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Confirmation of TiO absorption and tentative detection of MgH and CrH in the atmosphere of HAT-P-41b
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Abstract

Understanding the role of optical absorbers is critical for linking the properties of the dayside and terminator atmospheres of hot Jupiters. This study aims to identify the signatures of optical absorbers in the atmosphere of the hot Jupiter HAT-P-41b. We conducted five transit observations of this planet to obtain its optical transmission spectra using the Gran Telescopio Canarias (GTC). We performed atmospheric retrievals assuming free abundances of 12 chemical species. Our Bayesian model comparisons revealed strong evidence for TiO absorption (∆ ln 𝒵 = 21.02), modest evidence for CrH (∆ ln 𝒵 = 3.73), and weak evidence for MgH (∆ ln 𝒵 = 2.32). When we combined the GTC transmission spectrum with previously published Hubble Space Telescope and Spitzer data, the retrieval results and model inferences remained consistent. In conclusion, HAT-P-41b has a metal-rich atmosphere with no high-altitude clouds or hazes. Further observations of its dayside atmosphere should be made to confirm the hints of a thermal inversion in the upper atmosphere suggested by our results.
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1 Introduction
The accurate characterization of exoplanet atmospheres is crucial for solving the puzzle of planetary formation and evolution. Precise spectroscopic measurements of exoplanet atmospheres, available with current observational instruments, have mainly focused on close-in giant planets, including hot Jupiters. Certain metals, metal oxides, and hydrides have a very strong opacity in the optical wavelengths (Sharp & Burrows 2007), which can absorb the stellar radiation and heat the upper atmosphere, leading to a thermal inversion in the temperature-pressure profile and thermal emission features in the emission spectrum (Burrows et al. 2008; Guillot 2010). While it is difficult to detect optical absorbers in the emission spectrum, alkali metals (e.g., Na and K), metal oxides (e.g., TiO and VO), and hydrides (e.g., CrH and FeH) are expected to exhibit strong absorption features in the optical band of transmission spectra (Seager & Sasselov 2000; Fortney et al. 2008, 2010).
The hot Jupiter HAT-P-41b, discovered by Hartman et al. (2012), is an intriguing target for further study due to its highly inflated nature. The planet orbits an F-type star (Teff = 6390 K, M⋆ ~ 1.4 M⊙, R⋆ ~ 1.7 R⊙, [Fe/H] = 0.21) every 2.7 days and has a mass of ~0.8 MJ, a radius of ~1.7 RJ, and an equilibrium temperature of 1941 K. Wakeford et al. (2020) present a 0.2–0.8 µm transmission spectrum using the Hubble Space Telescope’s (HST) Wide Field Camera 3 (WFC3) UV/visible (UVIS) channel (G280 grism), which revealed a significant scattering slope and strong absorption features of TiO and/or VO. Lewis et al. (2020) performed retrievals on the 0.2–5.0 µm combined spectrum, consisting of HST WFC3 (G280, G141) and Spit𝒵er data, and found a potential combination of H−, CrH, AlO, VO, and Na, which would explain the ultraviolet to optical wavelengths. However, the presence of H− in the planet’s terminator atmosphere remains inconclusive (Welbanks et al. 2023). Sheppard et al. (2021) conducted a comprehensive retrieval analysis of the 0.3-5.0 µm spectrum derived from HST Space Telescope Imaging Spectrograph (STIS), HST WFC3 G141, and Spit𝒵er transit observations and found that the atmosphere of HAT-P-41b is cloud-free, haze-free, and metal-rich, with distinct water vapor absorption and tentative optical absorption. According to the emission spectrum analyses, the dayside upper atmosphere of HAT-P-41b does not exhibit strong evidence of a thermal inversion (Mansfield et al. 2021; Fu et al. 2022; Changeat et al. 2022). The observed transmission spectra suggest that optical absorbers such as metal oxides and hydrides may be present in the planet’s terminator atmosphere, but the emission spectrum did not reveal a distinct thermal inversion in the dayside atmosphere. Further confirmation and identification of the candidate optical absorbers in the atmosphere of HAT-P-41b is needed to resolve this discrepancy.
Our goal is to further investigate the atmosphere of HAT-P-41b using low-resolution transmission spectra. Multiple transit observations with the Optical System for Imaging and low-Intermediate-Resolution Integrated Spectroscopy (OSIRIS) of Gran Telescopio Canarias (GTC; Cepa et al. 2000) should enable us to obtain the optical transmission spectrum with higher photometric precision and spectral resolution than with the HST WFC3 UVIS and STIS instruments. By performing atmospheric retrievals and Bayesian model comparisons, we aim to obtain more precise estimates of the abundances of the chemical species, better constrain previously reported optical absorbers, and possibly discover new signatures in the atmosphere of HAT-P-41b.
This paper is organized as follows. We summarize the observations and the data reduction procedures in the next section. Section 3 illustrates the analysis of the GTC transit light curves. The atmospheric retrievals are demonstrated in Sect. 4. We further discuss the joint retrievals and then draw our conclusion in Sect. 5.
Table 1 
Input parameters of the HAT-P-41 system used in this work.

2 Observations and data reduction
We observed five transits of HAT-P-41b using the GTC OSIRIS instrument between 2013 and 2022 (hereafter OB-1 to OB-5). The observation summary is listed in Table A.1. The instrument OSIRIS has an un-vignetted field of view of 7.4′ and a pixel scale of 0.254″. Its detector consists of a mosaic of two Marconi CCDs (1024 × 2048 pixels) with a 37-pixel (9.4″) gap between them after a 2 × 2 pixel binning. The observations were performed in the long-slit spectroscopic mode with the R1000R grism covering a wavelength range of 5100–10000 Å. The gap between the CCDs was parallel to the dispersion direction and thus would not affect the spectra. We adopted a 12″ -wide slit in OB-1, OB-3, and OB-4, and a 40″ -wide slit in OB-2 and OB-5 to avoid flux loss due to the partial coverage of the point spread function (PSF). A comparison star (2MASS 19493265+0439270 for OB-1, OB-3, OB-4, and OB-5; 2MASS 19494153+0437350 for OB-2; Cutri et al. 2003) was simultaneously observed with the target star through the slit in the five observations.
The data were reduced following the methods described in our previous work (Jiang et al. 2022) to produce the spec-troscopic light curves with 5-nm passbands from 521.8 nm to 922.4 nm, where the passband of 756.8–767.4 nm covering the
telluric oxygen A band was discarded in subsequent analysis due to the very-low signal-to-noise ratio. The broadband light curves (i.e., white-light curves) were obtained in the same manner but integrated from 521.8 nm to 922.4 nm excluding the oxygen A band.
3 Light curve analysis
3.1 Transit model
We employed the Python package PyTransit (Parviainen 2015) to model the transit light curves, assuming circular orbits. There are five transit parameters in the model: the planet-to-star radius ratio (Rp/Rs), normalized orbital semimajor axis (a/R⋆), orbital inclination (i), central transit epoch (tc), and orbital period (P). For each transit, the light curves were fit separately.
For broadband light curve fitting, we employed a four-parameter nonlinear stellar limb darkening law. The limb darkening coefficients (u1 to u4) were derived using LDTK (Parviainen & Aigrain 2015) and kept fixed in light curve fitting. The orbital period was determined based on the transit ephemeris updated by Wakeford et al. (2020), with the central epoch of each transit being a free parameter under a uniform prior. To avoid systematic biases in the transmission spectra and to facilitate subsequent joint atmospheric retrievals with the transmission spectra provided by Sheppard et al. (2021), we adopted the orbital semimajor axis and inclination values consistent with those used in Sheppard et al. (2021). Furthermore, we used the broadband radius ratio measured with HST STIS G750L (Rp/Rs = 0.10159 ± 0.00042, Sheppard et al. 2021), which essentially matches the wavelength coverage of OSIRIS R1000R, as the Gaussian prior for the broadband radius ratio. This was done to ensure consistency across the five transit observations and to obtain precise central transit epochs and broadband systematic noise. Table 1 shows the adopted parameters of the HAT-P-41 system.
We performed separate fittings for the narrowband light curve in each passband. The parameter settings for the narrowband fitting were kept consistent with those of the broadband, with the exception of Rp and Tc. The radius ratio was treated as a free parameter under a uniform prior, while the central epoch of each transit was fixed to the best-fit value derived from the broadband light curve fitting. To mitigate the impact of wavelength-independent systematic noise (i.e., common-mode systematics) and enhance the precision of the derived transmission spectra, we employed the common-mode correction method outlined in Gibson et al. (2013). This involved dividing the best-fit broadband light curve by the best-fit transit model to obtain the common-mode systematics. Each narrowband light curve was then divided by the common-mode systematics to apply this correction. We note that Gibson et al. (2013) used the Gaussian process (GP) systematics plus one to approximate the common mode systematics, while we used the best-fit broadband light curve divided by the best-fit transit model. Given that the amplitudes of the GP systematics were much smaller than one, these two approximations are virtually indistinguishable.
3.2 Correction for the companion star contamination
Hartman et al. (2012) reported a resolved neighboring star, located ~3.56″ away and 3.5 mag fainter than HAT-P-41 in the i band. Wöllert et al. (2015) further observed, through lucky imaging, that this neighboring star has magnitude contrasts of ∆i′ = 3.65 ± 0.05 and ∆𝒵′ = 3.40 ± 0.05, and a spectral type between F5 and M2 assuming physical companionship. According to the Gaia observations (Table A.2; Gaia Collaboration 2016, 2023), these two stars share similar parallaxes, radial velocities, and proper motions, suggesting their association.
To correct the flux contamination from the companion star, we performed a supplementary observation with 10 exposures during OB-3, where the slit was aligned to the direction from HAT-P-41 to the companion star, so that the spectra of the two stars could be spatially resolved. The distance between the PSF peaks of the two stars is ~3.5″ (14 pixels). To separate the two stellar spectra, we first subtracted the mirrored non-contaminated side of the target’s PSF from the other side to obtain the companion’s spectrum. Since strong residuals existed at the peak location of the target, we fitted a Gaussian function to target’s original PSF and made a mask for regions within 4σ from the peak location. We then repaired the masked region by mirroring the non-contaminated part of the companion’s PSF on the other side. The target’s spectrum was then obtained by subtracting the extracted companion’s spectrum from the total spectrum. The companion-to-host flux ratio in each passband was then calculated based on the extracted stellar spectra. The broadband flux ratio (521.8–922.4 nm excluding the oxygen A band) was measured to be 0.03885 ± 0.00083. The narrowband flux ratios are shown in Fig. 1. When fitting the light curve in each passband, the flux dilution effect was corrected by
[image: equation](1)
where 𝓕 is the companion-to-host flux ratio and f*(t) is the light curve model without flux dilution.
We further refined the constraints on the physical parameters of the companion star by fitting the observed flux ratios with PHOENIX model spectra (Husser et al. 2013) based on the stellar parameters from Hartman et al. (2012) and parallaxes measurements from the Gaia data (Gaia Collaboration 2016, 2023). This method was detailed in Nortmann et al. (2016) and Jiang et al. (2023). Figure 1 shows the fitting results of the flux ratios. The derived effective temperature of [image: equation] and radius of 0.708 ± 0.022 R⊙ suggest a K-type companion star. However, to accurately determine its gravity, mass, and spectral type, further high-resolution spectroscopic measurements are necessary.
	[image: thumbnail]	Fig. 1 Narrowband flux ratios between the companion and HAT-P-41. The error bars are the observed flux ratios, and the orange line is the best-fit curve obtained using the PHOENIX model spectra.



3.3 Gaussian process modeling
The light curve systematic noise was fitted with the multi-input GP regression implemented by the Python package George (Ambikasaran et al. 2015). The GP models were applied to all the broadband and narrowband light curves individually. We adopted the 3/2-order Matérn kernel function k(r) with multi-input variables (time t, seeing1 w, and pixel drift2 p) for GP modeling:
[image: equation](2)
where [image: equation] is the variance of the kernel, r is the distance between two input vectors (t, w, p) and (t + ∆t, w + ∆w, p + ∆p) normalized by the corresponding length scales ℓt, ℓw, and ℓp. In addition, the uncertainties of the normalized light curves were estimated as photon-dominated noise and usually underestimated the total white noise. To compensate for this, a jitter variance of [image: equation] was added to the diagonal of the covariance matrix (r = 0). Therefore, the free GP parameters in GP regression are σn, σk, ℓt, ℓw, and ℓp with log-uniform priors.
3.4 Fitting results
We used the nested sampling algorithm implemented by PyMultiNest (Buchner et al. 2014) to obtain posterior estimates and model evidence (see also Feroz & Hobson 2008 and Feroz et al. 2009 for more information on the MULTINEST algorithm). We used 1000 live points and a sampling efficiency of 0.3 in each run to reach a log-evidence precision of ~0.1 when fitting transit light curves. The fitting results of the broadband light curves are shown in Fig. A.1, while those of the spectroscopic light curve can be found at ScienceDB3. The posterior estimates of the central transit epochs are listed in Table 2. As shown in Fig. 2, the five transmission spectra observed with GTC OSIRIS showed good consistency in most wavebands, while discrepancies in the bluer and the redder ends are due to very strong systematics in the spectroscopic light curves, which were compensated by the very large uncertainties. While the removal of the common-mode noise helps reduce the amplitudes of light curve systematics and increase the precision of spectroscopic transit depths across most wavebands, the residual wavelength-dependent systematics could still result in the wavelength dependence of transit depth uncertainties. Given the low activity of the host star (Hartman et al. 2012; Sheppard et al. 2021), the subsequent retrieval analysis was performed using the weighted average of the five transmission spectra.
	[image: thumbnail]	Fig. 2 Transmission spectra of HAT-P-41b derived from the five transit observations with OSIRIS R1000R. Upper panel: five individual transmission spectra (colored error bars) and their weighted means (black error bars). Lower panel: same as the upper panel, but zoomed in for clarity.



Table 2 
Posterior estimates of the central transit time of HAT-P-41b.

4 Atmospheric retrievals
4.1 Model setup
We used the Python package petitRADTRANS (Mollière et al. 2019) to model the transmission spectrum of HAT-P-41b. A one-dimensional isothermal atmosphere was assumed with a pressure range from 10−6 to 102 bar and 100 uniform layers in logarithmic space. We included 12 chemical species (Na, K, MgO, AlO, TiO, VO, MgH, AlH, CaH, CrH, FeH, and H2O) that could show significant spectral features in the OSIRIS wavelength range, and four additional species (NH3, CH4, CO, and CO2) when retrieving the optical-to-near-infrared (NIR) joint transmission spectrum. We assumed free mass fractions mi for each chemical species i and used H2 and He as filler gases to keep the total mass fraction unity with a fixed He/H2 mass ratio of 0.3. Rayleigh-like scattering and collision-induced absorption of H2 and He were also included in the model, with the amplitude of the scattering features multiplied by a factor of As. Additionally, we assumed a uniform opaque cloud cover with a cloud top pressure of Pc, below which all transmitted light would be blocked. The forward model was originally computed with a spectral resolution (λ/∆λ) of 1000 then wavelength binned to the data passbands.
To infer the possible species from the spectral features, we removed one chemical species at a time from the free chemistry model and computed the difference of the log-evidence with and without that species, which is equivalent to the logarithmic Bayes factor. We interpret the Bayes factors using the criteria proposed by Kass & Raftery (1995), where the evidence is strong if |∆ ln 𝒵| ≥ 5, moderate if 3 ≤ |∆ ln 𝒵| < 5, weak if 1 ≤ |∆ ln 𝒵| < 3, and inconclusive if |∆ ln 𝒵| < 1. The Bayesian evidence and posterior estimates were obtained using the nested sampling algorithm in the same way as introduced in Sect. 3.4, but sampled with fewer live points (N = 500) due to the very high computational cost, which still guaranteed ~ 150 000 likelihood evaluations and ~3500 posterior samples.
4.2 OSIRIS transmission spectrum
We first computed the full atmospheric retrieval including all 12 chemical species (Fig. 3). The posterior joint distributions of the atmospheric parameters can be found at ScienceDB4. The retrieved model suggested a clear atmosphere (log10 Pc = [image: equation] bar) with a temperature of [image: equation], higher than the planetary equilibrium temperature (1941 ± 38 K, Hartman et al. 2012). The Bayesian evidence of the full retrieval (ln 𝒵 = 501.29 ± 0.16) was much stronger than that of a flat model (ln 𝒵 = 402.18 ± 0.12) or a pure scattering model (ln 𝒵 = 467.70 ± 0.14), suggesting significant spectral features in the OSIRIS transmission spectrum. These spectral features can mostly be characterized by the absorption signatures of TiO, while near the blue and red ends some excess absorption could be characterized by the absorption of MgH and CrH, respectively.
We then performed model comparison based on Bayesian evidence to validate the detection of each chemical species. We removed each chemical species from the full retrieval and estimated the Bayesian evidence for a model hypothesis excluding that species. If the new Bayesian evidence is substantially weaker than the Bayesian evidence of the full retrieval, it indicates that the absorption features of the missing species cannot be counteracted by other species, implying the need for that species to characterize the transmission spectrum. According to Table 3, there is very strong evidence for the presence of spectral features of TiO (∆ ln 𝒵 = 21.02), moderate evidence for that of CrH (∆ ln 𝒵 = 3.73), and weak evidence for that of MgH (∆ ln 𝒵 = 2.32) in the OSIRIS transmission spectrum, which can be approximated as a detection significance of 6.8σ for TiO, 3.2σ for CrH, and 2.7σ for MgH (Sellke et al. 2001; Benneke & Seager 2013). We found no evidence for the absorption signatures of the alkali metals or other metal oxides and hydrides.
The absorption features of TiO in the atmosphere of HAT-P-41b have been previously detected by HST STIS measurements (Sheppard et al. 2021), while those of CrH and MgH were discovered for the first time in this work. Sheppard et al. (2021) compared the results of two transmission spectrum models: the equilibrium chemistry models of PLATON and the free chemistry models of AURA. They found suggestive evidence for the optical absorbers and decisive evidence for water vapor in the 0.3–5.0 µm transmission spectrum of HAT-P-41b. While the free chemistry retrieval from AURA supports the presence of absorption features of Na I and AlO in the optical band, the results from PLATON favor the absorption of TiO and VO. However, we did not detect the absorption features of Na I and AlO in the OSIRIS transmission spectrum using the petitRADTRANS free chemistry model. Instead, we observed significantly higher chemical abundances of TiO compared to VO, which is different from the predictions of the equilibrium chemical model. Additionally, we found preliminary evidence for MgH and CrH, which are not included in the equilibrium chemistry model.
	[image: thumbnail]	Fig. 3 Retrieved transmission spectrum of HAT-P-41b observed with GTC OSIRIS. The error bars are the averaged OSIRIS transmission spectrum. The orange lines are the median and 2σ credible intervals of the posterior models. The black dots are the posterior model after wavelength binning to the observational passbands. The shaded regions below the posterior model indicate the reference models with only TiO (red), MgH (blue), or CrH (purple).



Table 3 
Bayesian model comparison of the chemical species retrieved with the OSIRIS transmission spectrum.

5 Discussion and conclusion
To precisely constrain the atmospheric chemical abundances, we performed a joint retrieval by combining the OSIRIS transmission spectrum with the 0.3–5.0 µm transmission spectrum presented in Sheppard et al. (2021). To account for possible transit depth offsets due to different instruments and/or light curve analysis methods, three arbitrary offsets were added separately as free parameters with a uniform prior of 𝓤(−1000, 1000) ppm to the HST STIS, HST WFC3 and Spit𝒵er IRAC transmission spectra. As shown in Fig. 4, the retrieved model from the joint transmission spectra exhibits strong absorption signatures of TiO, H2O, and CO2, and tentative signatures of AlO, MgH, and CrH, which are in good agreement with the results from the OSIRIS transmission spectrum in the optical wavelength range.
Figure 5 presents the posterior volume mixing ratios (VMRs5) of each chemical species obtained from the atmospheric retrievals, along with the VMRs predicted by the equilibrium chemistry model computed with GGChem (Woitke et al. 2018) assuming solar abundances. The chemical abundances constrained by the OSIRIS transmission spectrum alone are consistent with those constrained by the joint spectrum, except for AlO and H2O. Based on the joint retrieval, we obtain precise measurements of the abundances of AlO [image: equation], TiO [image: equation], MgH [image: equation], CrH [image: equation], H2O [image: equation], and CO [image: equation]. Sheppard et al. (2021) also report the detection of AlO in the optical wavelength range. We note that the main spectral features of AlO are from 0.40 to 0.55 µm and thus the measurement of AlO was mainly from the STIS G430L spectrum rather than the OSIRIS R1000R spectrum. In addition, the low abundances of MgO, VO, CaH, and FeH disfavor the presence of these species in the terminator atmosphere of HAT-P-41b. Comparing the retrieved VMRs with the equilibrium chemistry model that assumes solar abundances, we find super-solar abundances for all the well-constrained chemical species in the joint retrieval (AlO, TiO, MgH, CrH, H2O, and CO2). Although the detections of MgH and CrH were tentative, there is strong evidence for a super-solar TiO abundance (and a super-solar H2O abundance when considering the NIR data), supporting a metal-rich atmosphere for HAT-P-41b.
The high metallicity of the host star ([Fe/H] = 0.21 ± 0.10; Hartman et al. 2012) provides the conditions for the formation of a metal-rich atmosphere for HAT-P-41b. Considering that the equilibrium temperature of HAT-P-41b (Teq = 1941 ± 38 K) is in the empirical transition zone between hot and ultra-hot planets, around 2150 K (Stangret et al. 2022), its atmospheric composition may contain characteristics of both the low-temperature and high-temperature regimes from a statistical point of view. Therefore, aside from the detected H2O, CO2, and refractory molecules, atomic species such as H, Fe, Mg, and alkali metals are also possible to be found in future high-resolution observations of the atmosphere of HAT-P-41b.
The first tentative evidence for CrH was found in the atmosphere of WASP-31b, a hot Jupiter with an equilibrium temperature ~370 K cooler than that of HAT-P-41b, based on the observations of HST STIS G750L (Braam et al. 2021). The presence of CrH in WASP-31b was recently confirmed by highresolution transmission spectroscopy (Flagg et al. 2023). With the addition of HAT-P-41b, which potentially has CrH in its atmosphere, future studies could target the formation of Cr-bearing clouds in its planetary atmosphere (Lodders & Fegley 2006; Morley et al. 2012).
There are other hot Jupiters with temperatures, masses, radii, and host star parameters similar to those of HAT-P-41b, for example, CoRoT-1b (Barge et al. 2008), HAT-P-7b (Pál et al. 2008), HAT-P-32b (Hartman et al. 2011), HAT-P-65b (Hartman et al. 2016), and WASP-19b (Hebb et al. 2010). Observations of these planets show that hot Jupiters with transition-zone equilibrium temperatures orbiting F- to G-type stars can exhibit rich spectral features of both volatile species (e.g., H2O) and refractory species (e.g., TiO) if not obscured by high-altitude clouds or hazes (Huitson et al. 2013; Damiano et al. 2017; Sedaghati et al. 2017, 2021; Tsiaras et al. 2018; Chen et al. 2021; Czesla et al. 2022; Glidic et al. 2022; Changeat et al. 2022; Li et al. 2023; Jiang et al. 2023). The day-night and morning–evening differences could allow H2 and H2O to be dissociated into H− in the hot dayside and evening-side atmospheres, while recombining into water molecules or other metal hydrides in the cooler night-side and morning-side atmospheres (Parmentier et al. 2018). Our preliminary detection of MgH and CrH in the terminator
atmosphere sheds lights on the presence of H− in the hot dayside atmosphere. We speculate that the emission features of the day-side atmosphere might be obscured by the continuum absorption of H−, resulting in an emission spectrum with weak features and thus tending toward an isothermal profile, which would explain why the thermal inversion based on the secondary eclipse measurements from HST and Spit𝒵er was inconclusive (Fu et al. 2022).
In this study, we analyzed the optical transmission spectrum of HAT-P-41b using data from five transits observed by GTC OSIRIS. Our free-chemistry atmospheric retrievals and model comparisons provide strong evidence for the presence of TiO in the atmosphere of HAT-P-41b, and we also tentatively detected the signatures of MgH and CrH. Our joint retrieval analysis, which combined GTC, HST, and Spit𝒵er transmission spectra, yielded results consistent with the analysis of the OSIRIS data and provided precise constraints on the abundances of TiO, MgH, CrH, H2O, and CO2. The detection of abundant optical absorbers in HAT-P-41b’s high-temperature atmosphere suggests the possibility of a thermal inversion in its upper atmosphere. However, current thermal emission spectra have not provided decisive evidence for this inversion (Mansfield et al. 2021; Fu et al. 2022; Changeat et al. 2022), which may be due to the presence of H− obscuring other emission features. Future observations with broader wavelength coverages or higher spectral resolutions, such as those to be obtained by the James Webb Space Telescope (JWST) or other large ground-based telescopes, are needed to further characterize the dayside atmosphere of HAT-P-41b and confirm the signatures of metal hydrides.
	[image: thumbnail]	Fig. 4 Retrieval results of HAT-P-41b using the optical-to-NIR joint transmission spectra. Upper panel: transmission spectra measured with different instruments, shown as the error bars, where the median instrumental offsets have been applied (−4 ppm for STIS, 758 ppm for G141, and 388 ppm for IRAC). The median and 2σ credible interval of the posterior models are shown as orange lines. The black dots are the median model after wavelength binning. The shaded regions below the posterior model indicate the reference models with only AlO (green), TiO (red), MgH (deep blue), CrH (purple), H2O (sky blue), and CO2 (brown). Lower panel: same as the upper panel, but zoomed into the wavelength range of the OSIRIS transmission spectrum.



	[image: thumbnail]	Fig. 5 Posterior distributions of the VMRs of chemical species constrained by the OSIRIS transmission spectrum (blue) and the optical-to-NIR joint spectrum (red). The symbol X denotes the median logarithmic VMR (log10 VMR) of the corresponding color. The gray lines indicate the VMRs calculated using GGChem equilibrium chemistry (Woitke et al. 2018) assuming solar abundances at a pressure of 1 bar, where two planetary equilibrium temperatures were considered: 1941 K (dashed, assuming uniform heat redistribution) and 2308 K (dotted, assuming dayside heat redistribution only).
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Appendix A  Supplementary figures and tables
Table A.1 
Observation summary for HAT-P-41b.

Table A.2 
Measurements of the HAT-P-41 system and updated constraints on its companion.

	[image: thumbnail]	Fig. A.1 Fitting results of the broadband transit light curves of HAT-P-41b. Each row corresponds to one transit observation. Left column: Normalized fluxes (black error bars), the best-fit models (red), and the systematic noise (green, also the common-mode systematics). Middle column: Detrended light curves and the best-fit transit models. Right column: Residuals.
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1 Measured with the full width at half maximum of the stellar PSF fitted by a Gaussian function along the spatial direction at the central wavelength of ~750 nm.


2 Measured with the pixel drift of the stellar PSF fitted by a Gaussian function along the spatial direction at the central wavelength of ~750 nm.


3 https://doi.org/10.57760/sciencedb.11105


4 https://doi.org/18.57768/sciencedb.11185


5 Volume mixing ratio VMR = mi ⋅ µ/µi, where mi and µi are the mass fraction and the particle mass of the species i, and µ is the atmospheric mean molecular weight.
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      Table 1 

      Input parameters of the HAT-P-41 system used in this work.

      
        


	Symbols
	Parameters
	Values
	References





	Stellar parameters
	
	
	



	Teff
	Stellar effective temperature (K)
	6390 ± 100
	[1]



	[Fe/H]
	Stellar metallicity
	0.21 ± 0.10
	[1]



	log10 𝑔⋆
	Stellar gravity (cgs)
	4.14 ± 0.02
	[1]



	M⋆
	Stellar mass (M⊙)
	1.418 ± 0.047
	[1]



	R⋆
	Stellar radius (R⊙)
	[image: equation]
	[1]



	Planetary parameters
	
	
	



	Mp
	Planetary mass (MJ)
	0.800 ± 0.102
	[1]



	Rp
	Planetary radius (RJ)
	1.685 ± 0.076
	[1]



	Teq
	Planetary equilibrium temperature (K)
	1941± 38
	[1]



	P
	Orbital period (day)
	2.69404861
	[2]



	t0
	Initial transit epoch (BJDTDB)
	2456600.29325
	[2]



	a/R⋆
	Orbital semimajor axis relative to the stellar radius
	5.44 ± 0.15
	[1]



	i
	Orbital inclination (deg)
	87.7 ± 1.0
	[1]



	Rp/Rs
	Planet-to-star radius ratio (HST STIS G750L)
	0.10159 ± 0.00042
	[3]





      

      
References. [1] Hartman et al. (2012), [2] Wakeford et al. (2020), [3] Sheppard et al. (2021).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Narrowband flux ratios between the companion and HAT-P-41. The error bars are the observed flux ratios, and the orange line is the best-fit curve obtained using the PHOENIX model spectra.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Transmission spectra of HAT-P-41b derived from the five transit observations with OSIRIS R1000R. Upper panel: five individual transmission spectra (colored error bars) and their weighted means (black error bars). Lower panel: same as the upper panel, but zoomed in for clarity.

      

    

  
    
      Table 2 

      Posterior estimates of the central transit time of HAT-P-41b.

      
        


	#
	Date
	Tc (BJDTDB)





	OB-1
	2013-06-21
	[image: equation]



	OB-2
	2014-07-14
	[image: equation]



	OB-3
	2016-07-05
	[image: equation]



	OB-4
	2016-07-13
	[image: equation]



	OB-5
	2022-08-11
	[image: equation]





      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Retrieved transmission spectrum of HAT-P-41b observed with GTC OSIRIS. The error bars are the averaged OSIRIS transmission spectrum. The orange lines are the median and 2σ credible intervals of the posterior models. The black dots are the posterior model after wavelength binning to the observational passbands. The shaded regions below the posterior model indicate the reference models with only TiO (red), MgH (blue), or CrH (purple).

      

    

  
    
      Table 3 

      Bayesian model comparison of the chemical species retrieved with the OSIRIS transmission spectrum.

      
        


	Species
	∆ ln 𝒵 (a)
	Inferences





	Na
	0.11
	Inconclusive



	K
	−0.46
	Inconclusive



	MgO
	0.22
	Inconclusive



	AlO
	0.37
	Inconclusive



	TiO
	21.02
	Strong



	VO
	−0.58
	Inconclusive



	MgH
	2.32
	Weak



	AlH
	−0.34
	Inconclusive



	CaH
	0.09
	Inconclusive



	CrH
	3.73
	Moderate



	FeH
	−0.4
	Inconclusive



	
	0.15
	Inconclusive





      

      
Notes. (a) Logarithmic Bayesian evidence (ln 𝒵) of the full retrieval subtracting that of the hypothesis excluding one chemical species, where the uncertainty of ln 𝒵 is ~0.15. The values with boldface indicate l∆ ln 𝒵| ≥ 1.




    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Retrieval results of HAT-P-41b using the optical-to-NIR joint transmission spectra. Upper panel: transmission spectra measured with different instruments, shown as the error bars, where the median instrumental offsets have been applied (−4 ppm for STIS, 758 ppm for G141, and 388 ppm for IRAC). The median and 2σ credible interval of the posterior models are shown as orange lines. The black dots are the median model after wavelength binning. The shaded regions below the posterior model indicate the reference models with only AlO (green), TiO (red), MgH (deep blue), CrH (purple), H2O (sky blue), and CO2 (brown). Lower panel: same as the upper panel, but zoomed into the wavelength range of the OSIRIS transmission spectrum.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Posterior distributions of the VMRs of chemical species constrained by the OSIRIS transmission spectrum (blue) and the optical-to-NIR joint spectrum (red). The symbol X denotes the median logarithmic VMR (log10 VMR) of the corresponding color. The gray lines indicate the VMRs calculated using GGChem equilibrium chemistry (Woitke et al. 2018) assuming solar abundances at a pressure of 1 bar, where two planetary equilibrium temperatures were considered: 1941 K (dashed, assuming uniform heat redistribution) and 2308 K (dotted, assuming dayside heat redistribution only).

      

    

  
    
      Table A.1 

      Observation summary for HAT-P-41b.

      
        


	#
	Proposal ID
	Date (UT)
	Slit (″)
	Readout (kHz)
	Exp. time (s)
	Useful exposures
	Airmass (start – min – end)
	Seeing(1) (95% interval)





	OB-1
	GTC52-13A(1)
	2013-06-21
	12
	200
	8.0
	426
	1.71 – 1.09 – 1.23
	1.07″ – 2.34″



	OB-2
	GTC9-14A(1)
	2014-07-14
	40
	200
	7.0
	668
	2.27 – 1.10 – 1.18
	0.69″ – 1.60″



	OB-3
	GTC65-16A(3)
	2016-07-05
	12
	500
	7.5
	987
	1.74 – 1.09 – 1.33
	0.84″ – 1.32″



	OB-4
	GTC65-16A(3)
	2016-07-13
	12
	500
	20.0
	707
	1.39 – 1.09 – 2.18
	1.37″ – 2.24″



	OB-5
	GTC90-22A(4)
	2022-08-11
	40
	200
	10.0
	602
	1.35 – 1.10 – 2.43
	0.94″ – 1.73″





      

      
Notes. The OSIRIS instrument was positioned at the Nasmyth-B focus of GTC for the first four observations, and at the Cassegrain focus for OB-5.(1) Seeing is measured with the full width at half maximum of the stellar PSF along the spatial direction at the central wavelength of ~750 nm.(2) PI: E. Pallé.(3) PI: R. Alonso.(4) PI: F. Murgas.




    

  
    
      Table A.2 

      Measurements of the HAT-P-41 system and updated constraints on its companion.

      
        


	Parameters
	HAT-P-41
	Companion
	References





	Right ascension (deg)
	297.322651868
	297.322580691
	[1]



	Declination (deg)
	4.672411376
	4.671410231
	[1]



	Parallax (mas)
	2.85 ± 0.02
	2.91 ± 0.03
	[1]



	Radial velocity (km/s)
	32.54 ± 0.47
	32.63 ± 3.81
	[1]



	Proper motion (mas/yr)
	7.30
	7.65
	[1]



	Effective temperature (K)
	6390 ± 100
	[image: equation]
	[2], this work



	Metallicity (dex)
	0.21 ± 0.10
	[image: equation]
	[2], this work



	Gravity (cgs)
	4.14 ± 0.02
	[image: equation]
	[2], this work



	Mass (M⊙)
	1.418 ± 0.047
	[image: equation]
	[2], this work



	Radius (R⊙)
	[image: equation]
	[image: equation]
	[2], this work





      

      
Notes. [1] Gaia Collaboration (2016, 2023) [2] Hartman et al. (2012)




    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Fitting results of the broadband transit light curves of HAT-P-41b. Each row corresponds to one transit observation. Left column: Normalized fluxes (black error bars), the best-fit models (red), and the systematic noise (green, also the common-mode systematics). Middle column: Detrended light curves and the best-fit transit models. Right column: Residuals.
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