
the 70th and 85th percentile bins, typical of Cerro Pachón (i.e.,
between � 0 75 and 1 05).

The average signal-to-noise ratio (SNR) of all obtained
spectra over the full GHOST wavelength range was
� 215 pixelŠ1 in the blue and � 228 pixelŠ1 in the red, though
we note that there is a sharp drop-off in the instrument’s
throughput and sensitivity at edge orders (Kalari et al. 2024).22

The SNR remained roughly constant throughout the

Table 1
Summary of GHOST/Gemini South Observations of WASP-189 b Used in This Analysis

Date Num. Exposures Exposure Time Orbital Phase Coverage Air-mass Variation SNR Variationa

(UT) (s)

2023 May 13 162 45 0.58–0.63 1.12–1.53 191–233 (Blue)
203–243 (Red)

Note.
a The quoted signal-to-noise ratio (SNR) variation includes all orders.

Figure 1. A visualization of the post-eclipse orbital phases (� 0.58 to � 0.63)
covered by these observations. The planetary orbit and host star are drawn to
scale. Note that the brief gap in our observations is not visible, but can be seen
in Figure 2.

21 https://www.gemini.edu/instrumentation/ghost 22 See also https://www.gemini.edu/instrumentation/ghost/capabilities.

3

The Astronomical Journal, 168:148 (16pp), 2024 October Deibert et al.

https://www.gemini.edu/instrumentation/ghost
https://www.gemini.edu/instrumentation/ghost/capabilities


observations, varying from � 191 to � 233 on average in the
blue and � 203 to � 243 on average in the red. This variation
seems to trend with air mass; as seen in Figure 2, the SNR
decreases slightly toward the end of the observations as the air
mass begins to increase. For our analysis, we chose to exclude
orders with an average SNR < 100, which resulted in the
removal of 12 orders at the blue end of the spectra, two orders
at the red end of the spectra, and two orders around � 530 nm
(corresponding to the edges of the blue and red detectors). This

threshold was somewhat arbitrary, though informed by the fact
that the drop-off in sensitivity at edge orders corresponded to
orders with SNR  100 in our data, and also informed by
recommendations presented in Boldt-Christmas et al. (2024).
Figure 3 provides a visualization of where these excluded
orders occurred.

3. Data Reduction

3.1. Initial Reduction with DRAGONS

We reduced the observations using version 1.0.0 of the
GHOST data-reduction software (Ireland et al. 2018; Hayes
et al. 2022), which is a Python-based software utilizing the
Gemini Observatory’s DRAGONSdata-reduction platform
(Labrie et al. 2019, 2022).23 Briefly, this software performs a
bias subtraction, flat-fielding, a cosmic-ray rejection routine,
and bad pixel masking, followed by an optimal extraction,
wavelength calibration, and optional barycentric correction.
The software outputs two data products from each arm: a two-
dimensional (2D) image with separate spectra from the
individual orders, and a one-dimensional (1D) spectrum where
the orders have been combined (both including an extension
containing the variance). We ran the reduction software with
both the barycentric correction and the optional sky subtraction
turned off, as we needed the data in the telluric frame for our
telluric correction routine (see Section 3.2) and from a visual
inspection of the reduced sky spectra we determined that a sky
subtraction was not necessary. The reduced data products as
described above (along with a version where the barycentric
correction and sky subtraction were turned on) are available in
the GOA under the program ID GS-2023A-SV-102. An
example spectrum reduced by the GHOST data-reduction
software, but prior to the additional corrections described
below, is displayed in Figure 3.

Following the extraction of the spectra from the raw images
by the data-reduction software, we carried out an additional
outlier-flagging routine in order to correct any remaining
cosmic rays or outliers. We replaced any points that deviated
by more than 5 median absolute deviations with nan values
(see, e.g., Deibert et al. 2021). Each spectrum was then median-
normalized to account for varying flux levels.

Table 2
Planetary System Parameters Used in This Work

Parameter Symbol (unit) Value References

Transit midpoint T0 (BJD) 2456706.4566 ± 0.0023 Ivshina & Winn (2022)
Period p (days) 2.7240308 ± 0.0000028 Ivshina & Winn (2022)
Planetary radius Rp (RJ) 1.600 0.016

0.017
��
�� Deline et al. (2022)

Planetary mass Mp (MJ) 1.99 0.14
0.16

��
�� Lendl et al. (2020)

Planetary equilibrium temperature Teq (K) > 2600 Lendl et al. (2020)
Host-star spectral type L A6IV–V Anderson et al. (2018)
Stellar radius R* (Re ) 2.360 ± 0.030 Lendl et al. (2020)
Stellar effective temperature T* (K) 8000 ± 80 Lendl et al. (2020)
Systemic velocity RVsys (km sŠ1) –20.82 ± 0.07 Yan et al. (2020)
T–P profile temperature point 1 T1 (K) 4320 100

120
��
�� Yan et al. (2020)

T–P profile pressure point 1 Plog10 1( ) (log bar) 3.10 0.25
0.23�� ��

�� Yan et al. (2020)
T–P profile temperature point 2 T2 (K) 2200 800

1000
��
�� Yan et al. (2020)

T–P profile pressure point 2 Plog10 2( ) (log bar) 1.7 0.5
0.8�� ��

�� Yan et al. (2020)

Figure 2. The change in air mass (top panel) and signal-to-noise ratio (SNR,
bottom panel) throughout the observations. The SNR is plotted separately for
the blue and red arms of the instrument, and is the average SNR per pixel per
exposure across all orders. The SNR appears to decrease with increasing air
mass at the end of our observations, as expected. The � 20 minutes gap in our
observing coverage is visible.

23 https://www.gemini.edu/observing/phase-iii/reducing-data/dragons-data-
reduction-software
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3.2. Telluric and Stellar Absorption Correction

After the initial data-processing steps described above, the
data are dominated by both stellar and telluric absorption lines,
with the much weaker planetary signal buried by these stronger
features. As the host star is a hot A-type star, tellurics are the
dominant feature at this stage, with fewer stellar absorption
features expected. As an initial correction, we created a median
spectrum and divided this out of every individual spectrum. We
then removed the remaining stellar and telluric features with the
SYSREM algorithm (Tamuz et al. 2005), which is a principal-
component-analysis-like algorithm commonly used for this
purpose (e.g., Deibert et al. 2021, 2023; Herman et al. 2022;
among others). Briefly, SYSREM removes stationary features (in
this case, the tellurics and the stellar absorption features) while
in theory leaving the planetary signal—which is significantly
Doppler shifted over the course of the observations—intact.
However, we note that too many iterations of the SYSREM
algorithm can eventually begin to remove the planetary signal
as well. This is evident in Figure 4, where more than � eight
iterations of the algorithm begins to decrease the strength of a

retrieved cross-correlation signal, likely due to the fact that the
planetary signal is being removed. Furthermore, it has been
demonstrated in recent works that SYSREM can in fact cause a
slight distortion of the planetary signal (e.g., Gibson et al.
2022). This effect is not expected to have a significant outcome
on our results, but is important to consider when carrying out
atmospheric retrievals.

We ran the SYSREM algorithm on the red and blue arms of the
data in the telluric reference frame, using the 2D data product
from the GHOST data-reduction software without the barycentric
correction applied. While the stellar features do have a slight
Doppler shift, this shift is very small and they are essentially
stationary in wavelength for the purposes of the SYSREM
algorithm. We used the air mass throughout the night as our
initial guess of the first systematic to be removed, then ran
between one and 20 iterations of the algorithm order-by-order on
both the blue and red arms of the data. To determine the optimum
number of iterations to apply to our data, we used the � CCF
method described in, for example, Spring et al. (2022) and
Cheverall et al. (2023). Briefly, this method involves choosing the
number of SYSREM iterations which maximizes the peak SNR of
the quantity � CCF = CCFinj ŠCCFobs, where CCFinj and CCFobs

are the cross-correlation functions (CCFs) calculated via the
Doppler cross-correlation technique (see Section 4.2) for a model-
injected version of the data and the observed data, respectively.
To calculate the SNR of the � CCF map, the signal comes from
the � CCF map directly whereas the noise comes from CCFobs.

As discussed in Cheverall et al. (2023), this method is robust
against biases that may come from optimizing SYSREM on CCFinj

or CCFobs individually. This method is also largely insensitive to
different models or injection velocities (Cheverall et al. 2023).
Cheverall et al. (2023) also suggested that using a wide range of
velocities in the CCFs can limit biases in calculating the SNR.

While this method can in principle be applied on an order-
by-order basis, optimizing each order for a different number of
SYSREM iterations, we instead carried out a global � CCF
optimization for the red and blue detectors separately and leave
an in-depth exploration of the robustness of an order-by-order
strategy for future work. To do this, we injected an Fe model
(see Section 4.1) into the data at the expected planetary
velocity, and repeated our reduction and analysis process on
this model-injected data for SYSREM iterations ranging between
one and 20. We chose Fe as it was the only species detected at
high significance (see Section 5), though we reiterate that

Figure 3. An example GHOST spectrum after reduction by the GHOST data-reduction software but prior to any additional reduction undertaken for our analyses. The
blue and red arms of the data are colored in blue and red, with regions excluded from our analysis (see Section 2.2) colored in gray. Although edge orders are excluded
from both detectors near 530 nm, the overlap in the detectors’ wavelength coverage means that we still have continuous coverage in our analysis.

Figure 4. The peak signal-to-noise ratio (SNR) of the � CCF map for SYSREM
iterations varying from one to 20. The results for the red arm are indicated by
red squares, while the results for the blue arm are indicated by blue circles. The
values have been normalized to the maximum SNR of all iterations for each
arm. We found that the peak SNR of the � CCF map corresponded to six
SYSREM iterations in the red and eight SYSREM iterations in the blue. Beyond
these values, the SNR steadily decreases, likely because the algorithm has
begun to remove the planetary signal.
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Cheverall et al. (2023) demonstrated that the � CCF method
shows consistency between different models.

The results of this test are shown in Figure 4. In the red arm,
we found that the � CCF detection significance peaked after six
iterations of the SYSREM algorithm, while in the blue, this peak
occurred after eight iterations. We therefore adopt six and eight
as the optimum number of iterations for the red and blue arms,
respectively, and use these throughout the rest of our analysis.

The results of applying the SYSREM algorithm to our data are
displayed in Appendix A. While we found that SYSREM was
sufficient in correcting tellurics and stellar absorption features for
these observations, we aim to investigate additional telluric
correction methods (including, for example, molecfit or other
methods which make use of synthetic telluric spectra) as well as
masking of particularly contaminated regions in a future work.
Note that there is still some variation in the noise levels of the
SYSREM-corrected orders, and in some cases residual features
due to tellurics are still visible. While applying different numbers
of iterations of the algorithm on a per-order basis may help to
further suppress these tellurics, we have opted to avoid additional
fine-tuning, which may bias the results toward a particular
detection. As mentioned previously, it could be worth exploring
the efficacy of an order-by-order analysis in a future work.

In carrying out our analysis (see Section 4.2), we weighted
each pixel by its standard deviation (i.e., the final row of the
figures in Appendix A) following, for example, Snellen et al.
(2010) and Esteves et al. (2017). This ensures that particularly
contaminated regions of the data will not contribute excess noise.

4. Analysis

To characterize the atmosphere of WASP-189 b, we carried
out a Doppler cross-correlation analysis (e.g., Snellen et al.
2010) using high-resolution atmospheric models generated for
WASP-189 b’s system parameters (see Table 2). Below, we
describe the methods used to create these models and correlate
them with our observations.

4.1. Atmospheric Models

We generated atmospheric models for a range of species
using version 2.7.7 of petitRADTRANS (Mollière et al.
2019). We included species which (i) had high-resolution line

lists available in petitRADTRANS , and (ii) had strong
spectral lines present in the GHOST wavelength range. The
system parameters used to generate these models are presented
in Table 2. For the T–P profile, we used the best-fit parameters
from the analysis in Yan et al. (2020), who retrieved a two-
point T–P profile from their HARPS-N observations following
the parameterization of Brogi et al. (2014). Briefly, the
temperature is assumed to be isothermal above/below the
points (T1, P1) and (T2, P2), where T refers to temperature and
P refers to pressure, and change linearly with Plog10( ) between
the two points with a gradient of

T
T T
P Plog log

. 1slope
1 2

1 2
( )��

��
��

The best-fit parameters from Yan et al. (2020), which we
used for this nominal T–P profile, are displayed in Table 2. The
resulting T–P profile is shown in the right-hand side of
Figure 5.

As in Yan et al. (2020), our models were generated assuming
a solar metallicity and neglecting HŠ opacity and Rayleigh
scattering. To determine the abundance of each species, we ran
the FastChem chemical-equilibrium model (Stock et al. 2018),
following, for example, Johnson et al. (2023) and Petz et al.
(2024). We used the same assumptions as in our model spectra,
i.e., we assumed solar abundances and metallicities, and used the
best-fit two-point T–P profile from Yan et al. (2020). We use the
volume mixing ratio (VMR) as a function of pressure output
from FastChem when generating our models with peti-
tRADTRANS. We note that this is slightly different from Yan
et al. (2020), who assumed a constant VMR. We converted these
FastChem abundances to mass fractions following the
instructions in the petitRADTRANS tutorial. As in Yan et al.
(2020), we scaled our models by the blackbody spectrum of the
star (generated with petitRADTRANS using the stellar
parameters displayed in Table 2) to obtain the model spectrum
in the form 1 + Fp/F* , where Fp is the planetary flux from
petitRADTRANS and F* is the stellar blackbody. When cross-
correlating the models with our observations, we subtracted off
the continuum following Herman et al. (2022).

We generated individual models in this way for Fe, Fe+ , Ti, V,
V+ , Al, Ca, Ca+ , Cr, K, Mg, Na, Si, TiO, VO, FeH, and OH. We
also generated one model which contained all of these species.

Figure 5. Left: the Fe model used in our analysis, generated with petitRADTRANS (Mollière et al. 2019) as described in Section 4.1. The full GHOST wavelength
range is displayed; however, we note that we only used a subset of this wavelength range in our analysis, indicated by the blue region (see Section 2.2). Right: the two-
point T–P profile used to generate the model, using the best-fit parameters from Yan et al. (2020) and the planetary parameters listed in Table 2.
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Of these, Fe, Fe+ , Ti, V, V+ , Al, Ca, Ca+ , Cr, Mg, and Si
were contributed to petitRADTRANS by K. Molaverdikhani
from the Kurucz line lists.24 For TiO, we made use of the 48TiO
line list sourced from Exomol (McKemmish et al. 2019); VO
was sourced from Exomol (McKemmish et al. 2016); FeH was
sourced from Exomol (see references in Mollière et al. 2019);
OH was sourced from HITEMP (see references in Mollière
et al. 2019); and K and Na were sourced from VALD with
Allard wings (see references in Mollière et al. 2019). We note
that line lists provided in petitRADTRANS are not necessa-
rily in the same reference frame. To match the data, we
therefore converted all wavelengths to air wavelengths where
necessary. Table 3 in Appendix B details which line lists
required this conversion. An example Fe model, along with the
associated T–P profile used to generate the model, is shown in
Figure 5.

As mentioned previously, these are species which have
strong spectral lines in the GHOST wavelength range and
which have high-resolution line lists available in petitRAD-
TRANS. However, because we were also interested in titanium
chemistry in the atmosphere (see the discussion on Prinoth
et al. 2023 in Section 1), we generated an additional binary
mask for Ti+ , which is not available in the collection of high-
resolution line lists offered by petitRADTRANS . For this, we
made use of the NIST 2014-09-16 database sourced from
Cloudy (Chatzikos et al. 2023).

4.2. Doppler Cross-correlation

Following the initial data-reduction steps described in
Section 3, we analyzed the data through the Doppler cross-
correlation technique (e.g., Snellen et al. 2010; Deibert et al.
2023). We shifted the data to the stellar rest frame using the
barycentric radial velocity (RV) calculated by the data-
reduction software and the systemic velocity from Yan et al.
(2020, RVsys = Š20.82 ± 0.07 km sŠ1; see Table 2). The
model spectra were convolved with an average, nonvarying
instrumental profile which we calculated following Herman
et al. (2022) and using the convolve and Gaussian1D-
Kernel functions from Astropy (Astropy Collaboration
et al. 2013, 2018, 2022). We then Doppler shifted the model
spectra to RVs ranging from Š300 to + 300 km sŠ1 with step
sizes of 1 km sŠ1 and cross-correlated the models with our
observations at every velocity to create CCFs. While the orbital
velocity trace of the planet may in some cases be strong enough
to be seen by eye at this step, we further phase-folded the data
to a range of Keplerian orbital velocities (Kp) ranging from 1 to
300 km sŠ1 with step sizes of 1 km sŠ1 to create 2D Kp–RV
maps for each species. At this point, an atmospheric detection
should be visible as a peak in the 2D Kp–RV map. As the data
have been shifted to the stellar rest frame, we expect this signal
to occur at RV = 0 km sŠ1 and Kp � 197 km sŠ1 (from
Kepler’s third law and the parameters in Table 2).

As discussed previously, we carried out the analysis
separately for the blue and red detectors and only combined
the two arms of the data at the very end (see Section 5).

4.3. Detection Significances

Recent work has shown that there can be discrepancies
between detection significances calculated via different

methods (e.g., Cabot et al. 2019; Spring et al. 2022; Cheverall
et al. 2023). We therefore used several different methods to
determine our detection significances, and in general report the
most conservative of these as our final results. First, we
followed the standard methodology of dividing out the standard
deviation of the 2D Kp–RV map. Cheverall et al. (2023)
demonstrated that this method is more robust if a sufficiently
wide range of velocities are explored in the correlations, so we
used a wide range in both Kp and RV, as explained in
Section 4.2. Similar to Smith et al. (2024), we calculated this
standard deviation from a sigma-clipped version of the map,
where we take 5σ as our clipping threshold (noting that a 3σ-
clipped version yielded higher estimated significances). This is
similar to methods which calculate the standard deviation
excluding points located outside a window around the detection
peak (e.g., Deibert et al. 2023), though likely more robust as it
does not rely on an exclusion window chosen by eye.

Second, we followed, for example, Birkby et al. (2013),
Brogi et al. (2013), and Bello-Arufe et al. (2022) in performing
a Welch’s t-test with the scipy.stats package. As in Bello-
Arufe et al. (2022), we split the cross-correlation values into
“in-trail” and “out-of-trail” populations, where the in-trail
population corresponded to the three pixels in each CCF closest
to the expected planetary velocity, and the out-of-trail
population corresponded to all other CCF values. While we
calculated this value for all species, we note that Cabot et al.
(2019) suggested that the Welch’s t-test may overestimate
detection significances. This was indeed the case in our
analysis, as seen in the following section.

A number of additional methods have been used to estimate
detection significances in other works, including a “boot-
strapping” method whereby the frames are randomly phase-
scrambled and the analysis process is repeated N times (e.g.,
Herman et al. 2020, 2022). Similarly, recent work has shown
that a log-likelihood map (which can be computed via a CCF-
to- Llog mapping; Brogi & Line 2019) can be a more robust
method for determining the detection significance, and
additionally provides the advantage of being able to compare
different models in a statistical framework (e.g., Smith et al.
2024). We aim to explore these methods in a future work, but
for the present we report the more conservative of our
significances, and caution that these SNR values depend on
the specifics of our calculations and therefore may contain
some biases.

Informed by recent high-resolution cross-correlation ana-
lyses of exoplanet atmospheres, and by the fact that noise in the
data can sometimes present itself as spurious � 3σ correlation
peaks (e.g., Esteves et al. 2017; Cheverall et al. 2023), we take
5σ as the detection threshold for the current work.

5. Results and Discussion

Following the methodology described in Section 4, we cross-
correlated our observations with model atmospheres generated
for Fe, Fe+ , Ti, V, V+ , Al, Ca, Ca+ , Cr, K, Mg, Na, Si, TiO,
VO, FeH, and OH, with the all-species models. We also cross-
correlated our data with a binary mask generated for Ti+ . Our
results are presented in the following sections.

5.1. All-species Model

The results of cross-correlating our data with the all-species
model are presented in Figure 6. In the red arm, we detect the24 http://kurucz.harvard.edu/
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atmosphere at a significance of 7.9σ via the standard deviation
map and 10.3σ via the Welch’s t-test, in line with the
observation by Cabot et al. (2019) that the Welch’s t-test may
overestimate the detection significance. Interestingly, in the
blue arm, the all-species model is only detected at a
significance of 3.1σ via the standard deviation map and 3.7σ
via the Welch’s t-test. We note that the spectral lines in the blue
are generally weaker than those in the red for the species
explored in our analysis, and that our blue-arm data had a lower
average SNR than our red-arm data. Future GHOST observing
strategies may benefit from separately adjusting the exposure
times in the blue and red.

In combining the blue and red results, we weight each
detector by the expected flux of the atmospheric model in the
detector’s wavelength range. For most models, this down-
weights the blue arm, as most species we investigated contain
weaker spectral lines in this region. In the case of the all-
species model, this combination yields a detection of 7.8σ via
the standard deviation (11.5σ via the Welch’s t-test). These
results suggest that the majority of the detected signal is
coming from the red arm of the data (and, as we explain in the
following section, the majority of this detection is likely due to
Fe lines in the atmosphere).

In the combined map, the peak significance is detected at a
Keplerian orbital velocity of K 198p 22

17�� ��
�� km sŠ1 and a radial

velocity of RV = 1.4 11.3
12.0

��
�� km sŠ1, where we have taken as error

the 1σ extent of the correlation peak (see, e.g., Deibert et al.
2023). These velocities are consistent with previous analyses of
WASP-189 b (e.g., Yan et al. 2020), which we discuss in more
detail in the following section.

5.2. Neutral Iron Detection

The results of cross-correlating our data with the atmospheric
model generated for Fe (i.e., Figure 5) are presented in
Figure 7. In the red, we detect Fe at a significance of 7.5σ via
the standard deviation map (10.7σ via the Welch’s t-test).
Interestingly, in the blue arm alone, we do not recover a
significant detection of Fe.

The combination of the blue and red data yields a detection
significance of 5.5σ via the standard deviation map (8.8σ via
the Welch’s t-test). In other words, adding the blue data to the

Figure 6. The results of cross-correlating our observations with the all-species model. Left three panels: the 2D Kp–RV maps for the blue, red, and combined results,
respectively, with the location of the peak correlation signal indicated in each case by white dashed lines. The color bars indicate the significances of the maps,
determined via dividing out the standard deviation away from the peak signal (see Section 4.3). A correlation signal is visible near the expected planetary location in
all cases, though significantly stronger in the red than the blue. Right: slices of the 2D Kp–RV maps at the peak Kp for the blue (blue line), red (red line), and combined
(black line) results. The SNR is the same as that indicated by the color bars. The dashed black line indicates the peak RV of the combined results.

Figure 7. The results of cross-correlating our red-arm observations with an
atmospheric Fe model (see Figure 5). Top: the 2D Kp–RV map, with the
location of the peak correlation signal indicated by white dashed lines. The
color bar indicates the significance of the map, as determined by dividing out
the standard deviation of regions away from the peak signal (see Section 4.3).
A clear correlation signal is visible near the expected planetary location.
Bottom: a slice of the 2D Kp–RV map at Kp = 201 km sŠ1 (i.e., the Kp at the
peak correlation signal). The dashed black line indicates the location of the
signal peak, and the SNR is the same as that indicated by the color bar.
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red data in the case of our Fe CCFs only serves to add noise
and weaken our detected signal. A similar effect was noted by
Herman et al. (2022), who detected Fe in the dayside
atmosphere of WASP-33 b but were only able to make a
significant detection if the blue data (in their case, wavelengths
shorter than � 600 nm) were excluded from their analysis. They
showed that this was due to the low line contrast of Fe in the
blue (see, for e.g., Figure 5), which is likely also limiting our
detection capabilities.

As discussed in more detail in Section 5.3, however, we
found that we were able to recover an injected Fe model in the
blue. Although we note that an injected model will naturally be
recovered at a higher significance than the real atmosphere (as
we are effectively correlating the model with itself), this could
also indicate that our models are overestimating the abundance
of Fe. Future work employing more sophisticated modeling
techniques and/or atmospheric retrievals may be able to shed
light on this possibility. For the present work, we base our
result (as shown in Figure 7) off the red-arm data only.

As can be seen in Figure 7, the detected signal is very broad;
this is due to the limited phase coverage of our data (see, e.g.,
Yan et al. 2020). Additional observations covering pre-eclipse
orbital phases, or a combination of our data with the existing
HARPS-N observations, would allow us to place more
stringent constraints on the planet’s velocity; however, this is
outside the scope of the present work.

As in Yan et al. (2020), the detected Fe lines are found in
emission, indicating the presence of a thermal inversion in
WASP-189 b’s atmosphere. This is consistent with theoretical
predictions from, for example, Lothringer et al. (2018) and
Lothringer & Barman (2019), and with analyses of comparable
UHJs which have also been shown to exhibit thermal
inversions in their atmospheres (e.g., Nugroho et al. 2020; Pino
et al. 2020; Kasper et al. 2021; among many others). While the
iron in WASP-189 b’s atmosphere is likely at least partially
responsible for the thermal inversion, additional observations
will be needed to determine whether other strong optical
absorbers (e.g., TiO) could also be contributing.

The peak correlation signal is located at a planetary orbital
velocity of Kp = 201 17

18
��
�� km sŠ1 and a radial velocity of

RV = 3.4 9.0
12.5

��
�� km sŠ1. These values are consistent within

uncertainties with those expected from Kepler’s laws and
those determined by Yan et al. (2020), as well as those from the
all-species model, though we note again that our values are
poorly constrained due to the limited orbital phase coverage of
our observations. In particular, our Kp value is consistent with
the Yan et al. (2020) value of K 193.54p 0.57

0.54�� ��
�� km sŠ1, and

our RV is consistent with their value of RV = 0.66 0.26
0.25

��
�� km sŠ1

(note that Yan et al. 2020 also reported a redshifted RV). While
this redshifted RV value could be due to winds or dynamical
processes in the atmosphere, additional data at a wider range of
orbital phases are needed to better constrain the exact value and
determine whether it is indeed offset from zero. We note that
this offset could also be due to errors in our transit ephemeris
(e.g., Y. Meziani et al. 2024, in preparation) or errors in the
systemic velocity used to shift to the planet rest frame. Indeed,
we note that there are differences of a few kilometers per
second between the systemic velocities measured by Anderson
et al. (2018), Yan et al. (2020), and Prinoth et al. (2024),
though the values are generally within uncertainties of each
other. Errors in these values could manifest as a few kilometers
per second offset in the final cross-correlation signal, and we

thus caution against explicitly interpreting these offsets as
winds and/or dynamics.

5.3. Nondetections and Model Injection/Recovery Tests

The remaining species investigated in this work did not yield
significant (i.e., > 5σ) detections in the blue, red, or combined
data sets. We present the combined blue and red 2D Kp–RV
maps for these undetected species in Figure 8.

Of these nondetections, we note that Ca and Mg exhibit peak
correlations of � 3σ and � 4σ, respectively, near the expected
planetary locations (though the Mg signal is offset by
�Š 10 km sŠ1). In the case of Ca, this signal may be worth
following up with additional observations; however, previous
studies have shown that residual noise can cause spurious � 3σ
peaks (e.g., Esteves et al. 2017). In the case of Mg, we note that
Petz et al. (2024) recently reported a tentative Mg signal in the
atmosphere of the UHJ KELT-20 b using observations from the
Potsdam Echelle Polarimetric and Spectrographic Instrument
on the Large Binocular Telescope. Their observations spanned
two bandpasses simultaneously, with wavelength coverage
from 480 to 544.1 nm (blue) and 627.8 to 741.9 nm (red),
though they only used the blue-arm data in their Mg analysis.
Although they did report a cross-correlation signal at the
expected location, they showed that this signal was likely
caused by spurious correlations with Fe lines in the planet’s
atmosphere, which may also be the case here. As a test, we
correlated our data with a model containing both Fe and Mg, as
this might be expected to yield a higher detection significance
than the Fe-only model if Mg were indeed present in the
atmosphere. This correlation yielded a similar detection
strength to that with the Fe-only model, suggesting that
tentative Mg signal in our Kp–RV map may be due to a
spurious correlation with the Fe lines or noise in the data.

Overall, these nondetections could indicate that these species
are not present in the region of the atmosphere probed by our
observations, or that our data are not sufficient to detect them if
they are present. We do note that many of these species have
previously been detected in the terminator region via transmis-
sion spectroscopy, albeit with more data (see the discussion in
Section 1); however, we are probing a different region of the
atmosphere with the present observations, and the signals
themselves are expected to be weaker in emission (see, e.g.,
Johnson et al. 2023).

To investigate these nondetections in more detail, we carried
out model injection/recovery tests for each individual species.
We did this by injecting our models into the data at the negative
of the expected planetary Keplerian velocity Kp, and repeating
our reduction and analysis processes. We injected at ŠKp,
rather than + Kp, to avoid “boosting” any weak, undetected
signals that may be present. Although Fe was detected in our
fiducial analysis, we included it in the rejection/recovery tests
as well in order to compare our real detection with that
expected from our model (although we note that in the case of
the model injection/recovery tests, we are effectively cross-
correlating the model with itself). The results of these model
injection/recovery tests are presented in Figure 9.

We recovered the injected Fe model at a high significance of
12.6σ (via the standard deviation) in the combined blue and red
Kp–RV map, and individually at a significance of 12.8σ in the
red and 7.4σ in the blue. Interestingly, these results suggest that
we should have been able to detect Fe in the blue data
(although the detection strength from the model injection/
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recovery test is naturally expected to be stronger than that of
the real data). This could indicate that our model is over-
estimating the abundance of Fe in the planet’s atmosphere, or is
otherwise not an ideal match to our data. Future work

incorporating more sophisticated modeling techniques may be
able to shed further light on these possibilities.

Of the undetected species, the only injected models
recovered at a significance of > 5σ were TiO and Ti. From

Figure 8. The combined blue and red 2D Kp–RV maps for the species which were not detected in this work. The plots are as described in the caption of Figure 7, and
the species are indicated in the bottom-right corners. The expected location of the planetary signal (i.e., RV = 0 km sŠ1, Kp � 197 km sŠ1) is marked in dashed white
lines. The color bar indicates the SNR as calculated via the standard deviation map.
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the combined maps, we recover the TiO model at 7.4σ and the
Ti model at 5.5σ. We also tentatively recover the injected Ca
model, at a significance of 4.0σ; the injected Cr model, at a
significance of 4.9σ; and the Mg model, at a significance of
3.6σ. The remaining models did not yield strong signals at the
expected location.

The results of our model injection/recovery tests indicate
that if TiO and Ti were present in the dayside atmosphere of
WASP-189 b, we would have been able to detect them in our
observations. Instead, as was also suggested by the transmis-
sion spectroscopy observations presented in Prinoth et al.
(2023), it is likely the case that TiO has largely dissociated in

Figure 9. The results of our model injection/recovery tests, as described in Section 5.3. The plots are as described in the caption of Figure 8, though we note that the
injected signal is expected to be present at ŠKp rather than Kp (as indicated by the white dashed lines).
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the dayside atmosphere and Ti may have partially ionized to
Ti+ . Although we also did not detect Ti+ in the atmosphere, we
note that that analysis was based off of a binary mask rather
than a model, as Ti+ is not included in the high-resolution line
lists available for download from petitRADTRANS (and
therefore not included in our model injection/recovery tests). A
more accurate model may lead to a detection, or may indicate
that Ti+ is not detectable in the present data. Additional
modeling and/or observations (or a combination of our data
with the existing HARPS observations presented in Yan et al.
2020) may help confirm these possibilities; however, this is
beyond the scope of the present work.

Similarly, our model injection/recovery tests suggest that we
may have marginally detected Ca if it were present in the
regions of the atmosphere we are probing (albeit at a higher
significance than the � 3σ feature we noted near the expected
planetary location). At the same time, Ca may have ionized to
Ca+ , which we were not able to recover in our injection/
recovery tests. Likewise, our model injection/recovery tests
suggest marginal detections of Cr and Mg may have been
possible. Although we did note a weak Mg signal at the
expected location in our CCFs, this may have been complicated
by the fact that the Mg model could produce an aliased
detection with the Fe lines, as discussed previously (Petz et al.
2024). Additional observations will be needed to determine
whether Mg is present in the dayside atmosphere.

5.4. Comparison with Previous Work and Future Prospects for
Characterizing Exoplanet Atmospheres with GHOST

As discussed in Section 1, the dayside atmosphere of WASP-
189 b has previously been observed at high resolution in the
optical with HARPS-N (Yan et al. 2020). It has also been
extensively studied with high-resolution transmission spectrosc-
opy in the optical, using HARPS, HARPS-N, ESPRESSO, and
MAROON-X (e.g., Langeveld et al. 2022; Prinoth et al.
2022, 2023, 2024; Stangret et al. 2022; Gandhi et al. 2023), as
well as high-resolution dayside spectroscopy in the near-infrared
using GIANO-B (Yan et al. 2022).

Here we compare our results to the HARPS-N dayside
spectroscopic observations, which probe a similar wavelength
and orbital phase range (and thus similar region of the
atmosphere) as our GHOST observations. In particular,
HARPS-N has a high spectral resolution of R � 115,000 over
a wavelength range of 383–690 nm, allowing it to resolve
hundreds of individual spectral lines in the optical. Yan et al.
(2020) used two nights of observations, covering orbital phases
0.533–0.624 (post-eclipse) and 0.384–0.497 (pre-eclipse), to
detect Fe at 8.7σ when both nights were combined. They also
searched for, but were unable to detect, Fe+ , Ti, Ti+ , TiO, and
VO. The SNR of their spectra ranged from 45 to 90 (with 60 s
exposures) throughout the two nights of observations. As their
observations sampled orbital phases both pre- and post-eclipse,
they were able to place a tight constraint on the planet’s
Keplerian orbital velocity, finding K 193.54p 0.57

0.54�� ��
�� km sŠ1

(Yan et al. 2020).
Our GHOST observations offer a comparable (7.5σ)

detection in less observing time, covering only orbital phases
from 0.58 to 0.63 (resulting in a less well-constrained Kp). This
demonstrates the advantages of Gemini’s large 8 m collecting
area, offering us very-high-SNR spectra in relatively short
exposures (45 s), as well as GHOST’s short readout and write
times, allowing us to obtain a large number of exposures and

finely sample the planet’s orbit. While GHOST has a lower
resolution than HARPS-N, its very broad (383–1000 nm)
wavelength coverage offers access to additional spectral lines,
assuming tellurics at the redder end of the spectrum can be
removed. In the case of Fe, this additional wavelength coverage
contains many strong spectral lines (see Figure 5). Together,
these properties make GHOST particularly well suited to
characterizing the daysides of hot exoplanet atmospheres at
high spectral resolution in the optical.

Although the present observations do not offer a one-to-one
comparison with other analyses of WASP-189 b via transmis-
sion spectroscopy (as transmission spectroscopy probes a
different region of the atmosphere), we note that our observa-
tions reach a comparable SNR to those from ESPRESSO and
MAROON-X presented in Prinoth et al. (2023, 2024), as
demonstrated by Figure 2 of the latter. We thus expect GHOST
to be equally well suited to characterizing exoplanet atmospheres
via transmission spectroscopy in the optical, and to offer similar
phase-resolved detections for particularly amenable targets.

6. Conclusions

In this work, we presented high-resolution optical spectroscopy
of the dayside atmosphere of WASP-189 b obtained with the new
GHOST instrument at Gemini South. Using 3 hr of post-eclipse
observations, we recovered a detection of neutral iron in the
planet’s atmosphere and verified the presence of a thermal
inversion. We also carried out model injection/recovery tests for a
wide range of atmospheric species, and discussed the implications
of these tests on WASP-189 b’s atmospheric composition. Our
results are consistent with a previous analysis of WASP-189 b’s
dayside atmosphere in the optical (Yan et al. 2020), and with the
trend among UHJs to exhibit thermal inversions in their dayside
atmospheres.

This work represents the first atmospheric characterization of
an exoplanet using the high-resolution mode of the new
GHOST at the Gemini South Observatory. Our results,
comparable to a previous analysis with HARPS (Yan et al.
2020), highlight the efficacy of this instrument in detecting and
characterizing exoplanet atmospheres at high spectral resolu-
tion. Although the observations presented herein were obtained
during the instrument’s SV run, GHOST is now fully
commissioned and is available for general community use
(Kalari et al. 2024, submitted). The addition of GHOST to
Gemini’s current suite of instruments opens the doors for
numerous Southern Hemisphere exoplanets, which are parti-
cularly amenable to atmospheric characterization at high
spectral resolution in the optical.
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Appendix A
SYSREM Results

The results of applying the SYSREM algorithm to our data are
displayed in Figures 10, 11, and 12. Note that this does not
include the orders which were excluded from our analysis, as
described in Section 2.2.

Figure 10. The results of applying the SYSREM algorithm to the first 11 orders (top three rows) and last 11 orders (bottom three rows) in the blue arm of the
spectrograph. Top row: the data reduced by DRAGONS. Note that there may be some overlap in wavelength between subsequent orders; each order is displayed
separately. Middle row: the results of applying eight iterations of SYSREM to the data. At this point, the telluric and stellar absorption features have been removed, and
the planetary signal is buried in the noise. Bottom row: the standard deviation of the data after applying SYSREM. The y-scale is the same for all plots in this row.
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Figure 11. The same as Figure 10, but for the first 11 orders (top three rows) and next 11 orders (bottom three rows) in the red arm of the spectrograph. As explained
in Section 3.2, we applied six iterations of SYSREM to the red data.

Figure 12. The same as Figure 11, but for the last eight orders in the red.
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Appendix B
Model Line Lists

Table 3 presents the atmospheric species, line list reference,
and whether the line list was initially in air or vacuum
wavelengths, for all species used in our petitRADTRANS
models. We note that all lists in vacuum wavelengths were
converted to air wavelengths before our analysis in order to
match the data.
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Table 3
Sources and Wavelength Frames for the Line Lists Used to Create the

petitRADTRANS Models in This Work

Atmospheric
Species Line List Reference

Air/Vacuum
Wavelengths

Fe K. Molaverdikhani/Kurucza Vacuum
Fe+ K. Molaverdikhani/Kurucz Air
Ti K. Molaverdikhani/Kurucz Vacuum
V K. Molaverdikhani/Kurucz Vacuum
V+ K. Molaverdikhani/Kurucz Vacuum
Al K. Molaverdikhani/Kurucz Vacuum
Ca K. Molaverdikhani/Kurucz Vacuum
Ca+ K. Molaverdikhani/Kurucz Vacuum
Cr K. Molaverdikhani/Kurucz Vacuum
K VALD with Allard wings (see

Mollière et al. 2019)
Vacuum

Mg K. Molaverdikhani/Kurucz Vacuum
Na VALD with Allard wings (see

Mollière et al. 2019)
Vacuum

Si K. Molaverdikhani/Kurucz Vacuum
TiO McKemmish et al. (2019) Vacuum
VO McKemmish et al. (2016) Vacuum
FeH Exomol (see Mollière et al.

2019)
Vacuum

OH HITEMP (see Mollière et al.
2019)

Vacuum

Note.
a http://kurucz.harvard.edu/
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