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Abstract

Exoplanets in the ultra-hot Jupiter regime provide an excellent laboratory for testing the impact of stellar irradiation on the dynamics and chemical composition of gas giant atmospheres. In this study, we observed two transits of the ultra-hot Jupiter WASP-189 b with MAROON-X/Gemini-North to probe its high-altitude atmospheric layers, using strong absorption lines. We derived posterior probability distributions for the planetary and stellar parameters by calculating the stellar spectrum behind the planet at every orbital phase during the transit. This was used to correct the Rossiter–McLaughlin imprint on the transmission spectra. Using differential transmission spectroscopy, we detect strong absorption lines of Ca+, Ba+, Na, Hα, Mg, Fe, and Fe+, providing an unprecedented and detailed view of the atmospheric chemical composition. Ca+ absorption is particularly well suited for analysis through time-resolved narrow-band spectroscopy, owing to its transition lines formed in high-altitude layers. The spectral absorption lines show no significant blueshifts that would indicate high-altitude day-to-night winds, and further analysis is needed to investigate the implications for atmospheric dynamics. These high signal-to-noise observations provide a benchmark data set for testing high-resolution retrievals and the assumptions of atmospheric models. We also simulate observations of WASP-189 b with ANDES/ELT, and show that ANDES will be highly sensitive to the individual absorption lines of a myriad of elements and molecules, including TiO and CO.
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1 Introduction
The primary transit of an exoplanet, which is when it passes in front of the disc of its host star, presents a unique opportunity to study its atmosphere through the imprint it leaves on the traversing stellar radiation. This imprint is caused by absorption at specific wavelengths that correspond to the species present in the upper atmosphere. The components of this absorption depend on the environmental conditions they reside in, namely the pressure and temperature structure. One approach to extracting these aforementioned signatures involves performing differential spectroscopy, whereby out-of-transit spectra are used to remove the star from the in-transit observations, thus leaving only the planetary signal in the residual spectra. Each of these planetary spectra is Doppler-shifted from the rest frame by the radial velocity of the planet at the time of each observation. This method was successfully applied by Wyttenbach et al. (2015) to extract the planetary spectrum of HD 189733 b and confirm the presence of neutral sodium using the HARPS spectrograph (Mayor et al. 2003), by placing the residual spectra in the planetary rest frame and combining observations of three separate transit events. Subsequently, neutral sodium has been detected in a number of close-in giant planet atmospheres through this methodology (e.g. Casasayas-Barris et al. 2018; Jensen et al. 2018; Seidel et al. 2019; Chen et al. 2020; Tabernero et al. 2021; Borsa et al. 2021; Mounzer et al. 2022; Seidel & Prinoth et al. 2023). Sodium is a powerful diagnostic for studying the upper atmosphere of exoplanets, in particular using its Frauenhofer D-lines. These resonant lines probe high up in the atmosphere and even relatively low sodium abundances provide strong absorption features owing to the large atomic cross-sections. Evidently, sodium is not the only species where this so-called narrow-band spectroscopy can be used to study the higher altitudes of exoplanetary atmospheres. Other significant transition lines at optical to near-infrared wavelengths also probe these regions and have readily been detected, some of which include the He triplet (Allart et al. 2018; Kirk et al. 2020, 2022; Bello-Arufe et al. 2022; Orell-Miquel et al. 2023), the Ca+ triplet (Casasayas-Barris et al. 2021; Bello-Arufe et al. 2022), or the Hα line of the Balmer series (Chen et al. 2020; Bello-Arufe et al. 2022; Seidel & Prinoth et al. 2023). Furthermore, signatures of Mg and Li (Borsa et al. 2021), as well as Paschen-α (Sánchez-López et al. 2022), have been detected, probing deeper layers in atmospheres.
Even for the routinely detected sodium, one needs to shift the in-transit residual spectra (planetary spectra) to the planetary rest frame and combine them to boost the signal-to-noise ratio, thus pushing the planetary signal above the noise floor. However, doing so removes any temporal and spatial information inherent in the observations. Furthermore, combining multiple transit events observed over a time span sometimes lasting years, any intrinsic variability in the atmosphere (Lecavelier des Etangs et al. 2012) is averaged out, reducing the amount of information that is extracted from the transmission spectrum.
A complementary approach is the use of the cross-correlation technique (Snellen et al. 2010), whereby signals from a multitude of absorption lines are combined by placing them in velocity space. This enables some of the aforementioned limitations to be overcome either directly from observations (Borsa et al. 2019; Ehrenreich et al. 2020; Kesseli & Snellen 2021; Kesseli et al. 2022; Pelletier et al. 2023; Prinoth et al. 2023) or via retrieval techniques (Gandhi et al. 2022, 2023), eschewing the need to integrate over the transit. In this approach, one preserves temporal and spatial information embedded in each in-transit spectrum, allowing for a more detailed view of the atmosphere.
To achieve a similar paradigm shift for narrow-band transmission spectroscopy towards time-resolved studies, a detectable signal in each spectrum is required, achieved either by employing superior photon-collecting power (Seidel et al. 2022) or by observing extremely hot targets with inherently large signatures (Pino et al. 2020).
In this work, we contribute to the ongoing revolution of narrow-band transmission spectroscopy by providing time-resolved spectra of the atmosphere of the ultra-hot Jupiter exoplanet WASP-189 b. It has a radius of 1.619 RJup and a mass of 1.99 MJup, orbiting its bright (V = 6.6) A star on a 2.72 day polar orbit, with an estimated equilibrium temperature of ~2600 K (Anderson et al. 2018). Previous studies have demonstrated the rich atmospheric inventory of this planet’s transmission spectrum using the cross-correlation technique, revealing detections of H, Na, Mg, Ca, Ca+, Ti, Ti+, TiO, V, Cr, Mn, Fe, Fe+, Ni, Sr, Sr+, and Ba+ (Stangret et al. 2022; Prinoth et al. 2022, 2023), as well as time-resolved signals in the cross-correlation space (Prinoth et al. 2023). With the observations presented here, we demonstrate that the high-resolution, stabilised spectra needed for time-resolved narrow-band transmission spectroscopy can be obtained with MAROON-X on the 8m class Gemini-North, thus opening up a new channel of study for the community.
The WASP-189 b system provides an observational sweet spot, where the brightness and geometry of the system allow high signal-to-noise ratio spectra to be obtained at relatively short exposure times, minimising the effect of smearing, which is crucial to preserve the line shapes (Boldt-Christmas et al. 2024). Short exposure times make it possible to resolve single lines while keeping the information about their temporal variations, such for example the Ca+ triplet with a single transit event. This allows for the modelling of the planetary absorption combined with the residual signal caused by the planet crossing the stellar disc (the Rossiter–McLaughlin effect). In short, no stacking in time is required, which enables time-resolved studies of the planetary absorption. Additionally, we analyse the regions of the Na Frauenhofer D-lines, the Hα line, the Mg triplet, the Ca+ infrared triplet, and multiple Ba+ lines, as well as several stronger Fe and Fe+ lines to search for planetary absorption. Multiple absorption lines for different chemical species at high significance invite further investigation, especially within the framework of atmospheric retrievals for both dynamics and composition at high spectral resolution.
This manuscript is structured as follows. In Sect. 2, we describe the observations and data reduction. Section 3 covers the methodology, including corrections for telluric absorption, outliers, and velocities. It further includes the methods of extracting the transmission spectrum and introduces our treatment of time-resolved and classical narrow-band spectroscopy. The results are presented and discussed in Sect. 4 and concluded in Sect. 5.
Table 1 
Overview of observations.

2 Observations and data reduction
We observed two transit time series of WASP-189 b on April 3, 2022 and June 2, 2022 (programme ID: GN-2022A-FT-208, PI: Pelletier) with the MAROON-X high-resolution, cross-dispersed, echelle optical spectrograph mounted on the 8.1-m Gemini-North telescope in Hawaii (Seifahrt et al. 2018, 2020). It covers the wavelength range from 490 to 920 nm within a blue and a red arm, at a spectral resolving power of R ≈ 85 000. The observations cover the full transit as well as baseline exposures before and after the transit. The observations were reduced using the dedicated pipeline (Seifahrt et al. 2020) (see also Prinoth et al. 2023 for details on these data sets).
During both transit observations, 57 spectra were taken, whereas 38 and 40 spectra of those were in transit for April 3, 2022 and June 2, 2022, respectively. Due to the different readout times of the detectors, the exposure times in the blue and red arms were 200 s and 160 s. More information on the two sets of observations is provided in Table 1.
We also determined the systemic velocity by computing the stellar cross-correlation functions for the out-of-transit exposures with a PHOENIX (Husser et al. 2013) template of the star, following Zhang et al. (2023). By fitting a rotationally broadened model (Gray 2008) to the averaged out-of-transit cross-correlation functions, we determined the systemic velocity to be −22.71 ± 0.67 km s−1 and −23.65 ± 0.67 km s−1 for the two data sets, consistent with the value determined by Anderson et al. (2018) (−24.45 ± 0.01 km s−1). We adopted this latter value for the rest of the study for comparability with previous work.
	[image: thumbnail]	Fig. 1 Spectral time series at the wavelength of interest for the Ca+ triplet around 850-867 nm. The time series of the two observation nights were stacked after correcting for telluric contamination, and normalisation of the spectra to a common flux level, as well as outlier rejection with subsequent integration over the outlier pixels. The spectral time series is shown in the rest frame of the star. The vertical bright emission feature originates from the planet crossing the stellar disc over the course of the transit (Rossiter–McLaughlin effect or Doppler shadow). The dark absorption feature is caused by the atmosphere of the planet. In addition, there is a fainter, wider dark absorption feature, barely noticeable by eye, which is also part of the residual of the planet crossing the stellar disc (see Fig. 5). This spectral time series is a rare case in which you can see the planetary absorption without stacking in the planetary rest frame thanks to the high signal-to-noise ratio achieved during these MAROON-X observations.



3 Methods
3.1 Preparatory corrections
The reduced spectra were corrected for telluric contamination with molecfit (v1.5.9, Smette et al. 2015; Kausch et al. 2015). For each exposure in the time series, regions with strong H2O and O2 absorption lines were selected to compute the telluric model, accounting for the changing weather conditions, airmass, and seeing. These telluric models were then interpolated onto the same wavelength grid as the data and divided out. Residual telluric contamination was later manually masked where needed. The individual spectra were Doppler-shifted to the rest frame of the star, accounting for the Earth's velocity around the barycentre of the Solar System, υBERV, the radial velocity of the star caused by the orbiting planet, υ*,RV, and the velocity of the planetary system, υsys, using
[image: equation](1)
This yields a Doppler correction for the wavelength of the form
[image: equation](2)
where c is the speed of light and λ is the wavelength as observed by the spectrograph. Following Hoeijmakers et al. (2020a), we corrected for outliers by applying an order-by-order sigma clipping algorithm. We calculated a running median absolute deviation over sub-bands of the time series with a width of 40 pixels and rejected 5σ-outliers. The spectra were colour-corrected using a polynomial of degree 2 (see Hoeijmakers et al. 2020b), which accounts for colour-dependent variations in the illumination. We did not use the blaze-corrected spectra, as the blaze was removed during the division of the out-of-transit baseline. Using fibre B, which was on sky during the observations, we masked atmospheric emission features.
3.2 Transmission spectra
We obtained the transmission spectra of the planet by dividing the normalised in-transit spectra by the normalised master out-of-transit spectrum; in other words, by undertaking differential transmission spectroscopy, following Wyttenbach et al. (2015). This master out-of-transit spectrum is an averaged spectrum of all out-of-transit exposures. Through this division, one obtains the normalised transmission spectra in the rest frame of the star. Typically, at this stage, the planetary signature is not visible in the time series due to the relatively weak absorption and low signal-to-noise ratio. However, this is not the case for these data sets. For instance, for the Ca+ infrared triplet, the planetary absorption and the residual of the stellar spectrum obscured by the planet during transit (the Rossiter–McLaughlin effect) are astonishingly visible (see Fig. 1), making these data sets a true benchmark. A high signal-to-noise ratio is thus key to observing single, temporally resolved absorption lines. In the rest frame of the star (see Fig. 1), the planetary atmosphere signal traces the radial velocity of the planet during transit, described through a sinusoidal dependence on the orbital phase, ϕ. This radial velocity change introduces a shift in the wavelength of the planetary absorption described by
[image: equation](3)
where i is the orbital inclination, ∆λmax the maximum shift in wavelength, λc the absorption wavelength at the centre of the transit, and ϕ the orbital phase. We modelled the two-dimensional absorption feature of the planetary atmosphere during transit, P(ϕ, λobs), as a Gaussian defined as a function of the orbital phase, ϕ, and wavelength, λobs, through
[image: equation](4)
A is the depth of the absorption line and σ denotes the line width of the Gaussian in nm. As the planet covers different regions of the stellar surface during transit, performing differential transmission spectroscopy introduces residual spectral lines. This feature is often termed the Doppler shadow, which is a manifestation of the Rossiter–McLaughlin effect in two dimensions. We modelled the stellar residual lines using StarRotator1, a code that calculates the stellar spectrum, F*, given a certain projected rotational velocity (υ sin i,). It determines the spectrum that is obscured by the planet, Fobsc(ϕ), as a function of the orbital phase, from which the residual spectrum, Fres(ϕ), is calculated as follows:
[image: equation](5)
By default, StarRotator uses a stellar spectrum from the PHOENIX database (Husser et al. 2013), when provided with the effective temperature, Teff, the surface gravity, log g*, and the metallicity, [Fe/H], of the host star. For this study, we instead modelled the stellar spectrum with pySME (Wehrhahn et al. 2023) based on the VALD line list (Piskunov et al. 1995; Ryabchikova et al. 2015). For the stellar parameters, we adopted the best-fit values from Prinoth et al. (2022), consistent with Lendl et al. (2020) and Deline et al. (2022).
To compute the components of the stellar spectrum, StarRotator divided the stellar surface into a 200×200 grid of cells of different rotational velocities (see Fig. 2). We accounted for limb darkening in the stellar spectrum using the quadratic limb-darkening law (Kopal 1950) based on the parameters in Deline et al. (2022). We assumed no differential rotation, such that grid cells in the vertical direction have the same rotational velocity. The rotational velocity, υrot, of each cell Doppler-shifts the wavelengths of the observed spectrum, as is described in Eq. (2).
The position of the planet at each observed orbital phase, ϕ, was calculated as in Cegla et al. (2016):
[image: equation](6)
[image: equation](7)
[image: equation](8)
where [image: equation] is the scaled semi-major axis of the system. Because StarRotator assumed the sky-projected stellar rotation axis to be the y-axis, the planet’s coordinates needed to be transformed to the same system. This was achieved by using the projected spin–orbit angle, λ, to rotate the coordinate system:
[image: equation](9)
[image: equation](10)
[image: equation](11)
Knowing the planet’s position, we calculated the obscured stellar spectrum for Eq. (5), which was normalised by the median residual for each phase, accounting for flux variations caused by the light curve. StarRotator and all its additional functionalities will be described in detail in Hoeijmakers et al. (in prep.) and Lam et al. (in prep.), including the case of elliptical orbits and coupling to pySME. The model, M, of the planetary trace, P, and the stellar residual, Fres,norm, is then given by
[image: equation](12)
This model enables the Rossiter–McLaughlin effect and the planetary trace to be fitted simultaneously for the time-resolved absorption line of Ca+ at 850 nm. As is shown in Fig. 3, it is not blended with a strong Fe line, nor is it a blend between multiple Ca+ lines of different isotopes, as is the case for the central line at 854 nm (see Kitzmann et al. 2023, for strong blends of isotopes). We note that this blend is indistinguishable due to resolution blurring. Thus, the line at 850 nm is the best candidate to perform the Rossiter–McLaughlin fit, despite being shallower than the other two.
The model, M, in Eq. (12) uses four fixed parameters: the well-constrained orbital inclination, i = 84.03 ± 0.14 deg (Lendl et al. 2020); the scaled semi-major axis, [image: equation] (Lendl et al. 2020), because of its degeneracy with Rp/R*; and the limb-darkening parameters, u1 = 0.41 ± 0.02 and u2 = 0.16 ± 0.03, because they are well constrained via the light-curve analysis in Deline et al. (2022). In our analysis, the limb-darkening parameters are less constrained due to continuum normalisation. The free parameters and priors for our model are given in Table 2. We sampled from these prior distributions and evaluated the likelihood in a Bayesian framework using a No-U-turn Sampler (see Betancourt 2017, for a review). We implemented this model in JAX and drew posterior samples with NumPyro (Bradbury et al. 2018; Bingham et al. 2018; Phan et al. 2019). We chose 500 warm-up samples and 800 samples over 30 chains, running in parallel. After the completion of the chains, the posterior distributions were analysed and displayed using ArviZ (Kumar et al. 2019) and corner (Foreman-Mackey 2016). The best-fit orbital configuration in the coordinate system of StarRotator is shown in Fig. 2.
While determining the flux behind the planet over the course of the transit for the Rossiter–McLaughlin effect is not conceptually novel (see e.g. Cegla et al. 2016; Bourrier et al. 2021; Sicilia et al. 2022), the time-resolved signal of Ca+ enables a fitting procedure in a new setting. Our approach fits and corrects the Rossiter–McLaughlin effect on the stellar spectra instead of doing so in the cross-correlation space via a Gaussian parametrisation. To increase the signal-to-noise, we interpolated both transit time series onto the same phase grid and averaged their contributions for the purpose of fitting the Rossiter–McLaughlin model. This allows access to further parameters that can be determined in our Bayesian framework; in particular, the planet-to-star radius ratio, Rp/R*, the projected rotational velocity, υ sin i*, and the projected spin-orbit angle, λ. In general, our approach can be used for any stellar residual feature strong enough to be seen in the transmission spectrum, for example strong Fe lines.
We corrected the Rossiter–McLaughlin effect over the entire wavelength range using the model in Eq. (12) together with the best-fit parameters that describe the stellar component in Table 2. To remove any systematics in the stellar rest frame before stacking, we vertically de-trended by dividing the mean of each wavelength bin (see Prinoth et al. 2022, 2023). During fitting, we masked the region of the planetary absorption in order to avoid manipulating its signal. To move the spectra to the planetary rest frame, we corrected for the stellar reflex motion caused by the orbiting planet, υ*,RV, and the planetary motion, υp,RV, itself by
[image: equation](13)
where υp,RV = Kp sin 2πϕ. We assumed that Kp = υorb sin i = 201 km s−1, as was derived in Prinoth et al. (2023). Once in the planetary rest frame, the in-transit exposures were averaged over time, which boosts the signal-to-noise ratio and reveals the planetary absorption feature. Both transit time series were then averaged to increase the signal-to-noise again. To determine the line depth, centre, and width, we fitted a Gaussian function to the observed lines. We further computed atmospheric models for the leading and trailing terminator for comparison, using the temperature-pressure profiles from Lee et al. (2022). For both terminators, we averaged the profiles over the observable longitudes between 75.94 and 104.06 deg (trailing) and between 255.94 and 284.06 deg (leading). Figure 4 shows the temperature-pressure profiles for both terminators, consistent with the GCM results that the leading terminator is generally colder (Lee et al. 2022). These models were calculated assuming an equilibrium temperature of 2641 K (Anderson et al. 2018).
For our atmospheric models, we adopted the same procedure as Prinoth et al. (2022), with the exception of the isothermal profiles. The planet's atmosphere was assumed to be in chemical and hydrostatic equilibrium, and of solar metallicity. The planetary surface gravity (gp = 18.8 m s−2) and radius (Rp = 1.619 RJup) were adopted from Lendl et al. (2020), assuming a reference pressure of 10 bar at the given planetary radius. Using the two temperature-pressure profiles in Fig. 4, we then computed the abundance profiles using FastChem (Stock et al. 2018, 2022; Kitzmann et al. 2024), and further followed the radiative transfer procedure performed in Gaidos et al. (2017). We used the same opacity functions as Prinoth et al. (2022), which include 128 neutral atoms and ions, as well as H2O, TiO, and CO. These opacity functions had previously been computed using HELIOS-K (Grimm & Heng 2015; Grimm et al. 2021) from the line lists provided by VALD and ExoMol (Tennyson et al. 2016, 2020; McKemmish et al. 2019; Chubb et al. 2021) for atoms and molecules, respectively.
	[image: thumbnail]	Fig. 2 Orbital configuration based on best-fit parameters in Table 1. We used a grid size of 200 for StarRotator, which means that the whole plane is divided into 40 000 grid cells (200 in the x-direction, 200 in the y-direction). Every tenth grid line is indicated in grey. We plot only every fourth position of the planet during the observation sequence, in which the opacity of the planet increases with time to indicate the orbital direction. The rotational velocity, υrot, in this case corresponds to υ sin i*, as we do not fit for the stellar inclination, i*. The configuration shows only the positive λ scenario.



	[image: thumbnail]	Fig. 3 MAROON-X transmission spectrum of WASP-189 b for the Ca+ infrared triplet stacked in the planetary rest frame for both nights combined. The rest frame transition wavelengths are marked with dashed vertical lines in grey. The data is shown in grey. The binned data (×8) is shown in black. Upper panels: models for the leading (blue) and trailing (red) terminator computed using the T-p profiles in Fig. 4 assuming chemical equilibrium and solar metallicity. The models are sampled at the resolution of the spectrograph (R ~ 85 000, υ = 3.52 km s−1), and additionally broadened to match the planetary rotation (υrot sin i = 3.04 km s−1, Prinoth et al. 2023) and exposure smearing (υsmear,red ≈ 0.14 km s−1). Additionally, the models were continuum-normalised by computing their continuum separately and subtracting it. Middle panels: the data has been corrected for tellurics and the residuals of the Rossiter–McLaughlin effect using the parameters in Table 3. The best-fit Gaussians are shown in red. The templates for Ca+ at 4000 K and Fe at 3000 K are shown to compare the line position. Bottom panels: residuals after removing the best fit.



	[image: thumbnail]	Fig. 4 Temperature-pressure profiles for the leading (west) and trailing (east) terminator based on Lee et al. (2022).



Table 2 
Planetary and stellar parameters to model the residual of the Rossiter–McLaughlin effect.

4 Results and discussion
4.1 Time-resolved Rossiter–McLaughlin effect
The posteriors of both the planetary and stellar parameters from the fitting of the Rossiter–McLaughlin are shown in Fig. A.1 and the resulting median values, including 1σ uncertainties, are provided in Table 2. Figure 5 shows the best-fit model in the case of the Ca+ line in Panel b. We used the stellar parameters from Table 2 for StarRotator to model the residual of the Rossiter–McLaughlin effect for the whole wavelength range, as is described in Sect. 3. Our best-fit parameters for the planet-to-star radius ratio, Rp/R*, the projected spin-orbit angle, λ, and the projected rotational velocity, υ sin i*, are largely in agreement with previous studies (Anderson et al. 2018; Lendl et al. 2020; Deline et al. 2022). Because our fit includes υ sin i*, our model cannot distinguish between the scenarios suggested in Deline et al. (2022), namely λ = 91.7 deg and λ = −91.7 deg are equally likely, and remain degenerate. To this effect, we placed strict uniform priors on λ around the positive solution, henceforth ignoring the negative solution and thereby breaking the degeneracy.
	[image: thumbnail]	Fig. 5 Analysis steps shown for the Ca+ infrared triplet. a: combined transmission spectra of both time series in the rest frame of the star. The dark absorption feature is the planetary atmosphere. The bright emission-like feature is the residual originating from the spectra behind the planet during transit (Rossiter–McLaughlin effect). b: best fit for the stellar residual using the parameters in Table 3. c: combined transmission spectrum after dividing out the best fit for the stellar residual. d: panel c after correcting for systematic noise in the rest frame of the star (vertical de-trending). e: same as panel d, but in the rest frame of the planet. The vertical absorption features are the Ca+ lines of the planetary atmosphere.



Table 3 
Gaussian fits of the planetary absorption lines sorted by wavelength.

4.2 Spectral atlas of WASP-189 b
After carrying out the above corrections, we find significant line absorption of various metals in the wavelength range of MAROON-X. The full spectral atlas of WASP-189 b is shown in Appendix B. For each of the spectral orders, the final transmission spectrum is shown together with the relevant absorbing species. Additionally, the telluric transmission spectrum is over-plotted to indicate possible regions of heavy telluric contamination. Table 3 shows the best-fit Gaussian parameters of a few strong absorbers. In light of the richness of the transmission spectrum of WASP-189 b, we have only selected a set of strong lines to show the potential for this spectrum and discuss implications for its chemistry.
We detect strong absorption from the Ca+ infrared triplet at 38.5σ, 63.1σ, and 65.9σ (see Table 3). As is seen in Fig. 3, the forward models for the two terminators do not match the observed line depth, which points towards deviations from local thermal equilibrium (LTE) and shortcomings of current atmospheric models. Future analysis in the form of retrievals is required to determine the temperature-pressure profile.
Apart from Ca+, we also detect line absorption from Ba+, Na, Mg, Fe+, Fe, and Hα at above the 5σ detection threshold that we adopted, details of which are provided in Table 3 and shown in Figs. 3, 6–8. All the detected species have previously been reported using the cross-correlation technique (Stangret et al. 2022; Prinoth et al. 2022, 2023), which, together with detections from this analysis, corroborates their presence. The detection of Fe+ is surprising given that its presence is not predicted by the models, which could indicate that the transmission spectrum probes regions of the atmosphere that are hotter than 3000 K where Fe+ absorption becomes significant (Prinoth et al. 2023) or that models beyond our current assumptions of local thermodynamic and hydrostatic or chemical equilibrium are required to explain the observed absorption, especially at higher altitudes, through for example photoionisation (Fisher & Heng 2019; Brogi & Birkby 2021; Zhang et al. 2023).
Atomic absorption by Mg and Fe is predicted by the model, but not as strongly as observed in the data. The Ba+ absorption at 493.55 nm, which is blended with weak Fe absorption, indeed seems to be roughly consistent with the observed depth at the hotter, trailing terminator. Only a few lines contribute to the observed cross-correlation signal of Ba+ in the wavelength range of MAROON-X, where most of them appear to be blended with Fe or Fe+ lines. This line at 493.55 nm may be subject to a partial blend with a weak Fe+ line (see Fig. 6). Another Ba+ line with no Fe blend is expected at 585.5 nm, which is observed, while the one at 614 nm is overlapping with an Fe line, which is also observed. All these lines are shown in Figs. B.1 and B.2. Nevertheless, other spectral lines may be contributing in unison and significantly affecting the overall line strength from aliasing effects, when using the cross-correlation technique (Borsato et al. 2023).
Figure 8 shows the absorption by the Na D-lines and Hα. Langeveld et al. (2022) surveyed six ultra-hot Jupiters for narrow-band absorption of sodium, among which was also WASP-189 b. In particular, our detection of sodium agrees with the absorption of sodium presented in that previous study, in that the D1 line is shallower than the D2 component. A difference in absorption depths between the D1 and D2 lines could result from a large fraction of the absorbing sodium being optically thin and not following a hydrostatic number density profile (Hoeijmakers et al. 2020a). This could be the case if sodium exists in an optically thin torus (Oza et al. 2019; Gebek & Oza 2020) or a tenuous hydrodynamically escaping envelope (Wyttenbach et al. 2020).
Sreejith et al. (2023) observed WASP-189 b with the CUTE satellite, detecting Mg+ lines with absorption depths larger than the Roche Lobe at Lagrange Point 1 (L1) in the near-ultraviolet. Assuming the continuum to be at one planetary radius, we expect the Roche Lobe to be at Rp ≈ 1.1463, suggesting that the Ca+ IRT lines probe close to the expected altitude of L1, and thus probe the exosphere.
We note that differences in line positions in comparison to previous works (Prinoth et al. 2022, 2023) may indeed come from assuming a different value for the orbital velocity, Kp. In Prinoth et al. (2023), Kp was treated as a free parameter for individual species, while this study assumes a value of Kp = 201 km s−1, derived from the orbital period, throughout the entirety of the spectral range, treating all the species equally. This may indeed introduce shifts as different species likely probe different altitudes, and hence different dynamical regimes, which can manifest themselves as different orbital velocities.
Implications for high-resolution retrievals. The two MAROON-X transits in this study provide a benchmark data set for retrieval studies at high spectral resolution and are expected to facilitate testing models of atmospheric chemistry and dynamics in these kinds of planets. While the centres of the observed absorption lines seem to be consistent with the rest frame positions when assuming an orbital velocity of Kp ≈ 201 km s−1, the lines from distinct species show different broadening, possibly caused by different pressure levels at which different lines or species are probed or by atmospheric dynamics. A full dynamics retrieval is beyond the scope of this paper, but the data set certainly invites further investigation for both dynamical and composition retrievals at high spectral resolution (e.g. Brogi & Line 2019; Gibson et al. 2022; Pelletier et al. 2023).
	[image: thumbnail]	Fig. 6 Same as Fig. 3 but for Ba+, Fe, and Fe+. The templates for atoms and ions are shown at a temperature of 3000 K and 4000 K, respectively. To the right of the Fe, there is an unidentified absorption line, while to the left, the model predicts absorption by Ti.



	[image: thumbnail]	Fig. 7 Same as Fig. 3 but for the Mg triplet.



	[image: thumbnail]	Fig. 8 Same as Fig. 3 but for Na and Hα.



4.3 High-resolution spectroscopy with the Extremely Large Telescope
The rich absorption spectra of bright transiting ultra-hot Jupiter systems will be highly amenable to detailed, resolved, singleline spectroscopy with high-resolution spectrographs on the Extremely Large Telescope (ELT), in particular ANDES, covering wavelengths from the near-ultraviolet to the K band. We have used version 1.1 of the ANDES ETC2, and the isothermal 2500 K equilibrium chemistry model (Prinoth et al. 2022) to simulate the entire transmission spectrum of WASP-189 b after a single transit observed with ANDES, assuming perfect correction of the telluric spectrum and the Rossiter–McLaughlin effect. The ANDES ETC calculates the expected signal-to-noise ratio at a single wavelength, and so we interpolate between the centres of the B, V, J, H, and K bands, where the magnitudes are known (Høg et al. 2000; Cutri et al. 2003). We further assume an exposure time of 180 s and an out-of-transit baseline equal to the transit duration. The resulting spectrum spans from 0.35 to 2.5 μm, and examples of well-resolved metal, TiO, and CO lines are shown in Fig. 9. Based on this simulation, it is expected that ANDES will have the ability to directly resolve a large variety of elements and molecules in the atmospheres of ultra-hot Jupiters. In particular, it will be highly sensitive to the valuable C/O ratio, which is indicative of formation channels (Öberg et al. 2011).
5 Conclusions
High-resolution transmission spectroscopy has entered the era of time-resolved signals for single-line spectroscopy (see e.g. Pino et al. 2020; Seidel et al. 2022), cross-correlation analyses (see e.g. Kesseli et al. 2022; Prinoth et al. 2023), and retrieval studies (see e.g. Gandhi et al. 2023). In our work, we present a detailed analysis of the transmission spectrum of WASP-189 b observed with MAROON-X, using a time-resolved approach to fit the stellar and planetary components. We fitted the stellar residual imposed by the planet covering parts of the stellar disc during transit, combining pySME, StarRotator, numpyro, and JAX using a Bayesian framework to infer posterior distributions of the parameters to model the Rossiter–McLaughlin effect. Our best-fit parameters are in agreement with the values found in previous studies of radial velocity data (Anderson et al. 2018) and light-curve analyses (Lendl et al. 2020; Deline et al. 2022).
The high signal-to-noise data observed with MAROON-X allows for a detailed study of the transmission spectrum of WASP-189 b, revealing single-line absorption at high significance of a variety of chemical species previously detected using the cross-correlation technique (Stangret et al. 2022; Prinoth et al. 2022, 2023), notably Ca+, Na, Hα, Mg, Fe, and Fe+. This data set provides a significant step forward in characterising exoplanetary atmospheres in unprecedented detail.
These observations of WASP-189 b with MAROON-X provide a benchmark data set for high-resolution retrieval studies for both composition and dynamics. As is seen from our model comparison, deviations from local thermal equilibrium are to be considered in order to explain the observed absorption lines. It is becoming evident, yet again, that one-dimensional models do not suffice in reproducing the observed transmission spectrum and three-dimensional retrievals at high spectral resolution are required to explain the observed line depths to reflect the true nature of these planets.
	[image: thumbnail]	Fig. 9 Simulated transmission spectrum of WASP-189 b, as observed by ANDES based on the 2500 K equilibrium chemistry model (Prinoth et al. 2022), using version 1.1 of the ANDES ETC. The three panels show three different wavelength ranges within the ANDES waveband from 0.35 to 2.5 μm, with single metal lines (top panel), a TiO band-head (middle panel), and CO lines (bottom panel).
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Appendix A  Corner plots
	[image: thumbnail]	Fig. A.1 Posterior distribution of the model parameters of Eq. (12) for the Ca+ line at λp = 850.042 nm. The blue lines indicate the median values of the posterior distribution. The amplitude, A, is in units of parts per thousand (×10−3), the maximum wavelength shift, Δλp, in nm, the spin-orbit angle, λ, in deg, the Gaussian width, σ, in nm, the projected rotational velocity, υ sin i*, in km s−1, and the centre wavelength of the absorption, λp, in nm.




Appendix B  Spectral atlas
	[image: thumbnail]	Fig. B.1 Spectral atlas of the blue arm of MAROON-X. The grey data points show the unbinned transmission spectrum for each spectral order. The black data points provide the binned spectrum (x10). Additionally, the templates with significant absorption lines are plotted to identify the absorption lines in the transmission spectrum. The templates have been broadened to fit the resolution of the spectrograph. The dark blue spectrum shows a model telluric transmission spectrum to identify heavily contaminated regions.



	[image: thumbnail]	Fig. B.2 Same as Fig. B.1 but for the red arm of MAROON-X. The spectra of orders 13 and 14 are not shown because of heavy telluric contamination by the O2 band.
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	[image: thumbnail]	Fig. 1 Spectral time series at the wavelength of interest for the Ca+ triplet around 850-867 nm. The time series of the two observation nights were stacked after correcting for telluric contamination, and normalisation of the spectra to a common flux level, as well as outlier rejection with subsequent integration over the outlier pixels. The spectral time series is shown in the rest frame of the star. The vertical bright emission feature originates from the planet crossing the stellar disc over the course of the transit (Rossiter–McLaughlin effect or Doppler shadow). The dark absorption feature is caused by the atmosphere of the planet. In addition, there is a fainter, wider dark absorption feature, barely noticeable by eye, which is also part of the residual of the planet crossing the stellar disc (see Fig. 5). This spectral time series is a rare case in which you can see the planetary absorption without stacking in the planetary rest frame thanks to the high signal-to-noise ratio achieved during these MAROON-X observations.
In the text



	[image: thumbnail]	Fig. 2 Orbital configuration based on best-fit parameters in Table 1. We used a grid size of 200 for StarRotator, which means that the whole plane is divided into 40 000 grid cells (200 in the x-direction, 200 in the y-direction). Every tenth grid line is indicated in grey. We plot only every fourth position of the planet during the observation sequence, in which the opacity of the planet increases with time to indicate the orbital direction. The rotational velocity, υrot, in this case corresponds to υ sin i*, as we do not fit for the stellar inclination, i*. The configuration shows only the positive λ scenario.
In the text



	[image: thumbnail]	Fig. 3 MAROON-X transmission spectrum of WASP-189 b for the Ca+ infrared triplet stacked in the planetary rest frame for both nights combined. The rest frame transition wavelengths are marked with dashed vertical lines in grey. The data is shown in grey. The binned data (×8) is shown in black. Upper panels: models for the leading (blue) and trailing (red) terminator computed using the T-p profiles in Fig. 4 assuming chemical equilibrium and solar metallicity. The models are sampled at the resolution of the spectrograph (R ~ 85 000, υ = 3.52 km s−1), and additionally broadened to match the planetary rotation (υrot sin i = 3.04 km s−1, Prinoth et al. 2023) and exposure smearing (υsmear,red ≈ 0.14 km s−1). Additionally, the models were continuum-normalised by computing their continuum separately and subtracting it. Middle panels: the data has been corrected for tellurics and the residuals of the Rossiter–McLaughlin effect using the parameters in Table 3. The best-fit Gaussians are shown in red. The templates for Ca+ at 4000 K and Fe at 3000 K are shown to compare the line position. Bottom panels: residuals after removing the best fit.
In the text



	[image: thumbnail]	Fig. 4 Temperature-pressure profiles for the leading (west) and trailing (east) terminator based on Lee et al. (2022).
In the text



	[image: thumbnail]	Fig. 5 Analysis steps shown for the Ca+ infrared triplet. a: combined transmission spectra of both time series in the rest frame of the star. The dark absorption feature is the planetary atmosphere. The bright emission-like feature is the residual originating from the spectra behind the planet during transit (Rossiter–McLaughlin effect). b: best fit for the stellar residual using the parameters in Table 3. c: combined transmission spectrum after dividing out the best fit for the stellar residual. d: panel c after correcting for systematic noise in the rest frame of the star (vertical de-trending). e: same as panel d, but in the rest frame of the planet. The vertical absorption features are the Ca+ lines of the planetary atmosphere.
In the text



	[image: thumbnail]	Fig. 6 Same as Fig. 3 but for Ba+, Fe, and Fe+. The templates for atoms and ions are shown at a temperature of 3000 K and 4000 K, respectively. To the right of the Fe, there is an unidentified absorption line, while to the left, the model predicts absorption by Ti.
In the text



	[image: thumbnail]	Fig. 7 Same as Fig. 3 but for the Mg triplet.
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	[image: thumbnail]	Fig. 8 Same as Fig. 3 but for Na and Hα.
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	[image: thumbnail]	Fig. 9 Simulated transmission spectrum of WASP-189 b, as observed by ANDES based on the 2500 K equilibrium chemistry model (Prinoth et al. 2022), using version 1.1 of the ANDES ETC. The three panels show three different wavelength ranges within the ANDES waveband from 0.35 to 2.5 μm, with single metal lines (top panel), a TiO band-head (middle panel), and CO lines (bottom panel).
In the text



	[image: thumbnail]	Fig. A.1 Posterior distribution of the model parameters of Eq. (12) for the Ca+ line at λp = 850.042 nm. The blue lines indicate the median values of the posterior distribution. The amplitude, A, is in units of parts per thousand (×10−3), the maximum wavelength shift, Δλp, in nm, the spin-orbit angle, λ, in deg, the Gaussian width, σ, in nm, the projected rotational velocity, υ sin i*, in km s−1, and the centre wavelength of the absorption, λp, in nm.
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	[image: thumbnail]	Fig. B.1 Spectral atlas of the blue arm of MAROON-X. The grey data points show the unbinned transmission spectrum for each spectral order. The black data points provide the binned spectrum (x10). Additionally, the templates with significant absorption lines are plotted to identify the absorption lines in the transmission spectrum. The templates have been broadened to fit the resolution of the spectrograph. The dark blue spectrum shows a model telluric transmission spectrum to identify heavily contaminated regions.
In the text



	[image: thumbnail]	Fig. B.2 Same as Fig. B.1 but for the red arm of MAROON-X. The spectra of orders 13 and 14 are not shown because of heavy telluric contamination by the O2 band.
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      Table 1 

      Overview of observations.

      
        


	Date
	# Spectra(a)
	texp (s) (b)
	Airmass (c)
	Avg. S/N
	Min./Max. seeing (d)





	2022-04-03
	57 (38/19)
	b: 200, r: 160
	3.07-1.09-1.22
	b: 168 r: 202
	0.49/1.87



	2022-06-02
	57 (40/17)
	b: 200, r: 160
	1.52-1.09-1.72
	b: 169 r: 203
	0.29/1.03





      

      
Notes. (a) In parentheses, in-transit and out-of-transit spectra, respectively. (b) Exposure times differ for the blue and red arms of MAROON-X. (c) Airmass at the start and end of the observation, as well as minimum airmass at the highest altitude of the target. (d) The seeing is taken from the Maunakea Weather Center (http://mkwc.ifa.hawaii.edu/current/seeing/) for the two nights of observations.




    

  
    
      Fig. 1 
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        Spectral time series at the wavelength of interest for the Ca+ triplet around 850-867 nm. The time series of the two observation nights were stacked after correcting for telluric contamination, and normalisation of the spectra to a common flux level, as well as outlier rejection with subsequent integration over the outlier pixels. The spectral time series is shown in the rest frame of the star. The vertical bright emission feature originates from the planet crossing the stellar disc over the course of the transit (Rossiter–McLaughlin effect or Doppler shadow). The dark absorption feature is caused by the atmosphere of the planet. In addition, there is a fainter, wider dark absorption feature, barely noticeable by eye, which is also part of the residual of the planet crossing the stellar disc (see Fig. 5). This spectral time series is a rare case in which you can see the planetary absorption without stacking in the planetary rest frame thanks to the high signal-to-noise ratio achieved during these MAROON-X observations.

      

    

  
    
      Fig. 2 
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        Orbital configuration based on best-fit parameters in Table 1. We used a grid size of 200 for StarRotator, which means that the whole plane is divided into 40 000 grid cells (200 in the x-direction, 200 in the y-direction). Every tenth grid line is indicated in grey. We plot only every fourth position of the planet during the observation sequence, in which the opacity of the planet increases with time to indicate the orbital direction. The rotational velocity, υrot, in this case corresponds to υ sin i*, as we do not fit for the stellar inclination, i*. The configuration shows only the positive λ scenario.
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        MAROON-X transmission spectrum of WASP-189 b for the Ca+ infrared triplet stacked in the planetary rest frame for both nights combined. The rest frame transition wavelengths are marked with dashed vertical lines in grey. The data is shown in grey. The binned data (×8) is shown in black. Upper panels: models for the leading (blue) and trailing (red) terminator computed using the T-p profiles in Fig. 4 assuming chemical equilibrium and solar metallicity. The models are sampled at the resolution of the spectrograph (R ~ 85 000, υ = 3.52 km s−1), and additionally broadened to match the planetary rotation (υrot sin i = 3.04 km s−1, Prinoth et al. 2023) and exposure smearing (υsmear,red ≈ 0.14 km s−1). Additionally, the models were continuum-normalised by computing their continuum separately and subtracting it. Middle panels: the data has been corrected for tellurics and the residuals of the Rossiter–McLaughlin effect using the parameters in Table 3. The best-fit Gaussians are shown in red. The templates for Ca+ at 4000 K and Fe at 3000 K are shown to compare the line position. Bottom panels: residuals after removing the best fit.
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        Temperature-pressure profiles for the leading (west) and trailing (east) terminator based on Lee et al. (2022).

      

    

  
    
      Table 2 

      Planetary and stellar parameters to model the residual of the Rossiter–McLaughlin effect.

      
        


	Fitted parameters



	




	
	Symbol (units)
	Value
	Prior





	Amplitude of planetary absorption
	A (%)
	−1.641 ± 0.063
	𝒰(−2,−1)



	Centre wavelength
	λp (nm)
	850.042 ± 0.001
	𝒰(850.03,850.05)



	Slope of absorption
	∆λ
	0.523 ± 0.012
	𝒰(0.475,0.575)



	Gaussian width of absorption
	σ (nm)
	0.029 ± 0.001
	𝒰(0.02,0.04)



	Planet-to-star radii ratio
	Rp/R*
	0.074 ± 0.001
	𝒰(0.069,0.076)



	Projected spin-orbit angle
	λ (deg)
	90.07 ± 0.24
	𝒰(89,92)



	Projected rotational velocity
	υ sin i* (km s−1)
	95.05 ± 0.55
	𝒰(90,105)



	




	Fixed parameters



	




	
	Symbol (units)
	Value
	Reference



	




	Orbital inclination
	i (deg)
	[image: equation]
	Deline et al. (2022)



	Scaled semi-major axis
	a/R*
	[image: equation]
	Deline et al. (2022)



	Limb-darkening parameters
	u1
	[image: equation]
	Deline et al. (2022)



	
	u2
	[image: equation]
	Deline et al. (2022)





      

      
Notes. Fitted and fixed parameters for the model in Eq. (12). All parameters except A, λp,vac, ∆λ, and σ were used to model the residual of the Rossiter–McLaughlin effect.




    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Analysis steps shown for the Ca+ infrared triplet. a: combined transmission spectra of both time series in the rest frame of the star. The dark absorption feature is the planetary atmosphere. The bright emission-like feature is the residual originating from the spectra behind the planet during transit (Rossiter–McLaughlin effect). b: best fit for the stellar residual using the parameters in Table 3. c: combined transmission spectrum after dividing out the best fit for the stellar residual. d: panel c after correcting for systematic noise in the rest frame of the star (vertical de-trending). e: same as panel d, but in the rest frame of the planet. The vertical absorption features are the Ca+ lines of the planetary atmosphere.

      

    

  
    
      Table 3 

      Gaussian fits of the planetary absorption lines sorted by wavelength.

      
        


	
	
	A (ppm)
	λcentre (nm)
	σGauss (nm)
	υσ,Gauss (km s−1)
	Δυcentre (km s−1)
	σ
	Eq. atm. height h (Rp)





	Fe+
	492.53
	918 ± 79
	492.537 ± 0.002
	0.016 ± 0.002
	9.69 ± 0.96
	4.62 ± 0.96
	11.6
	1.0806 ± 0.0070



	Ba+
	493.55
	591 ± 68
	493.548 ± 0.003
	0.020 ± 0.003
	12.24 ± 1.63
	1.55 ± 1.63
	8.7
	1.0526 ± 0.0061



	Fe+
	501.98
	929 ± 72
	501.986 ± 0.001
	0.013 ± 0.001
	7.73 ± 0.69
	1.47 ± 0.69
	12.9
	1.0815 ± 0.0064



	Mg
	517.41
	331 ± 25
	517.417 ± 0.001
	0.015 ± 0.001
	8.70 ± 0.77
	2.53 ± 0.76
	13.2
	1.0296 ± 0.0024



	Mg
	518.50
	427 ± 76
	518.507 ± 0.002
	0.011 ± 0.002
	6.08 ± 1.25
	1.55 ± 1.25
	5.6
	1.0383 ± 0.0068



	Na
	589.16
	1016 ± 39
	589.160 ± 0.001
	0.017 ± 0.001
	8.87 ± 0.39
	0.88 ± 0.4
	26.1
	1.0888 ± 0.0040



	Na
	589.76
	540 ± 37
	589.759 ± 0.001
	0.019 ± 0.001
	9.49 ± 0.75
	1.74 ± 0.75
	14.6
	1.0482 ± 0.0035



	Ba+
	614.34
	346 ± 27
	614.341 ± 0.003
	0.030 ± 0.003
	14.74 ± 1.35
	−0.11 ± 1.34
	12.8
	1.0311 ± 0.0026



	Hα
	656.46
	1184 ± 23
	656.464 ± 0.001
	0.028 ± 0.001
	12.83 ± 0.3
	1.55 ± 0.30
	51.5
	1.1029 ± 0.0033



	Ca+
	850.05
	1322 ± 38
	850.043 ± 0.001
	0.025 ± 0.001
	8.68 ± 0.29
	−0.78 ± 0.29
	34.8
	1.1136 ± 0.0043



	Ca+
	854.45
	1711 ± 31
	854.448 ± 0.001
	0.027 ± 0.001
	9.51 ± 0.20
	−1.89 ± 0.20
	55.2
	1.1449 ± 0.0044



	Ca+
	866.46
	1723 ± 29
	866.458 ± 0.001
	0.025 ± 0.001
	8.70 ± 0.17
	−1.41 ± 0.17
	59.4
	1.1458 ± 0.0044





      

      
Notes. A is the absorption depth in ppm, λcentre is the central wavelength of the absorption in nm, σ is the Gaussian width of the absorption in nm, υσ,Gauss is the Gaussian width of the absorption in km s−1, Δυcentre is the offset from the expected centre wavelength in km s−1, σ is the detection significance, calculated from the absorption depth, A, and its uncertainty, and h is the approximate equivalent atmospheric height in units of Rp, calculated as [image: equation] (Pino et al. 2018). We note that this assumes the continuum to be at 1 Rp. The uncertainties in A, λcentre, and σGauss are provided by lmfit. The uncertainties for all other parameters were calculated assuming Gaussian error propagation.




    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Same as Fig. 3 but for Ba+, Fe, and Fe+. The templates for atoms and ions are shown at a temperature of 3000 K and 4000 K, respectively. To the right of the Fe, there is an unidentified absorption line, while to the left, the model predicts absorption by Ti.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Same as Fig. 3 but for the Mg triplet.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Same as Fig. 3 but for Na and Hα.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Posterior distribution of the model parameters of Eq. (12) for the Ca+ line at λp = 850.042 nm. The blue lines indicate the median values of the posterior distribution. The amplitude, A, is in units of parts per thousand (×10−3), the maximum wavelength shift, Δλp, in nm, the spin-orbit angle, λ, in deg, the Gaussian width, σ, in nm, the projected rotational velocity, υ sin i*, in km s−1, and the centre wavelength of the absorption, λp, in nm.

      

    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Spectral atlas of the blue arm of MAROON-X. The grey data points show the unbinned transmission spectrum for each spectral order. The black data points provide the binned spectrum (x10). Additionally, the templates with significant absorption lines are plotted to identify the absorption lines in the transmission spectrum. The templates have been broadened to fit the resolution of the spectrograph. The dark blue spectrum shows a model telluric transmission spectrum to identify heavily contaminated regions.

      

    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        Same as Fig. B.1 but for the red arm of MAROON-X. The spectra of orders 13 and 14 are not shown because of heavy telluric contamination by the O2 band.
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