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Abstract

Context. Exoplanet atmospheres are the key to understanding the nature of exoplanets. To this end, transit spectrophotometry provides us opportunities to investigate the physical properties and chemical compositions of exoplanet atmospheres.

Aims. We aim to detect potential atmospheric signatures in 12 gaseous giant exoplanets using transit spectrophotometry and we try to constrain their atmospheric properties.

Methods. The targets of interest were observed using transit spectrophotometry with the GTC OSIRIS instrument. We estimated the transit parameters and obtained the optical transmission spectra of the target planets using a Bayesian framework. We analyzed the spectral features in the transmission spectra based on atmospheric retrievals.

Results. Most of the observed transmission spectra were found to be featureless, with only the spectrum of CoRoT-1b showing strong evidence for atmospheric features. However, in combination with the previously published near-infrared transmission spectrum, we found multiple interpretations for the atmosphere of CoRoT-1b due to the lack of decisive evidence for alkali metals or optical absorbers.

Conclusions. Featureless spectra are not necessarily indicative of cloudy atmospheres if they poorly constrain the altitudes of cloud decks. Precise constraints on the models of hazes and clouds strongly depend on the significance of the observed spectral features. Further investigations on these exoplanets, especially CoRoT-1b, are required to confirm the properties of their atmospheres.
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1 Introduction
Exoplanet atmospheres provide crucial insights into the nature of exoplanets. By analyzing their physical properties and chemical compositions, we can gain a deeper understanding of planet formation and evolution. One widely used technique for studying exoplanet atmospheres is transit spectroscopy (Seager & Sasselov 2000; Brown 2001). This method involves analyzing the transmission spectra of exoplanets to identify absorption and scattering signatures at the day-night terminators. From these spectra, we can derive parameters using simplified atmospheric radiative transfer models, estimate the abundances of various atomic and molecular species, and constrain the altitudes of clouds and hazes (Madhusudhan 2019).
For the large-aperture ground-based telescopes currently in operation, close-in transiting giant planets can be suitable targets for transit spectrophotometric observations. In addition to characterizing individual targets, it is also important to conduct population studies on large groups of exoplanets to identify statistical trends and suggest new directions for future research. Many such studies have been performed on exoplanet transmission spectra using space-based observations from the instruments such as the Space Telescope Imaging Spectrograph (STIS) and Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST) and the Infrared Array Camera (IRAC) on the Spitzer Space Telescope (Iyer et al. 2016; Sing et al. 2016; Stevenson 2016; Barstow et al. 2017; Crossfield & Kreidberg 2017; Fu et al. 2017; Tsiaras et al. 2018; Fisher & Heng 2018; Pinhas et al. 2019; Welbanks et al. 2019; Gao et al. 2020; Baxter et al. 2021; Roudier et al. 2021; Edwards et al. 2022). The STIS (G430L, G750L) spectra cover the optical wavebands and are used to study features such as Rayleigh scattering and alkali metal absorption (Na I and K I), while the WFC3 (G141) spectra mainly focus on the H2O absorption features around 1.4 µm. Sing et al. (2016) compared the transmission spectra of ten hot Jupiters, from clear to cloudy, with theoretical models, and found that clouds and hazes, rather than primordial water depletion, were responsible for the weaker spectral signatures in the WFC3 wavebands. The retrieval analyses performed by Barstow et al. (2017), Tsiaras et al. (2018), and Pinhas et al. (2019) constrained the H2O abundances and the aerosol properties in exoplanet atmospheres, revealing subsolar H2O abundances in some planets. Roudier et al. (2021) investigated the possibility of disequilibrium chemistry in exoplanet atmospheres using 62 transmission spectra observed by HST WFC3. They found that disequilibrium chemistry occurs in about half of the samples, and therefore plays an important role in interpreting exoplanet atmospheres. Most recently, Edwards et al. (2022) conducted a homogeneous analysis of the transmission spectra of 70 exoplanets observed by HST WFC3. Over half of the samples show strong evidence for atmospheric features. While the HST WFC3 G141 data alone were not sufficient to extract detailed trends from the whole population of objects, the researchers did identify general patterns of super-solar water abundances in most samples.
While many studies of exoplanet atmospheres rely on observations with distinct spectral features to effectively constrain the physical properties and chemical abundances, there are also plenty of observed targets with featureless spectra or nondetection results. This raises the question of whether we can learn anything about exoplanet atmospheres from inconclusive results. For instance, gas giant planets with cloudy atmospheres often have featureless or weakly characterized transmission spectra because high-altitude clouds attenuate the absorption signals of atomic and molecular gases across broad wavebands. Conversely, if a puffy gaseous planet is observed and its transmission spectrum is found to be flat, the nondetection of transmission signals may result from multiple factors such as the low signal-to-noise ratio (S/N) of the transmission spectrum, the depletion of the chemical composition, and the presence of clouds and/or hazes. By combining a large number of observed featureless transmission spectra, it may be possible to establish a relationship between atmospheric cloudiness and the physical properties of an exoplanet. This relationship could then be used to predict the cloudiness of other exoplanets, improving the efficiency of target selection for atmospheric characterization.
In this study, we aim to study the atmospheres of 12 gaseous giant exoplanets (CoRoT-1b, Barge et al. 2008; HAT-P-18b, Hartman et al. 2011; HAT-P-57b, Hartman et al. 2015; Qatar-1b, Alsubai et al. 2011; TrES-4b, Mandushev et al. 2007; WASP-2b, Collier Cameron et al. 2007; WASP-10b, Christian et al. 2009; WASP-32b, Maxted et al. 2010; WASP-36b, Smith et al. 2012; WASP-39b, Faedi et al. 2011; WASP-49b, Lendl et al. 2012; and WASP-156b, Demangeon et al. 2018) by detecting their spectral features using transit spectrophotometry. These planets span a wide range of parameters (Fig. 1). Some have large pressure scale heights that could produce significant atmospheric signatures if their atmospheres are clear (e.g., CoRoT-1b, HAT-P-18b, TrES-4b, WASP-39b, WASP-49b, and WASP-156b). Others have smaller scale heights and can be used to investigate under what circumstances the featureless spectra can be interpreted as cloudy atmospheres, or whether the activity of their host stars can affect the observed transmission spectra with weak features. By combining data from all targets, we aim to determine whether it is possible to predict the observability of atmospheric signatures based on certain planetary parameters.
This paper is organized as follows. In the next section, we summarize the observations and data reduction procedures. Section 3 introduces our light-curve analysis methods, while Sect. 4 describes the details of our atmospheric retrievals. We further investigate several targets that have been studied in other literature and discussed the possible statistical trends in Sect. 5. Finally, we draw our conclusions in Sect. 6.
2 GTC Observations and data reduction
In this work, a total of 12 transiting exoplanets were observed using the Optical System for Imaging and low-intermediate-Resolution Integrated Spectroscopy on the Gran Telescopio Canarias (GTC OSIRIS; Cepa et al. 2000). We observed one transit for each target, except for WASP-36b, for which we observed two transits. The observations were carried out using the longslit spectroscopic mode of OSIRIS. The unvignetted field of view for OSIRIS is 7.8′ × 7.8′. The detector consists of a mosaic of two red-sensitive CCDs (2048 × 4096 pixels) with a 9.4″ gap between them. The pixel scale is 0.254″ after a 2 × 2 pixel binning in the spectroscopic mode. The readout speed is 200 kHz for the standard mode and 500 kHz for the fast readout mode. The adopted grisms were R1000B or R1000R, both with a resolution of ~1000. The R1000B grism covers a wavelength range of 3630–7880 Å, while the R1000R grism covers a wavelength range of 5100–10400 Å. In each observation, a comparison star was simultaneously observed with the target star through a 12″ or 40″ slit. The calibration images (the flat, the bias, and the arc lines of Ne, Xe, and HgAr) were obtained on the same day as the science observations. Further details of the observations are provided in Table 1.
We followed the data reduction procedures outlined in our previous work (Jiang et al. 2022) and used customized IDL and IRAF scripts to remove the bias, flat, sky, and cosmic rays. The optimal extraction algorithm (Horne 1986) was used to produce 1D stellar spectra. Then, we aligned the spectra of the target and the reference stars based on the cross-correlation of telluric oxygen A- and B-bands in the wavelength solutions. The stellar flux counts were summed in narrow passbands and normalized by out-of-transit median values to produce spectroscopic light curves. We obtained white light curves in the same manner but used a broader passband that excluded the telluric oxygen A-band (755–765 nm). When using the OSIRIS R1000R grism, we adopted uniform 10-nm passbands from 525 nm to 925 nm and discarded spectra with wavelengths longer than 925 nm due to fringing patterns and second-order contamination. When using the R1000B grism, we adopted nonuniform passbands from 400 nm to 785 nm due to the very low response at the blue end. The specific passband setups are provided in Tables B.1–B.3.
	[image: thumbnail]	Fig. 1 Parameter distribution of the target planets. The letters “C”, “H”, “Q”, “T”, and “W” are short for “CoRoT-”, “HAT-P-”, “Qatar-”, “TrES-”, and “WASP-”, respectively. The colors indicate the equilibrium temperature of the planet. The marker size is linearly proportional to the atmospheric scale height relative to the planetary radius (H/Rp ∝ RpTeq/Mp), where H is the scale height, Rp is the planetary radius, Mp is the planetary mass, and Teq is the equilibrium temperature. The adopted parameters are listed in Table 3. The dashed lines are the isogravity lines, where gJ indicate Jupiter’s gravity.



Table 1 
Observation summary.

Table 2 
Input parameters and derived broadband limb darkening coefficients of the host stars.

3 Transit light-curve analysis
3.1 Light-curve model
We adopted PyTгansit (Parviainen 2015) to calculate the transit light-curve models. This Python package is implemented based on the transit models presented by Mandel & Agol (2002) and Giménez (2006). We assumed a quadratic limb-darkening law and estimated the prior constraints on the stellar limb-darkening coefficients u1 and u2 using the LDTK Python package (Parviainen & Aigrain 2015) with input stellar parameters (Teff, [M/H], and log g) from the literature values (Table 2). In broadband light-curve fitting, the free transit parameters were the planet-to-host-star radius ratio Rp/Rs, the central transit time Tc, the semimajor axis relative to the host star radius a/Rs, the inclination i, and the quadratic limb-darkening coefficients u1 and u2. We assumed uniform priors for Rp/Rs and Tc, Gaussian priors for a/Rs and i based on the literature estimates, and Gaussian priors for u1 and u2 based on the LDTK estimates. The orbital period P was fixed to the literature value, and circular orbits were assumed for all targets. Table 3 presents the input priors and values of the transit parameters for broadband light-curve fitting. In narrowband light-curve fitting, the free transit parameters were the wavelength-dependent transit parameters (Rp/Rs, u1 and u2), while the wavelength-independent parameters (Tc, a/Rs, and i) were fixed to the best-fit values derived from the broadband light-curve fitting.
Some of the target stars were reported to have companion or background stars (HAT-P-57, TrES-4, WASP-2, WASP-36b, and WASP-49b; see Appendix A for more information). If a contamination star was included in the photometric aperture, the flux dilution effect would result in slight underestimations of transit depths. Consequently, a false slope might appear in the derived transmission spectrum if the chromatic flux ratio between the contamination star and the target star have a strong wavelength dependency. We followed several procedures to correct the effects of flux dilution. First, we estimated the stellar parameters of the companion or background stars based on their spectral types determined by previous research papers (TrES-4, Wöllert et al. 2015; WASP-2, Bohn et al. 2020). We took values from the stellar color and effective temperature sequence provided by Pecaut & Mamajek (2013) as approximation. Next, we generated model spectra of the target and the companion stars based on their stellar parameters (Teff, log g, and [M/H]) via grid interpolation of the PHOENIX stellar atmosphere models (Husser et al. 2013). Then, we rescaled the stellar spectra in the OSIRIS passbands based on the measured flux ratio reported in previous literature (e.g., Δi′ mag = 4.49 ± 0.09 for TrES-4 and its companion star; Wöllert et al. 2015). We also used Monte Carlo sampling to achieve error propagation from the uncertainties of stellar parameters to those of flux ratios. The obtained mean values and uncertainties were used for the Gaussian priors of flux ratios in the light-curve fitting for each passband. Finally, we corrected the flux dilution effect with Eq. (1):
[image: equation](1)
where ℱ is the companion-to-target flux ratio in the corresponding passband, and ƒ*(t) is the transit light-curve model without flux dilution.
We used Gaussian process (GP) to account for the noise components in the light-curve fitting, which was first introduced to retrieve robust transit models by Gibson et al. (2012). Jiang et al. (2022) investigated the reliability and accuracy of GP regression in realistic spectroscopic light-curve analyses, and they considered GP regression in practice as a direct and effective way to characterize systematic noise. In this work, we follow the methods in Jiang et al. (2022) to perform GP regression. We use the code geoгge (Ambikasaran et al. 2015) to compute GP components, which allows multi-input GPs in light-curve modeling. For most of the targets, we adopted the vectors of time and seeing variation (characterized by the full width at half maximum, FWHM, of the stellar spectrum along the spatial direction at the central wavelength of each passband) as GP input vectors. We noticed that some of the light curves were largely affected by the rapid change of instrumental rotation angles. Therefore, for the light curves of HAT-P-18b, TrES-4b, WASP-10b, we also added the vector of instrumental rotation angles as GP inputs. The GP kernel functions were implemented by combining multiple 3/2-order Matérn kernels (Rasmussen & Williams 2006):
[image: equation](2)
or
[image: equation](3)
where [image: equation] is the variance, kM32(r) is the 3/2-order Matérn function provided by geoгge, rx is the normalized distance between two data points xi and xj, ℓx is the length scale, the subscripts t, w, and α refer to the time, the seeing variation, and the rotation angle, respectively. A jitter term with a variance of [image: equation] was then added to the diagonal of the covariance matrix calculated by the kernel function to account for the underestimation of white noise. The GP parameters [image: equation], [image: equation], ℓt, ℓw, and ℓα are free parameters in the light-curve fitting. We have also tried other possible combinations of GP kernels, although Eqs. (2) and (3) were considered as the best GP models according to the model comparison of Bayesian evidence.
Table 3 
Input physical and orbital parameters of the planets.

3.2 Bayesian framework
We used the nested sampling algorithm (Skilling 2004) to conduct Bayesian parameter estimation and model comparison, which is implemented by the code PyMultiNest (Feroz et al. 2009; Buchner et al. 2014). The nested sampling algorithm is designed for efficient estimation of Bayesian evidence (marginalized likelihood):
[image: equation](4)
where D is the observed data, ℋ is the model hypothesis, ℒ is the likelihood, π is the prior function, Θ is the parameter vector, and m is the model dimensionality. The posterior distributions of the parameters can be generated from the full sequence of nested sampling points. PyMultiNest computes the natural logarithmic Bayesian evidence ln 𝒵. To compare two model hypotheses ℋ1 and ℋ2, we compute the difference of natural logarithmic evidence of the two hypotheses: Δ ln 𝒵12 = ln(𝒵1/𝒵2), which is equivalent to the logarithm of the Bayes factor. A decisive model preference is determined when |Δ ln Z| > 5 according to the criteria proposed by Kass & Raftery (1995). In all fittings presented in this work, we used 1000 live points in the nested sampling to reach an evidence precision of ~0.05.
Table 4 
Posterior estimates of transit parameters of all target planets in broadband light-curve fitting.

3.3 Results of light-curve fitting
The best-fit white-light curves are shown in Fig. 2. The derived transit parameters of all target planets are listed in Table 4. We show the posterior distribution of the transit parameters for CoRoT-1b in Fig. B.1, while those of the other planets are available at ScienceDB1. The posterior estimates of the transit parameters are consistent with literature values. As shown in Fig. 2, the light curves of HAT-P-18b, HAT-P-57b, TrES-4b, WASP-10b, and WASP-156b were considerably affected by large amplitudes of systematic noise, where those ofHAT-P-18b, TrES-4b, and WASP-10b could be well characterized by adding a GP component of instrumental rotation angles. The light curves of HAT-P-57b and WASP-156b were mostly affected by seeing variation and their extracted systematics are highly correlated with the vector of FWHM, while the multi-input GP models considering time and FWHM could still extract the transit signals and the systematic noise correctly.
We did not remove the common-mode patterns for narrowband light curves because typical common-mode reduction methods such as the “divide-white” method might underestimate the uncertainties of chromatic transit depths (Jiang et al. 2022). The resulting chromatic transit depths of all target planets are listed in Tables B.1 (CoRoT-1b, HAT-P-18b, HAT-P-57b, Qatar-1b, and TrES-4b), B.2 (WASP-2b, WASP-32b, WASP-36b, WASP-49b, and WASP-156b), and B.3 (WASP-10b and WASP-39b).
To ensure the consistency of our results when analyzing data for WASP-36b, we jointly fitted the light curves from two nights of observations. We simultaneously fitted the two light curves in the same waveband with the same transit parameters (except for Tc) but different GP parameters. The total likelihood function was calculated as the sum of the log-likelihoods of the two fits. In addition, we also verified whether the obtained transmission spectra were consistent when fitting the light curves separately for each night, and we found that the obtained spectra agreed well in the bluer part, while there were 1- to 2-σ differences near the red end. Given that WASP-36 is a metal-poor G2 dwarf with low stellar activity (Smith et al. 2012), it is less likely that the host star activity would significantly affect the transmission spectra of WASP-36b and cause variations at the red end. Therefore, it is reasonable to fit both data sets of WASP-36b together to obtain better constraints.
4 Atmospheric retrieval
4.1 Model setups
We use the Python package petitRADTRANS (hereafter pRT; Mollière et al. 2019) to model the transmission spectra of exo-planet atmospheres. We assumed one-dimensional atmospheres with isothermal atmospheric profiles. The opacities of different atmospheric layers are contributed by gas absorption, collision-induced absorption, and Rayleigh-like scattering. We used the equilibrium chemistry model and the free chemistry model to separately determine the corresponding chemical abundances of gas absorption. When assuming chemical equilibrium, pRT uses 4D linear interpolation to obtain the mass fractions of 20 species (H2, H, He, H2O, H2S, HCN, CH4, C2H2, CO, CO2, NH3, PH3, SiO, TiO, VO, Na, K, FeH, e−, H−; see Table B.4 for reference) over the model grids precalculated with easyCHEM (Baudino et al. 2017; Mollière et al. 2017). The grid dimensions are temperature (T ∈ [60,4000] K with 100 equidistant points), pressure (P ∈ [10−8,103] bar with 100 equidistant points in log space), metallicity ([M/H] ∈ [−2,3] with 40 equidistant points) and carbon-to-oxygen ratio (C/O ∈ [0.1,1.6] with 20 equidistant points). The collision-induced absorption consisted of the continuum opacities of H2-H2 and H2-He pairs. The scattering features were characterized by Rayleigh scattering opacities of H2 and He scaled with a free parameter (ƒhaze). The model also considered a uniform and opaque cloud deck with a cloud-top pressure of Pc, under which the atmosphere is completely obscured. The transmission spectra were first computed at a spectral resolution of λ/Δλ = 1000 and then rebinned to the same passbands as the observed data.
We used the same Bayesian framework illustrated in Sect. 3.2 to fit the atmospheric models and retrieve the posterior parameters and model evidence. To evaluate the absorption signatures in each transmission spectrum, we performed model comparison with the following four hypotheses: ℋ0, a null model with no atmosphere (a flat spectrum); ℋ1, an atmosphere with only cloud and scattering features; ℋ2, an atmosphere with cloud, scattering, and gas absorption features assuming equilibrium chemical abundances; ℋ3, an atmosphere with cloud, scattering, and gas absorption features assuming free chemical abundances. The null hypothesis (ℋ0) has only one free parameter: the planet radius (Rp). The scattering-only hypothesis (H1) has six free parameters: the reference pressure (P0), the planet radius (Rp) at P0, the planet mass (Mp), the atmospheric temperature (T), the cloud-top pressure (Pc), and the scaling factor of Rayleigh scattering (ƒhaze). The equilibrium chemistry hypothesis (ℋ2) includes all the parameters in ℋ1, plus two parameters, the metallicity ([M/H]) and the carbon-to-oxygen ratio (C/O), for determining the chemical abundances. The free chemistry hypothesis (ℋ3) includes all the parameters in ℋ1, plus the mass fractions of the major species (Na, K, and H2O), keeping a total mass fraction of unity and a He/H2 mass ratio of 0.3. For the planets with higher equilibrium temperatures (CoRoT-1b, HAT-P-57b, TrES-4b, WASP-32b, WASP-36b, and WASP-49b), the optical absorbers TiO and VO were also considered in their free chemistry models. Uninformative priors were adopted for all the free parameters except for Rp and Mp, which were constrained by the Gaussian priors based on the literature values in Table 3. We estimated the Bayesian evidence of ℋ0, ℋ1, ℋ2, and ℋ3 for each transmission spectrum using the nested sampling algorithm. We then compared the Bayesian evidence of ℋ1, ℋ2, and ℋ3 with that of ℋ0 to derive the model inferences using the criteria illustrated in Sect. 3.2.
	[image: thumbnail]	Fig. 2 Best-fit white-light curves of all targets. The black dots are the observed data. The red lines are the best-fit curves. The green lines are the extracted GP systematics. The blue lines are the derived transit models.



4.2 Retrieval results
We show the transmission spectra retrieved with the equilibrium chemistry models (ℋ2) and the free chemistry models (ℋ3) in Figs. 3 and 4, where we also present a fiducial transmission spectrum for each target assuming clear atmospheres with equilibrium temperature, 1× solar metallicity, and a solar C/O of 0.53 for comparison. The posterior estimates of atmospheric retrievals are listed in Table B.5 (equilibrium chemistry) and Table B.6 (free chemistry). The joint distributions of the retrieved parameters for CoRoT-1b are shown in Figs. B.2 and B.3, while those for the other planets are available at ScienceDB2. According to Bayesian model comparison (Table 5), most of the transmission spectra were found to be featureless, and there was no significant difference between the results from the equilibrium chemistry models and the free chemistry models, implying that the strong constraint of the chemical equilibrium assumption is not the primary cause of null inferences. The exoplanet CoRoT-1b was the only target with significant scattering features and possible absorption signatures of atomic Na and K.
We found that some of the retrieval results have considerable differences from the fiducial models. For instance, the fiducial model of CoRoT-1b exhibited the absorption signatures from both alkali metals and TiO at solar abundances due to its high equilibrium temperature (Teq = 1898 ± 50 K, Barge et al. 2008). Although its retrieval results also indicate a relatively clear atmosphere with a cloud-top pressure of 0.67 ± 1.70 log10 bar from equilibrium chemistry and 0.25 ± 1.81 log10 bar from free chemistry, the equilibrium chemistry model prefers an atmosphere with a high C/O (~1.5), thus lower abundances and weaker features for TiO and VO. On the other hand, the free chemistry model showed bimodal mass fractions of TiO, suggesting that the far wings of alkali lines can also be fitted with the TiO absorption features. There are two ways to resolve this divergence. One is to verify the line core and wings of the sodium D-lines at higher resolution. On the other hand, we can use a broader wavelength coverage of the transmission spectra to better constrain the continuum spectrum of TiO and VO. We would further discuss these two tests for CoRoT-1b in Sect. 5.1.
The exoplanets WASP-36b, WASP-39b, and WASP-49b also showed different features between their fiducial transmission spectra and the retrieved spectra. All of their fiducial models indicate very strong absorption signatures of Na and K, but none were detected in the observed spectra. The cloud and haze parameters for WASP-36b remained weakly constrained, with the small scale height of its atmosphere and the low signal-to-noise ratio (S/N) of the observed spectra likely responsible for the nondetection. The exoplanet WASP-39b has a very large scale height and was therefore expected to show distinct alkali lines. Previous research has also reported the possible presence of atomic Na and/or K in its atmosphere (e.g., Fischer et al. 2016; Nikolov et al. 2016; Kirk et al. 2019; Feinstein et al. 2023; Rustamkulov et al. 2023). However, our observation found no evidence for the alkali metals, but a very high-altitude cloud cover (log10 Pc = −3.37 ± 2.45 log10bar).
In the case of WASP-49b, the retrieval results showed a ~270× enhanced Rayleigh-like scattering, which greatly obscured the alkali absorption lines. Although a hazy atmosphere was able to explain the muted atmospheric features of WASP-49b, the corresponding Bayesian evidence was not strong enough to obtain a decisive inference for a hazy atmosphere (Table 5).
For WASP-156b, both the fiducial model and the retrieval results suggested weak atmospheric features. However, the observed spectrum showed very strange and unexplained bumps at both the blue and the red ends (520–600 nm; 800–900 nm). These two features could not be interpreted by any species provided by the pRT and were likely to originate from light-curve systematic noise (Fig. 2).
In our study of HAT-P-57b, we attempted to improve the constraint on its mass through atmospheric retrievals. The atmospheric scale height, which determines the amplitudes of spectral features in the planetary transmission spectra, is inversely proportional to the planetary mass. If the mass is small enough, the corresponding atmospheric features should be detectable unless obscured by high-altitude clouds. As such, the observed transmission spectra can help constrain the planetary mass to some extent, particularly when strong atmospheric features are present (e.g., de Wit & Seager 2013; Changeat et al. 2020). However, in the case of HAT-P-57b, we did not detect any atmospheric signals in its transmission spectrum. Due to model degeneracy between the planetary mass and radius, the mass of HAT-P-57b remains poorly constrained and its posterior estimate is close to the prior estimate. Further constraints on the atmospheric scale height and the mass of HAT-P-57b depend on more precise measurements of its atmospheric signatures.
Table 5 
Bayesian evidence of the atmospheric retrievals.

	[image: thumbnail]	Fig. 3 Retrieval results of the transmission spectra of HAT-P-57b, Qatar-1b, WASP-2b, WASP-10b, and WASP-32b, assuming equilibrium chemistry (left column) and free chemistry (right column). The black points with error bars are the observed data, where the points in the oxygen A-band have been excluded (755–765 nm). The orange lines and the shaded areas are the median, 1σ-, and 2σ-intervals of the retrieved spectra. The blue lines are the fiducial models assuming clear atmospheres with equilibrium temperature, 1× solar metallicity, and a solar C/O of 0.53, and the planetary radii have been adjusted to match the observed data. The panels are sorted by the normalized scale heights (2H/Rp) from top to bottom.



	[image: thumbnail]	Fig. 4 Retrieval results of the transmission spectra of CoRoT-1b, HAT-P-18b, TrES-4b, WASP-39b, WASP-49b, and WASP-156b, assuming equilibrium chemistry (left column) and free chemistry (right column). The black points with error bars are the observed data, where the points in the oxygen A-band have been excluded (755–765 nm). The orange lines and the shaded areas are the median, 1σ-, and 2σ-intervals of the retrieved spectra. The blue lines are the fiducial models assuming clear atmospheres with equilibrium temperature, 1× solar metallicity, and a solar C/O of 0.53, and the planetary radii have been adjusted to match the observed data. The panels are sorted by the normalized scale heights (2H/Rp) from top to bottom.



5 Discussion
5.1 Further investigation on individual targets
5.1.1 Dubious spectral features of CoRoT-1b
Ranjan et al. (2014) first studied the transits of CoRoT-1b and TrES-4b observed with the HST WFC3 instrument (G141 grism). They presented featureless NIR spectra and detected no clear source of opacities. The resulting spectra had a low S/R due to the staring observation mode. Changeat et al. (2022), Glidic et al. (2022), and Edwards et al. (2022) reanalyzed the same NIR dataset and confirmed a NIR transmission spectrum with weak spectral features. Here we combine the NIR spectra published by Changeat et al. (2022) with the OSIRIS optical spectrum to further constrain the atmospheric models of CoRoT-1b. The basic model setups of pRT were same as those in Sect. 4. Additionally, a free transit depth offset δ following a uniform prior of 𝒰(−0.002,·0.002) was added to the WFC3 spectrum to compensate for the potential systematic biases caused by different light-curve analysis methods and systematic noise. We compared the following model hypotheses in the joint retrievals: ℋ0, a null model with no atmosphere (a flat spectrum); ℋ1, a cloudy and/or hazy atmosphere without absorption signatures; ℋ2, an atmosphere assuming equilibrium chemical abundances; ℋ3, an atmosphere assuming free chemical abundances with six species: Na, K, H2O, CH4, CO, and CO2; ℋ4, an atmosphere assuming free chemical abundances including all the species in ℋ3, plus TiO and VO.
As shown in Fig. 5, the results of the joint retrievals were partially consistent with our previous analysis using only the OSIRIS spectrum in Fig. 4. Unlike the retrieval results of the equilibrium chemistry model from the optical transmission spectra, the joint spectra did not show significant alkali metal absorption signals in the retrieved models, but only strong scattering features. The spectrum retrieved with the equilibrium chemistry model was similar to that retrieved with a hazy model without gas absorption. In contrast, the free chemistry model emphasized the tentative spectral features in the joint data. However, different results were obtained when the optical absorbers (TiO and VO) were included or excluded in the model. When TiO and VO were excluded, the results showed weak absorption features of the alkali atoms Na and K. The corresponding volume mixing ratio of Na was [image: equation] dex, approximately one order of magnitude lower than that obtained using the optical data alone, while the volume mixing ratio of K was [image: equation] dex, slightly higher than that obtained using the optical data alone. When TiO and VO were included in the model, the spectral features of TiO and VO overwhelmed those of Na and K, resulting in unconstrained abundances of Na and K. However, both free chemistry models with or without TiO and VO explained the observed data equally well. The small differences in their Bayesian evidence suggest that all four scenarios can explain the observed data from a Bayesian model comparison perspective. The absence of water absorption features in the near-infrared band is an important reason for undistinguished chemistry models.
We further examined the narrower passbands from 536.8 nm to 641.8 nm with a wavelength binning of 5 nm to verify the sodium D-lines centered at ~589.3 nm (Fig. 6). We performed a free chemistry retrieval in the presence of atomic Na using a higher resolution line list with λ/Δλ = 104 (downsampled from λ/Δλ = 106). According to Bayesian model comparison, there was no strong evidence for the sodium D-lines (Δ ln 𝒵/𝒵null = 0.62 ± 0.06), indicating nondetection of sodium when using narrower passbands. The potassium D-lines were difficult to detect reliably due to their proximity to the oxygen A-band (758–770 nm), resulting in lower S/N and stronger systematics in spectroscopic light curves. We found that the observed peaks had offsets of 5–10 nm toward the red end from the line cores of Na and K, which could not be explained by any physical process from the planet or host star. The wavelength calibration in data reduction showed no anomalies that could cause such a large offset (Fig. B.4). Therefore, the suspicious peaks in the OSIRIS spectrum of CoRoT-1b may be outliers or false signals. This suggests that when probing line features based on low-dispersion transmission spectroscopy, it is necessary to carefully analyze the core and wing parts to verify that the detected signal appears correctly at the line core and is not influenced by the outliers from the line wings (e.g., Chen et al. 2022).
In summary, the absorption features in the atmosphere of CoRoT-1b still lack effective constraints. The equilibrium chemistry model prefers an atmosphere with weak features, but this interpretation has a flaw in the equilibrium chemistry itself, that is, the planetary atmosphere may not be in a state of chemical equilibrium. Limited by the precalculated chemistry grids, a proper characterization of the data may not be obtained even if the parameter space is fully explored. On the other hand, the free chemistry models provided stronger spectral signatures. However, according to the narrowband analysis, we could not exclude the possibility that the detected absorption lines of alkali metals were spurious signals. The model with the presence of TiO and VO seems reasonable, as Changeat et al. (2022) have presented strong evidence for the presence of VO in the terminator region based on the NIR transmission spectrum of CoRoT-1b, and decisive evidence for H2O, VO, and H- in the dayside atmosphere based on the thermal emission of CoRoT-1b observed by the HST and the Spitzer Space Telescopes. However, it is still possible that those detected features might be fluctuations in the systematic noise of the transmission spectra, especially in the optical part. A high-confidence detection of TiO and VO could be obtained from high-resolution observations. Overall, we did not have a clear detection in the atmosphere of CoRoT-1b based on the current data. Future data with higher S/N and broader wavelength coverage are needed to further investigate its atmosphere. For example, JWST observations with continuous coverage in the near-infrared wavelengths can be used to validate the detection results of CoRoT-1b.
	[image: thumbnail]	Fig. 5 Retrieval results of the joint transmission spectra of CoRoT-1b using different model assumptions. The orange lines are the posteriors of the retrieved models. The yellow dots are models downsampled to the data passbands. The Bayesian evidence for each hypothesis is denoted as ln 𝒵. The median offsets of the NIR spectra in the retrievals have been added to the error bars in each panel, which are -92 ppm (upper left), 10 ppm (upper right), −54 ppm (lower left), and −146 ppm (lower right).



	[image: thumbnail]	Fig. 6 Transmission spectrum of CoRoT-1b zoomed into 536.8–641.8 nm and centered at the sodium D-lines. The black points with error bars are the observed data. The orange lines are the posteriors of free chemistry models with presence of atomic Na, while the blue lines are those of null models. The dots correspond to the models after a wavelength binning of 5 nm.



5.1.2 Featureless spectra of HAT-P-18b, Qatar-lb, TrES-4b, WASP-39b, and WASP-49b
The exoplanets TrES-4b and WASP-39b have the largest pressure scale heights among the targets studied. However, their atmospheric transmission spectra did not exhibit any significant spectral features. For TrES-4b, we performed additional atmospheric retrievals joint with the WFC3 transmission spectrum (Ranjan et al. 2014) considering three scenarios: a null hypothesis, an equilibrium chemistry hypothesis, and a free chemistry hypothesis. The results showed a flat and featureless optical-to-NIR transmission spectrum of TrES-4b with no strong Bayesian evidence for any atmospheric features (Fig. 7). One explanation for such results is cloud obscuration. If most absorption and scattering features were obscured by opaque clouds, the cloud top should be constrained to a very high altitude. However, the obtained posterior estimates of the cloud-top pressure were weakly constrained (−0.80 ± 2.26 log10 bar for equilibrium chemistry and −1.15 ± 2.33 log10 bar for free chemistry). Thus, while high-altitude cloud cover is a plausible explanation for the featureless spectrum of TrES-4b, conclusive evidence is still lacking.
Previous observations of WASP-39b have mostly focused on the optical band using the HST (Fischer et al. 2016), the Very Large Telescope (Nikolov et al. 2016) and the William Herschel Telescope (Kirk et al. 2019), while more recently there have also been observations with the James Webb Space Telescope (JWST) with full coverage from optical to near-infrared (Ahrer et al. 2023; Alderson et al. 2023; Feinstein et al. 2023; Rustamkulov et al. 2023). Fischer et al. (2016) and Nikolov et al. (2016) reported the detection of atomic Na and Κ, while Kirk et al. (2019) presented only a tentative detection of K. Wakeford et al. (2018) reported a precise constraint on the H2O abundance after combining their HST WFC3 data with previously published data. According to these observations, the atmosphere of WASP-39b has significant absorption features and is considered to be clear. We compared the OSIRIS spectrum with the previously published optical spectra and show that our transmission spectrum is still in agreement with the literature results (Fig. 8). However, the relatively large observational errors of our results prevented the detection of any atmospheric signatures, including the previously reported alkali D-lines.
In addition to WASP-39b, the published transmission spectra of HAT-P-18b, Qatar-1b, and WASP-49b also showed no significant absorption signatures in low resolution observations. Kirk et al. (2017) presented an optical transmission spectrum of HAT-P-18b with Rayleigh scattering features. High dispersion spectroscopy revealed an extended atmosphere for HAT-P-18b with the detection of metastable helium (Paragas et al. 2021). Thus, it is possible that the scattering of the high-altitude haze obscured the alkali features in its atmosphere. Lendl et al. (2016) and von Essen et al. (2017) reported the featureless optical transmission spectra of WASP-49b and Qatar-1b, in agreement with our results. The transmission signals of WASP-49b and Qatar-1b are ~221 ppm and ~109 ppm per unit scale height. If they have clear atmospheres, the atmospheric features should be revealed with the ideal precision of the ground-based instruments including the GTC OSIRIS, the FORS2 on the Very Large Telescope (VLT), or the GMOS on the Gemini telescopes. Thus, the non-detection of WASP-49b and Qatar-1b could be attributed to the presence of high-altitude hazes, which should be confirmed by further observations in bluer wavebands. A more conservative explanation is that the systematic noise in transit light curves prevented the observed transmission spectra from reaching the theoretically expected precision, making the otherwise clear signals indistinguishable.
	[image: thumbnail]	Fig. 7 Retrieval results of the optical-to-NIR spectra of TrES-4b. The results from the equilibrium chemistry model and the free chemistry model are shown in the upper and the lower panels, respectively. The orange line and the shaded areas indicate the posteriors distribution of the retrieved spectra. The yellow dots correspond to the models rebinned to the data passbands. The median offsets of the NIR spectra are -246 ppm in the upper panel and -430 ppm in the lower panel.



	[image: thumbnail]	Fig. 8 Comparison between the transmission spectra of WASP-39b obtained in this work and the results found in the literature.



5.1.3 Effect of stellar activities in the cases of WASP-10b and WASP-32b
According to Smith et al. (2009) and Brothwell et al. (2014), the host stars WASP-10 (K5V) and WASP-32 (GOV) are both active stars with photometric modulations induced by starspots. Smith et al. (2009) reported that WASP-10 has a brightness modulation with a period of ~11.95 days and amplitudes of 6.3–10.1 mmag. Brothwell et al. (2014) reported a rotation period of 11.6 ± 1.0 days for WASP-32. In addition, Maciejewski et al. (2011a,b) reported possible periodic TTVs in the transit light curves of WASP-10b, while Barros et al. (2013) suggested that the observed TTVs of WASP-10b should be attributed to starspot occultation rather than a companion planet. These studies suggest that the effect of stellar activity should be considered when analyzing the transmission spectra of WASP-10b and WASP-32b. These planets have very small atmospheric scale heights due to their large masses, making the transmission signals originated from their atmospheres too weak to be detected with current observational precision. However, this provides a unique opportunity to study the effects of stellar activity on planetary transmission spectra. Rackham et al. (2018, 2019) discussed possible spectral features introduced by unocculted starspots and faculae during the transit, hereafter called the stellar contamination effect. Here we adopted their simplified parametric model to characterize such effects. Based on Bayesian model evidence, we analyzed whether the unocculted activity regions would affect the observed transmission spectra of WASP-10b and WASP-32b.
Following Rackham et al. (2018), the transmission spectrum modified by stellar contamination becomes
[image: equation](5)
where Dλ,obs is the observed chromatic transit depth at the wavelength λ, Dλ,cleaг is the calculated chromatic transit depth for a clear stellar photosphere, f is the fraction of unocculted heterogeneous regions, Fλ is the model stellar spectrum, Thet and Tphot are the temperatures of the heterogeneous regions and the quiescent photosphere, respectively. The temperatures Thet and Tphot were estimated with Stefan-Boltzmann law:
[image: equation](6)
The stellar contamination model is therefore controlled by three free parameters: Teff, Thet, and ƒ, where Teff follows a Gaussian prior from the literature values listed in Table 2, Thet follows a uniform prior of 𝒰(2100,9000) K, and ƒ follows a uniform prior of 𝒰(0· 0.5).
Figure 9 presents the results of the atmospheric retrievals taking int account the effect of stellar contamination. The tentative slopes observed in the transmission spectra of WASP-10b and WASP-32b could not be attributed to Rayleigh scattering features due to their small atmospheric scale heights, but could be explained by the stellar contamination induced by unocculted starspots to some extent. The retrieved parameters of the stellar contamination model yielded a starspot temperature of [image: equation] K and a starspot fraction of [image: equation] for WASP-10b, while a starspot temperature of [image: equation] K and a starspot fraction of [image: equation] for WASP-32b. The temperature contrasts between the photosphere and the starspots were therefore ~1200 K for WASP-10 and ~1300 K for WASP-32, which were basically consistent with the statistical trends presented in Berdyugina (2005). Although we successfully retrieved the parameters from the stellar contamination models, the corresponding Bayesian evidence was very weak for either WASP-10b (Δ ln 𝒵 = 0.69) or WASP-32b (Δ ln 𝒵 = −0.34). The host star WASP-10 has a K5 spectral type with rich contamination features at wavelengths greater than than 0.7 µm. In contrast, WASP-32 is a G0 star with contamination features are mainly concentrated at the bluer end (~0.4 µm). However, as shown in Fig. 9, the transmission spectrum of WASP-10b was observed with the OSIRIS R1000B grism, covering only a wavelength range of 0.40–0.78 µm and lacking important constraints from the 0.8 to 1 µm range. On the other hand, the spectrum of WASP-32b was observed with the R1000R grism, missing the bluer wavelength range that best constrains the stellar contamination models, which makes it difficult to obtain strong model evidence. Therefore, although it is theoretically feasible to constrain the models of stellar spots and/or faculae based on the stellar contamination effect on exoplanet transmission spectra, a decisive inference for the presence of unocculted starspots requires significant differences between the quiescent and the active regions of the stellar photosphere and precise measurements of the transmission spectra.
	[image: thumbnail]	Fig. 9 Transmission spectra of WASP-10b (upper panel) and WASP-32b (lower panel) interpreted with stellar contamination models. The black points with error bars are the observed data. The blue lines and shaded areas are the retrieved null models, while the orange ones are the retrieved models with unocculted starspots. The circles are the best-fit spectra after wavelength binning.



5.2 Possible causes of the featureless spectra
In Sect. 4.2, we showed that most of the target planets exhibited featureless transmission spectra across a range of atmospheric scale heights. Here we explored two possible reasons for these featureless spectra: large transit depth errors relative to small atmospheric scale heights and coverage by high altitude clouds and/or hazes. These factors often act in concert to produce featureless spectra. Determining which factor is dominant is crucial for accurately interpreting transmission spectra. To this end, we conducted a population study of the observed targets.
We first compared the observational errors of the transmission spectra with the planetary atmospheric scale heights to see whether the observational precision allows the detection of major atmospheric signatures if the planets have clear atmospheres. The OSIRIS transmission spectra mainly cover the spectral features at optical wavelengths, where the signatures of alkali atoms could be dominant in the absence of other optical absorbers such as TiO and VO. Therefore, we adopted the absorption amplitude of the sodium D-lines centered at 589.3 nm under the assumption of a clear atmosphere and solar abundances to characterize the strength of transmission signals at visible wavelengths. The sodium absorption depths were rebinned in the passband of 585-595 nm, consistent with that of the observed spectroscopic light curves. The amplitudes of Na absorption and the transit depth errors are normalized by the planetary scale heights for convenience:
[image: equation](7)
where DNa is the calculated transit depth in the passband of 585–595 nm, [image: equation] is the transit depth of the opaque planetary disk(approximated by our calculated broadband transit depths), ε(Dλ) is the observational error of the chromatic transit depth, and 2H/Rp is the previously defined normalized scale height. The quantities [image: equation] and [image: equation] are the numbers of scale heights that the amplitude of Na absorption and the observational error are equivalent to. Apparently, in order to detect the spectral features in a clear atmosphere at high confidence levels, the observational errors, [image: equation], must be much smaller than [image: equation] in all optical passbands. Figure 10 shows that [image: equation] is typically distributed between 5 and 15 times scale heights, while most of the observational errors of the transmission spectra are larger than [image: equation], suggesting that the observational precision does not allowed us to detect any atmospheric signatures in a single transit observation even if they posses clear atmospheres. Only three targets, CoRoT-1b, WASP-39b, and WASP-49b, had relatively better precision of the transmission spectra, so their transmission spectra reached the required precision for detecting the sodium D-lines. In this case, the nondetection of sodium is either due to the absence or depletion of sodium in their atmospheres, or due to the presence of high-altitude clouds, hazes, and/or optical absorbers.
Next, we illustrate whether high-altitude clouds and hazes could be the dominant factor for the nondetection in the observed transmission spectra. As introduced in Sect. 4, we assumed a uniform opaque cloud deck in the planetary atmospheric model, simply characterized by a cloud-top pressure. Figure 10 shows the posterior estimates of the cloud-top pressure from the atmospheric retrieval (using only the optical data). We found that for most of the targets with large uncertainties in the transmission spectra, the posterior estimates of the cloud-top pressure remained unconstrained and were close to the uniform prior of 𝒰(−6, 3) (log10 bar). CoRoT-1b was the only target with a relatively low cloud top ([image: equation]), although its scattering factor showed a bimodal distribution due to the indistinct absorption features. The nondetection of WASP-39b and WASP49b resulted in high-altitude clouds for the former and enhanced Rayleigh-like scattering for the latter. However, for other planets with large scale heights (e.g., HAT-P-18b, TrES-4b, and WASP-156b), the cloud-top pressures were still weakly constrained from their flat transmission spectra due to the very large transit depth uncertainties. We performed additional test retrievals for all targets assuming a fixed solar C/O and a fixed solar metallicity, but even such a strong prior forcing spectral features did not significantly improve the fitted cloud and haze parameters. This suggests that featureless transmission spectra of exoplanets with large scale heights do not necessarily indicate the presence of high-altitude clouds. Line & Parmentier (2016) discussed the degeneracy between the atmospheric scale heights and clouds. Smaller scale heights due to either a low temperature, a high gravity, and/or a high mean molecular weight would make it much more difficult to constrain the cloud model. Precise constraints on the cloud model heavily depend on the pressure broadening features of the absorption signatures. Therefore, it is quite difficult to constrain the cloud-top pressure in the absence of spectral features. High altitude clouds should not be used as a universal explanation for featureless transmission spectra.
In conclusion, the large uncertainties of the transmission spectra are considered to be the dominant reason for the non-detection of transmission signals in this work. The uncertainties of a transmission spectrum largely depend on the noise levels of the transit light curves. In Fig. 11, we analyzed the possible relationship between the chromatic transit depth errors and the light-curve noise and found some correlation between the transit depth errors and the light-curve systematics. This suggests that the systematic noise is the dominant component affecting the light-curve analyses and resulting in large uncertainties of the transmission spectra in ground-based observations. While specific light-curve analysis methods can be used to suppress common-mode noise and reduce overall uncertainty (e.g., the divide-white method; Gibson et al. 2013; Stevenson et al. 2014), these methods may reduce accuracy or introduce spurious artificial features (Jiang et al. 2022). As such, these methods were not applied in our light-curve analyses. The resulting observational errors are acceptable for single transit observations and allow for robust estimation of atmospheric models. However, more transit observations are necessary to improve the observational precision and confirm the atmospheric conditions of those targets with large scale heights, such as WASP-39b.
	[image: thumbnail]	Fig. 10 Population analysis on the observed targets. Upper panel: observational errors of the chromatic transit depths in unit of scale heights (gray squares) compared with the nominal amplitudes of the sodium D-lines assuming clear atmospheres (yellow dots). Middle panel: posterior distributions of the cloud-top pressures from the retrieved atmospheric models assuming chemical equilibrium. Lower panel: posterior distributions of the scattering factors from the retrieved atmospheric models assuming chemical equilibrium. The error bars indicate the 1σ credible intervals.



	[image: thumbnail]	Fig. 11 Correlations between the chromatic transit depth errors and light-curve noise. Left panel: transit depth errors and light-curve white noise. Right panel: transit depth errors and light-curve systematic noise. The solid lines are the best-fit linear regression results, and the dashed lines indicate the 1σ credible intervals.



6 Conclusions
In this work, we analyzed the atmospheres of 12 transiting gaseous giant planets using transit spectrophotometry. The transit observations were conducted with the GTC OSIRIS instrument in the optical wavebands. We used a robust GP framework for transit light-curve analysis and obtained a low-resolution transmission spectrum for each target. We then performed one-dimensional atmospheric retrievals on the observed transmission spectra. Through Bayesian model comparison, the transmission spectra for most of the target planets are found to be flat and featureless. Following is the summary on the individual targets:

	CoRoT-1b: Among the observed spectra in this work, only that of CoRoT-1b exhibited strong atmospheric signatures. However, we could not find a decisive model inference when combined with the published WFC3 data of CoRoT-1b. When assuming chemical equilibrium, strong scattering features are preferred in the joint spectrum. When assuming free chemical abundances, the joint spectrum could be explained by either the absorption features of Na and K or those of TiO and VO, where additional evidence for VO has been presented in Changeat et al. (2022). We suggested that the atmosphere of CoRoT-1b should be relatively clear but has a depleted water abundance. Further observations are necessary for verify its atmospheric features.


	TrES-4b: We did not find any spectral features in the OSIRIS or the published WFC3 spectra. Thus its atmospheric model is still poorly constrained, though it has a relatively large scale height.


	WASP-10b and WASP-32b: The atmospheric features in their atmospheres are too weak to detect because of the small scale heights. The effects of stellar contamination could be used to explain the tentative slopes in their transmission spectra, although no strong evidence was foundforthecontamination model because the wavelength range covered did not capture the most important spectral features for either target.


	HAT-P-57b: Previous measurements provided only a weak constraint on the mass of this planet (1.41 ± 1.52 MJ) due to its A-type host star. We attempted to improve the mass constraint by fitting its atmospheric model with the observed transmission spectrum, but were unsuccessful due to the absence of significant atmospheric signatures.


	The others: No atmospheric features were detected in HAT-P-18b, Qatar-1b, WASP-2b, WASP-36b, WASP-39b, WASP-49b, and WASP-156b, mainly because the systematics in the OSIRIS transit light curves substantially reduced the S/N of their transmission spectra.



We also performed a population study on the obtained transmission spectra, which showed that large observational errors, rather than high-altitude clouds, are the main reason for the nondetec-tion of spectral features for most targets. As such, the possibility of clear atmospheres for these exoplanets cannot be ruled out. Further observations are needed to improve the S/N of the transmission spectra for planets with large pressure scale heights, including HAT-P-18b, TrES-4b, WASP-39b, WASP-49b, and WASP-156b, so that the potential spectral features can be identified. It should be noted that featureless transmission spectra should not be simply interpreted as cloudy atmospheres. With current ground-based instruments, it is difficult to break the degeneracy between clouds and metallicity. Therefore, we can only make relatively conservative estimates and inferences based on atmospheric retrievals and model comparisons. A broader wavelength coverage for transit spectroscopy is critical for the characterization of exoplanet atmospheres since many molecular absorption features are not detectable in the optical wavebands. The high-precision instruments on JWST in the near- to mid-infrared wavebands, such as NIRSpec, NIRISS, NIRCam, and MIRI, will greatly improve the constraints on the exoplanet atmospheric models (e.g., Beichman et al. 2014; Greene et al. 2016; Stevenson et al. 2016; Mollière et al. 2017; Bean et al. 2018), and thus our understanding of exoplanets.
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Appendix A  Targets with background star contamination
Five of the targets have nearby stars that would cause flux dilution in the transit light curves. Of these, only the contamination stars of HAT-P-57 and WASP-36 could be spatially resolved in the OSIRIS spectroscopic observations. For the contamination stars of TrES-4, WASP-2, and WASP-49, we inferred their stellar parameters based on previous research papers (Table A.1). We then used Monte Carlo sampling to generate stellar spectra with the PHOENIX model and calculate the flux ratios and corresponding errors in each passband (Fig. A.1). For those of HAT-P-57 and WASP-36 that could be spatially resolved in our observations, we fit the stellar PSFs along the spatial direction with Gaussian functions to directly measure their chromatic flux ratios. The chromatic flux ratios were then rebinned to the narrow passbands of the transmission spectra to correct for the flux dilution in spectroscopic light-curve fitting. As shown in Fig. A.1, the narrowband flux ratios range from 0.005 to 0.05, resulting in nonnegligible flux dilutions. We note that all the flux ratios have a positive slope, indicating that the contamination stars are redder than their corresponding target stars.
We also attempted to retrieve the stellar parameters of the contamination stars for HAT-P-57 and WASP-36 from the measured flux ratios. The forward modeling of the flux ratios was done by interpolating the parameter grids of the PHOENIX model spectra, where the free parameters were the effective temperature Teff, the gravity log g, and the metallicity [M/H] of the contamination star, as well as a scaling factor, (R2/R1)2/(D2/D1)2, since we do not know the relative distance from the two stars to the observer (D2/D1). The retrieval algorithm was achieved by PyMultiNest, which is the same as our light-curve fitting and atmospheric retrievals. The mass M and radius R of the contamination star could then be calculated using the retrieved posteriors of Teff, log g, and [M/H]. However, due to the limitations in the parameter ranges (Teff : 2300 – 11 800 K; log g: 3.0 – 6.0; [M/H]: −1.0 – 1.0) and grid steps (100 – 200 K for Teff; 0.5 for log g and [M/H]) of the PHOENIX model, we could only obtain very rough estimates and classification for these companions based on the relative flux measurements, and the estimated parameters may be inaccurate if the companions are not main-sequence stars.
A.1 HAT-P-57
According to Hartman et al. (2015), there is a binary object ~2.667″ separated from HAT-P-57, which is likely to be physically associated with our target star. Its two components are separated by ~0.225″. Therefore in the GTC OSIRIS spectroscopic observation, we could only resolve the binaries as a whole by fitting the PSFs of the stellar spectra along the spatial direction, but could not resolve the two components in that system. Hartman et al. (2015) measured the relative magnitudes between the binary components and HAT-P-57 in the H- and L′-band, which are ΔHB = 2.82 ± 0.10 and [image: equation] for one of the components, while ΔHC = 3.83 ± 0.11 and [image: equation] for the other one. They also reported that the binary components have masses of 0.61 ± 0.10 M⊙ and 0.53 ± 0.08 M⊙.
We conducted a retrieval calculation on the stellar parameters of the binary objects. We considered the sum of the two individual components as the total spectrum of the binary object. Thus, the free parameters in this retrieval were the effective temperature Teff,B, the logarithmic gravity log gB, and the metallicity [M/H]B for the component B, and Teff,C, log gC, and [M/H]C for the component C. We adopted Gaussian priors on the same parameters for HAT-P-57 (Table 2) to achieve error propagation. The fitting results are shown in Fig. A.1 and the retrieved parameters are listed Table A.1. We found that the two objects in the binary system have very different temperatures, which is ~3659 K for one star and ~ 10 265 K for the other. The one with the lower temperature is well consistent with the mass constraint from Hartman et al. (2015), but the other one seems not a K-type or M-type dwarf. We note that the observed flux ratios for HAT-P-57 (the top panel in Fig. A.1) is relatively flat near the blue end (< 600 nm). This indicated an object with a temperature comparable to or even higher than that of HAT-P-57. However, considering that these three stars are physically bounded, their distances to the observer should be quite the same. If the object of the higher temperature is an A-type dwarf with a retrieved mass of [image: equation] and a radius of [image: equation], it should be as much bright as the host star, which is not the case. Therefore, we speculate that this object might be a white dwarf, and thus the PHOENIX model grids were not suitable for it. Further investigations are required to confirm this white dwarf candidate.
	[image: thumbnail]	Fig. A.1 Companion-to-host flux ratios in each narrow passband. The orange lines in the panels of HAT-P-57 and WASP-36 are the best-fit models for companion-star parameter estimation, while the uncertainties are too small to be shown.



Table A.1 
Retrieved or presumed stellar parameters of the contamination stars.

A.2 TrES-4
A companion star has been reported by Bergfors et al. (2013), Faedi et al. (2013), Wöllert et al. (2015), and Wöllert & Brandner (2015). According to Wöllert et al. (2015), there is a companion star to TrES-4 at a separation of 1.596″ and a magnitude contrast of Δi′ = 4.49 ± 0.08 mag, and its spectral type is estimated to be K2 – M2. Based on their results, we further estimate the effective temperature, and the surface gravity of the companion star using the empirical spectral type-color sequence from Pecaut & Mamajek (2013). We lack information on the metallicity of the contamination star. Therefore, we assumed an uninformative prior constraint of 𝒰(−1, 1) on its metallicity, which is the maximum range supported by the PHOENIX model grids.
A.3 WASP-2
A nearby star of WASP-2 has been reported by Collier Cameron et al. (2007), Daemgen et al. (2009), Bergfors et al. (2013), Adams et al. (2013), Ngo et al. (2015), Wöllert et al. (2015), Evans et al. (2016), and Bohn et al. (2020). According to Wöllert et al. (2015), it is potentially a companion star at a separation of ~0.71″ from WASP-2 with a magnitude contrast of 3.51 ± 0.04 in the i′ band and 3.26 ± 0.06 in the 𝓏′ band. Based on the i′ – 𝓏′ color, they determined a spectral type of K2 – M3 for the companion star. Bohn et al. (2020) reported a magnitude contrast of 2.55 ± 0.07 in the K band, and they further constrained its mass and effective temperature to be 0.40 ± 0.02 M⊙ and 3523 ± 24 K, respectively.
A.4 WASP-36
According to Smith et al. (2012), there are four fainter background stars that are close to WASP-36. They are separated from WASP-36 by approximately 4″, 7″, 13″, and 17″. These four stars are roughly in a straight line with WASP-36 in the sky plane, and are perpendicular to the dispersion direction in the GTC OSIRIS observations in this work. Therefore, although these background stars were simultaneously included in the slit, with an optimized aperture size of 4.3″, only the nearest one had a noticeable effect on the spectrum of WASP-36. And because the two stars could be spatially resolved by the GTC, we could solve their flux ratios by fitting their PSF profiles in each pass-band and then correct the flux dilution effect in the light-curve fitting. The calculated flux ratio in the broadband (525 – 925 nm) is 0.0102 ± 0.0005. The chromatic flux ratios increase from 0.0026 ± 0.0004 at 530 nm to 0.0209 ± 0.0009 at 920 nm. If the dilution effect was not corrected, an tentative scattering-like slope would appear in the obtained transmission spectrum.
The retrieval calculation of stellar parameters showed that the nearby contamination star should be an M-type star with an effective temperature of [image: equation] K. The PHOENIX model spectra suggested that the contaminated star has a low gravity ([image: equation]) and therefore might be a red giant. Further observations are required to confirm its luminosity class.
A.5 WASP-49
There is a nearby star at a separation of 2 2″ from WASP-49, and its flux dilution effect is nonnegligible. Lendl et al. (2016) reported a magnitude contrast of Δ𝓏 = 4.30 ± 0.12, and Evans et al. (2016) reported a magnitude contrast of ΔrTCI = 4.979 ± 0.018, which indicates that the nearby star is much fainter and redder than WASP-49. It is not clear whether this nearby star is physically bounded to WASP-49, and its spectral type and stellar parameters have not been determined yet. Considering that WASP-49 is a G6V star, we could only assume that the contamination star has a spectral type of K0 - M9 so as to obtain rough estimation on its effective temperature, radius, and mass.

Appendix B  Additional tables and figures
	[image: thumbnail]	Fig. B.1 Posterior distribution of the parameters from the white-light-curve fitting of CoRoT-1b. The contours indicate 1- to 3-σ credible intervals. The parameters from left to right are Rp/Rs: planet-to-star radius ratio; α/Rs: orbital semimajor axis relative to star radius; i: orbital inclination, Tc: observed central transit time subtracting the predicted central transit time (BJDTDB); u1 and u2: quadratic limb-darkening coefficients; [image: equation]: variance of the GP jitter term; [image: equation]: variance of the GP kernel function; ℓt and ℓw: length scales of the input variables (the time vector and the FWHM of the PSF).



Table B.1 
Transmission spectra of CoRoT-1b, HAT-P-18b, HAT-P-57b, Qatar-1b, and TrES-4b.

Table B.2 
Transmission spectra of WASP-2b, WASP-32b, WASP-36b, WASP-49b, and WASP-156b.

	[image: thumbnail]	Fig. B.2 Posterior distribution of the retrieved atmospheric parameters for CoRoT-1b assuming chemical equilibrium based on the OSIRIS transmission spectrum only.



	[image: thumbnail]	Fig. B.3 Posterior distribution of the retrieved atmospheric parameters for CoRoT-1b assuming free chemistry based on the OSIRIS transmission spectrum only.



	[image: thumbnail]	Fig. B.4 Normalized stellar spectra of CoRoT-1 and its reference star (UCAC4 435-02201). The vertical lines indicate the positions of strong lines.



Table B.3 
Transmission spectra of WASP-10b and WASP-39b.

Table B.4 
References of the adopted opacity line lists.

Table B.5 
Posterior estimates of the atmospheric retrievals using the OSIRIS data alone (equilibrium chemistry hypothesis).

Table B.6 
Posterior estimates of the atmospheric retrievals using the OSIRIS data alone (free chemistry hypothesis).

Table B.7 
Posterior estimates of the atmospheric parameters retrieved from the joint transmission spectra of CoRoT-1b (OSIRIS + WFC3, corresponding to Fig. 5).
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	[image: thumbnail]	Fig. 1 Parameter distribution of the target planets. The letters “C”, “H”, “Q”, “T”, and “W” are short for “CoRoT-”, “HAT-P-”, “Qatar-”, “TrES-”, and “WASP-”, respectively. The colors indicate the equilibrium temperature of the planet. The marker size is linearly proportional to the atmospheric scale height relative to the planetary radius (H/Rp ∝ RpTeq/Mp), where H is the scale height, Rp is the planetary radius, Mp is the planetary mass, and Teq is the equilibrium temperature. The adopted parameters are listed in Table 3. The dashed lines are the isogravity lines, where gJ indicate Jupiter’s gravity.
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	[image: thumbnail]	Fig. 2 Best-fit white-light curves of all targets. The black dots are the observed data. The red lines are the best-fit curves. The green lines are the extracted GP systematics. The blue lines are the derived transit models.
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	[image: thumbnail]	Fig. 3 Retrieval results of the transmission spectra of HAT-P-57b, Qatar-1b, WASP-2b, WASP-10b, and WASP-32b, assuming equilibrium chemistry (left column) and free chemistry (right column). The black points with error bars are the observed data, where the points in the oxygen A-band have been excluded (755–765 nm). The orange lines and the shaded areas are the median, 1σ-, and 2σ-intervals of the retrieved spectra. The blue lines are the fiducial models assuming clear atmospheres with equilibrium temperature, 1× solar metallicity, and a solar C/O of 0.53, and the planetary radii have been adjusted to match the observed data. The panels are sorted by the normalized scale heights (2H/Rp) from top to bottom.
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	[image: thumbnail]	Fig. 4 Retrieval results of the transmission spectra of CoRoT-1b, HAT-P-18b, TrES-4b, WASP-39b, WASP-49b, and WASP-156b, assuming equilibrium chemistry (left column) and free chemistry (right column). The black points with error bars are the observed data, where the points in the oxygen A-band have been excluded (755–765 nm). The orange lines and the shaded areas are the median, 1σ-, and 2σ-intervals of the retrieved spectra. The blue lines are the fiducial models assuming clear atmospheres with equilibrium temperature, 1× solar metallicity, and a solar C/O of 0.53, and the planetary radii have been adjusted to match the observed data. The panels are sorted by the normalized scale heights (2H/Rp) from top to bottom.
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	[image: thumbnail]	Fig. 5 Retrieval results of the joint transmission spectra of CoRoT-1b using different model assumptions. The orange lines are the posteriors of the retrieved models. The yellow dots are models downsampled to the data passbands. The Bayesian evidence for each hypothesis is denoted as ln 𝒵. The median offsets of the NIR spectra in the retrievals have been added to the error bars in each panel, which are -92 ppm (upper left), 10 ppm (upper right), −54 ppm (lower left), and −146 ppm (lower right).
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	[image: thumbnail]	Fig. 6 Transmission spectrum of CoRoT-1b zoomed into 536.8–641.8 nm and centered at the sodium D-lines. The black points with error bars are the observed data. The orange lines are the posteriors of free chemistry models with presence of atomic Na, while the blue lines are those of null models. The dots correspond to the models after a wavelength binning of 5 nm.
In the text



	[image: thumbnail]	Fig. 7 Retrieval results of the optical-to-NIR spectra of TrES-4b. The results from the equilibrium chemistry model and the free chemistry model are shown in the upper and the lower panels, respectively. The orange line and the shaded areas indicate the posteriors distribution of the retrieved spectra. The yellow dots correspond to the models rebinned to the data passbands. The median offsets of the NIR spectra are -246 ppm in the upper panel and -430 ppm in the lower panel.
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	[image: thumbnail]	Fig. 8 Comparison between the transmission spectra of WASP-39b obtained in this work and the results found in the literature.
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	[image: thumbnail]	Fig. 9 Transmission spectra of WASP-10b (upper panel) and WASP-32b (lower panel) interpreted with stellar contamination models. The black points with error bars are the observed data. The blue lines and shaded areas are the retrieved null models, while the orange ones are the retrieved models with unocculted starspots. The circles are the best-fit spectra after wavelength binning.
In the text



	[image: thumbnail]	Fig. 10 Population analysis on the observed targets. Upper panel: observational errors of the chromatic transit depths in unit of scale heights (gray squares) compared with the nominal amplitudes of the sodium D-lines assuming clear atmospheres (yellow dots). Middle panel: posterior distributions of the cloud-top pressures from the retrieved atmospheric models assuming chemical equilibrium. Lower panel: posterior distributions of the scattering factors from the retrieved atmospheric models assuming chemical equilibrium. The error bars indicate the 1σ credible intervals.
In the text



	[image: thumbnail]	Fig. 11 Correlations between the chromatic transit depth errors and light-curve noise. Left panel: transit depth errors and light-curve white noise. Right panel: transit depth errors and light-curve systematic noise. The solid lines are the best-fit linear regression results, and the dashed lines indicate the 1σ credible intervals.
In the text



	[image: thumbnail]	Fig. A.1 Companion-to-host flux ratios in each narrow passband. The orange lines in the panels of HAT-P-57 and WASP-36 are the best-fit models for companion-star parameter estimation, while the uncertainties are too small to be shown.
In the text



	[image: thumbnail]	Fig. B.1 Posterior distribution of the parameters from the white-light-curve fitting of CoRoT-1b. The contours indicate 1- to 3-σ credible intervals. The parameters from left to right are Rp/Rs: planet-to-star radius ratio; α/Rs: orbital semimajor axis relative to star radius; i: orbital inclination, Tc: observed central transit time subtracting the predicted central transit time (BJDTDB); u1 and u2: quadratic limb-darkening coefficients; [image: equation]: variance of the GP jitter term; [image: equation]: variance of the GP kernel function; ℓt and ℓw: length scales of the input variables (the time vector and the FWHM of the PSF).
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	[image: thumbnail]	Fig. B.2 Posterior distribution of the retrieved atmospheric parameters for CoRoT-1b assuming chemical equilibrium based on the OSIRIS transmission spectrum only.
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	[image: thumbnail]	Fig. B.3 Posterior distribution of the retrieved atmospheric parameters for CoRoT-1b assuming free chemistry based on the OSIRIS transmission spectrum only.
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	[image: thumbnail]	Fig. B.4 Normalized stellar spectra of CoRoT-1 and its reference star (UCAC4 435-02201). The vertical lines indicate the positions of strong lines.
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        Retrieval results of the transmission spectra of HAT-P-57b, Qatar-1b, WASP-2b, WASP-10b, and WASP-32b, assuming equilibrium chemistry (left column) and free chemistry (right column). The black points with error bars are the observed data, where the points in the oxygen A-band have been excluded (755–765 nm). The orange lines and the shaded areas are the median, 1σ-, and 2σ-intervals of the retrieved spectra. The blue lines are the fiducial models assuming clear atmospheres with equilibrium temperature, 1× solar metallicity, and a solar C/O of 0.53, and the planetary radii have been adjusted to match the observed data. The panels are sorted by the normalized scale heights (2H/Rp) from top to bottom.
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        Retrieval results of the joint transmission spectra of CoRoT-1b using different model assumptions. The orange lines are the posteriors of the retrieved models. The yellow dots are models downsampled to the data passbands. The Bayesian evidence for each hypothesis is denoted as ln 𝒵. The median offsets of the NIR spectra in the retrievals have been added to the error bars in each panel, which are -92 ppm (upper left), 10 ppm (upper right), −54 ppm (lower left), and −146 ppm (lower right).
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        Retrieval results of the optical-to-NIR spectra of TrES-4b. The results from the equilibrium chemistry model and the free chemistry model are shown in the upper and the lower panels, respectively. The orange line and the shaded areas indicate the posteriors distribution of the retrieved spectra. The yellow dots correspond to the models rebinned to the data passbands. The median offsets of the NIR spectra are -246 ppm in the upper panel and -430 ppm in the lower panel.
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        Population analysis on the observed targets. Upper panel: observational errors of the chromatic transit depths in unit of scale heights (gray squares) compared with the nominal amplitudes of the sodium D-lines assuming clear atmospheres (yellow dots). Middle panel: posterior distributions of the cloud-top pressures from the retrieved atmospheric models assuming chemical equilibrium. Lower panel: posterior distributions of the scattering factors from the retrieved atmospheric models assuming chemical equilibrium. The error bars indicate the 1σ credible intervals.
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        Correlations between the chromatic transit depth errors and light-curve noise. Left panel: transit depth errors and light-curve white noise. Right panel: transit depth errors and light-curve systematic noise. The solid lines are the best-fit linear regression results, and the dashed lines indicate the 1σ credible intervals.
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        Companion-to-host flux ratios in each narrow passband. The orange lines in the panels of HAT-P-57 and WASP-36 are the best-fit models for companion-star parameter estimation, while the uncertainties are too small to be shown.
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      Retrieved or presumed stellar parameters of the contamination stars.

      
        


	Target
	Status(a)
	Δmag(b)
	Teff (K)
	M (M⊙)(c)
	R (R⊙)(c)
	log g (cgs)
	[M/H]
	Spectral type
	Comment





	HAT-P-57B
	C [1]
	3.85 ± 0.04
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	K8 – M3
	Retrieved



	HAT-P-57C
	C [1]
	3.85 ± 0.04
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	B8 –A6
	Retrieved



	WASP-36
	A [2]
	5.32 ± 0.07
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	M3 – M5
	Retrieved



	TrES-4
	C [3]
	4.56 ± 0.17
	𝒰(3560, 5100)
	-
	-
	𝒰(4.56, 4.78) 
	𝒰(−1.0,1.0)
	K2 – M2 [3]
	Presumed



	WASP-2
	C [4]
	3.72 ± 0.15
	N(3523, 24) [4]
	-
	-
	𝒰(4.56, 4.89) 
	𝒰(−1.0,1.0)
	K2 – M3 [3]
	Presumed



	WASP-49
	A [5, 6]
	4.40 ± 0.39
	𝒰(2380, 5270)
	-
	-
	𝒰(4.56, 5.32) 
	𝒰(−1.0,1.0)
	K0 – M9
	Presumed





      

      
Notes. (a)Status of the contamination star: Ambiguous (A), Background (B), or Companion (C). (b)The difference of magnitudes between the contamination star(s) and the target star converted from the estimated flux ratio in the broadband (525 – 925 nm). In the case of HAT-P-57, Δmag consists of the two binary components.(c)The masses and radii were inferred from the PHOENIX model grids after the retrievals, which were not free parameters.


References. [1] Hartman et al. (2015) [2] Smith et al. (2012) [3] Wöllert et al. (2015) [4] Bohn et al. (2020) [5] Lendl et al. (2016) [6] Evans et al. (2016).




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Posterior distribution of the parameters from the white-light-curve fitting of CoRoT-1b. The contours indicate 1- to 3-σ credible intervals. The parameters from left to right are Rp/Rs: planet-to-star radius ratio; α/Rs: orbital semimajor axis relative to star radius; i: orbital inclination, Tc: observed central transit time subtracting the predicted central transit time (BJDTDB); u1 and u2: quadratic limb-darkening coefficients; [image: equation]: variance of the GP jitter term; [image: equation]: variance of the GP kernel function; ℓt and ℓw: length scales of the input variables (the time vector and the FWHM of the PSF).

      

    

  
    
      Table B.1 

      Transmission spectra of CoRoT-1b, HAT-P-18b, HAT-P-57b, Qatar-1b, and TrES-4b.

      
        


	Passbands (nm)
	Planet-to-star radius ratio (Rp/Rs)



	
	CoRoT-1b
	HAT-P-18b
	HAT-P-57b
	Qatar-1b
	TrES-4b





	525 – 535
	0.1412 ± 0.0018
	0.1372 ± 0.0055
	0.0990 ± 0.0059
	0.1457 ± 0.0014
	0.0902 ± 0.0103



	535 – 545
	0.1412 ± 0.0011
	0.1410 ± 0.0048
	0.0977 ± 0.0063
	0.1440 ± 0.0012
	0.1047 ± 0.0106



	545 – 555
	0.1417 ± 0.0013
	0.1436 ± 0.0055
	0.0984 ± 0.0061
	0.1459 ± 0.0014
	0.0964 ± 0.0125



	555 – 565
	0.1407 ± 0.0017
	0.1403 ± 0.0060
	0.1017 ± 0.0056
	0.1471 ± 0.0012
	0.0938 ± 0.0093



	565 – 575
	0.1407 ± 0.0012
	0.1406 ± 0.0047
	0.1047 ± 0.0051
	0.1447 ± 0.0016
	0.0985 ± 0.0064



	575 – 585
	0.1406 ± 0.0010
	0.1409 ± 0.0041
	0.1020 ± 0.0057
	0.1451 ± 0.0014
	0.0967 ± 0.0053



	585 – 595
	0.1438 ± 0.0016
	0.1419 ± 0.0043
	0.1023 ± 0.0062
	0.1467 ± 0.0022
	0.0954 ± 0.0060



	595 – 605
	0.1448 ± 0.0021
	0.1399 ± 0.0041
	0.1013 ± 0.0049
	0.1462 ± 0.0016
	0.0927 ± 0.0055



	605 – 615
	0.1423 ± 0.0011
	0.1429 ± 0.0049
	0.1023 ± 0.0053
	0.1463 ± 0.0017
	0.0929 ± 0.0060



	615 – 625
	0.1411 ± 0.0012
	0.1393 ± 0.0049
	0.1009 ± 0.0055
	0.1466 ± 0.0014
	0.0962 ± 0.0065



	625 – 635
	0.1416 ± 0.0011
	0.1415 ± 0.0042
	0.0997 ± 0.0057
	0.1462 ± 0.0013
	0.0962 ± 0.0064



	635 – 645
	0.1416 ± 0.0006
	0.1405 ± 0.0045
	0.1019 ± 0.0050
	0.1447 ± 0.0019
	0.0974 ± 0.0047



	645 – 655
	0.1407 ± 0.0010
	0.1446 ± 0.0041
	0.1021 ± 0.0062
	0.1459 ± 0.0019
	0.0919 ± 0.0043



	655 – 665
	0.1415 ± 0.0006
	0.1400 ± 0.0039
	0.0998 ± 0.0049
	0.1466 ± 0.0013
	0.0947 ± 0.0085



	665 – 675
	0.1401 ± 0.0011
	0.1390 ± 0.0043
	0.1007 ± 0.0056
	0.1464 ± 0.0012
	0.0963 ± 0.0045



	675 – 685
	0.1402 ± 0.0008
	0.1363 ± 0.0037
	0.1016 ± 0.0051
	0.1457 ± 0.0016
	0.0971 ± 0.0043



	685 – 695
	0.1401 ± 0.0007
	0.1325 ± 0.0043
	0.1019 ± 0.0055
	0.1447 ± 0.0015
	0.0933 ± 0.0044



	695 – 705
	0.1416 ± 0.0014
	0.1354 ± 0.0038
	0.1020 ± 0.0055
	0.1452 ± 0.0013
	0.1046 ± 0.0064



	705 – 715
	0.1418 ± 0.0016
	0.1413 ± 0.0039
	0.0991 ± 0.0051
	0.1472 ± 0.0027
	0.0955 ± 0.0041



	715 – 725
	0.1398 ± 0.0017
	0.1423 ± 0.0031
	0.1002 ± 0.0058
	0.1456 ± 0.0015
	0.1003 ± 0.0076



	725 – 735
	0.1415 ± 0.0011
	0.1409 ± 0.0045
	0.0980 ± 0.0052
	0.1461 ± 0.0013
	0.0965 ± 0.0044



	735 – 745
	0.1428 ± 0.0017
	0.1400 ± 0.0055
	0.1017 ± 0.0047
	0.1463 ± 0.0012
	0.0965 ± 0.0060



	745 – 755
	0.1405 ± 0.0012
	0.1378 ± 0.0033
	0.0977 ± 0.0045
	0.1471 ± 0.0013
	0.0936 ± 0.0046



	755 – 765
	0.1509 ± 0.0051
	0.1357 ± 0.0042
	0.0849 ± 0.0072
	0.1406 ± 0.0051
	0.0950 ± 0.0047



	765 – 775
	0.1456 ± 0.0028
	0.1397 ± 0.0051
	0.0930 ± 0.0051
	0.1469 ± 0.0005
	0.0923 ± 0.0046



	775 – 785
	0.1447 ± 0.0027
	0.1443 ± 0.0044
	0.0944 ± 0.0045
	0.1436 ± 0.0019
	0.0916 ± 0.0048



	785 – 795
	0.1409 ± 0.0008
	…
	0.1050 ± 0.0047
	0.1477 ± 0.0015
	0.0897 ± 0.0035



	795 – 805
	0.1400 ± 0.0018
	…
	0.1044 ± 0.0053
	0.1461 ± 0.0009
	0.0885 ± 0.0042



	805 – 815
	0.1399 ± 0.0028
	…
	0.0932 ± 0.0049
	0.1477 ± 0.0019
	0.0961 ± 0.0058



	815 – 825
	0.1400 ± 0.0024
	…
	0.0978 ± 0.0055
	0.1458 ± 0.0005
	0.0912 ± 0.0045



	825 – 835
	0.1405 ± 0.0019
	…
	0.0979 ± 0.0051
	0.1454 ± 0.0016
	0.0929 ± 0.0045



	835 – 845
	0.1424 ± 0.0021
	…
	0.1022 ± 0.0049
	0.1483 ± 0.0016
	0.0950 ± 0.0070



	845 – 855
	0.1404 ± 0.0016
	…
	0.1026 ± 0.0057
	0.1462 ± 0.0021
	0.0871 ± 0.0067



	855 – 865
	0.1396 ± 0.0010
	…
	0.1038 ± 0.0057
	0.1454 ± 0.0010
	0.0961 ± 0.0079



	865 – 875
	0.1438 ± 0.0027
	…
	0.0988 ± 0.0067
	0.1445 ± 0.0009
	0.0879 ± 0.0042



	875 – 885
	0.1397 ± 0.0009
	…
	0.0968 ± 0.0051
	0.1431 ± 0.0019
	0.0939 ± 0.0096



	885 – 895
	0.1386 ± 0.0007
	…
	0.0962 ± 0.0057
	0.1475 ± 0.0026
	0.0813 ± 0.0073



	895 – 905
	0.1403 ± 0.0026
	…
	0.0967 ± 0.0057
	0.1479 ± 0.0008
	0.0969 ± 0.0081



	905 – 915
	0.1356 ± 0.0020
	…
	0.1052 ± 0.0060
	0.1447 ± 0.0019
	0.0889 ± 0.0062



	915 – 925
	0.1398 ± 0.0018
	…
	0.0954 ± 0.0063
	0.1464 ± 0.0022
	0.0924 ± 0.0059





      

      
Notes. The spectral images of the comparison star for HAT-P-18 overlapped with a column of bad pixels, for which the spectra with wavelengths larger than 785 nm were discarded.




    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        Posterior distribution of the retrieved atmospheric parameters for CoRoT-1b assuming chemical equilibrium based on the OSIRIS transmission spectrum only.

      

    

  
    
      Fig. B.3 

      
        [image: thumbnail]
      

      
        Posterior distribution of the retrieved atmospheric parameters for CoRoT-1b assuming free chemistry based on the OSIRIS transmission spectrum only.

      

    

  
    
      Fig. B.4 

      
        [image: thumbnail]
      

      
        Normalized stellar spectra of CoRoT-1 and its reference star (UCAC4 435-02201). The vertical lines indicate the positions of strong lines.

      

    

  
    
      Table B.4 

      References of the adopted opacity line lists.

      
        


	Species
	Database
	References





	Gas absorption



	Na (a,b)
	VALD
	Allard et al. (2019)



	K (a,b)
	VALD
	Allard et al. (2016)



	H2O (a,b)
	ExoMolOP
	Polyansky et al. (2018)



	H2S (a,b)
	ExoMolOP
	Azzam et al. (2016)



	HCN (a)
	ExoMolOP
	Barber et al. (2014)



	CH4 (a,b)
	ExoMolOP
	Yurchenko et al. (2017)



	C2H2 (a)
	ExoMolOP
	Chubb et al. (2020)



	CO (a,b)
	ExoMolOP
	Li et al. (2015)



	CO2 (a,b)
	ExoMolOP
	Yurchenko et al. (2020)



	NH3 (a)
	ExoMolOP
	Coles et al. (2019)



	PH3 (a)
	ExoMolOP
	Sousa-Silva et al. (2015)



	SiO (a)
	ExoMolOP
	Barton et al. (2013)



	TiO (a,b)
	ExoMolOP
	McKemmish et al. (2019)



	VO (a,b)
	ExoMolOP
	McKemmish et al. (2016)



	FeH (a)
	ExoMolOP
	Wende et al. (2010)



	




	Collision-induced absorption



	H2–H2
	-
	[1, 2, 3]



	H2–He
	-
	[1, 2, 3]



	




	Rayleigh scattering



	H2
	-
	Dalgarno & Williams (1962)



	He
	-
	Chan &Dalgarno (1965)





      

      
Notes. (a) Species used in the equilibrium chemistry model. (b) Species used in the free chemistry model, where CH4, CO and CO2 are only used in the optical-to-NIR joint retrievals for CoRoT-1b and TrES-4b.


References. [1] Borysow et al. (1988) [2] Borysow & Frommhold (1989) [3] Richard et al. (2012).




    

  
    
      Table B.5 

      Posterior estimates of the atmospheric retrievals using the OSIRIS data alone (equilibrium chemistry hypothesis).

      
        


	
	CoRoT-1b
	HAT-P-18b
	HAT-P-57b
	Qatar-1b



	Parameters
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors





	log10 P0 (bar)
	𝒰(-6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	Rp (RJ)
	𝒩(1.49, 0.08)
	[image: equation]
	𝒩(0 995, 0 052)
	[image: equation]
	𝒩(1 7 , 0 36)
	[image: equation]
	𝒩(1 143, 0 026)
	[image: equation]



	Mp (MJ)
	N (1.03,0.12)
	[image: equation]
	𝒩(0.197,0.013)
	[image: equation]
	𝒩(1 1, 1 52)
	[image: equation]
	𝒩(1 294, 0 050)
	[image: equation]



	T (K)
	𝒰(500, 2500)
	[image: equation]
	𝒰(500,1500)
	[image: equation]
	𝒰(500,3000)
	[image: equation]
	𝒰(500,2000)
	[image: equation]



	log10 Pc (bar)
	𝒰(-6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	ƒhaze (dex)
	𝒰(-3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]



	C/O
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]



	[M/H]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]





        


	
	CoRoT-1b
	HAT-P-18b
	HAT-P-57b
	Qatar-1b



	Parameters
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors





	log10 P0 (bar)
	𝒰(-6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(-6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	Rp (RJ)
	𝒩 (1.61,0.18)
	[image: equation]
	𝒩(1.063,0.028)
	[image: equation]
	𝒩 (1.080,0.020)
	[image: equation]
	𝒩 (1.18,0.07)
	[image: equation]



	Mp (MJ)
	N(0.78, 0.19)
	[image: equation]
	𝒩(0.880, 0.038)
	[image: equation]
	𝒩 (3.15,0.12)
	[image: equation]
	𝒩 (3.60,0.07)
	[image: equation]



	T (K)
	𝒰(500, 2500)
	[image: equation]
	𝒰(500, 2000)
	[image: equation]
	𝒰(500,2000)
	[image: equation]
	𝒰(500,2500)
	[image: equation]



	log10 Pc (bar)
	𝒰(-6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	ƒhaze (dex)
	𝒰(-3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]



	C/O
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]



	[M/H]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]





        


	
	CoRoT-1b
	HAT-P-18b
	HAT-P-57b
	Qatar-1b



	Parameters
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors





	log10 P0 (bar)
	𝒰(-6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	Rp (RJ)
	N(1.327, 0.021)
	[image: equation]
	𝒩(1.279,0.040)
	[image: equation]
	𝒩 (1.198,0.046)
	[image: equation]
	𝒩 (0.51,0.02)
	[image: equation]



	Mp (MJ)
	N (2.361,0.070)
	[image: equation]
	𝒩(0.281,0.032)
	[image: equation]
	𝒩 (0.396,0.026)
	[image: equation]
	𝒩 (0.128,0.010)
	[image: equation]



	T (K)
	𝒰(500, 2500)
	[image: equation]
	𝒰(500, 2000)
	[image: equation]
	𝒰(500,2000)
	[image: equation]
	𝒰(500,1500)
	[image: equation]



	log10 Pc (bar)
	𝒰(-6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	fhaze (dex)
	𝒰(-3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]



	C/O
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]
	𝒰(0.1,1.6)
	[image: equation]



	[M/H]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]
	𝒰(−1, 3)
	[image: equation]





      

      
Notes. P0: reference pressure; Rp: planet radius at the reference pressure; Mp: planet mass; T: temperature of the isothermal atmosphere; Pc: cloud-top pressure; haze: Rayleigh-like scattering factor; C/O: carbon-to-oxygen ratio of the atmosphere; [M/H]: metallicity of the atmosphere.




    

  
    
      Table B.6 

      Posterior estimates of the atmospheric retrievals using the OSIRIS data alone (free chemistry hypothesis).

      
        


	
	CoRoT-1b
	HAT-P-18b
	HAT-P-57b
	Qatar-1b



	Parameters
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors





	log10 P0 (bar)
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	Rp (RJ)
	𝒩 (1.49,0.08)
	[image: equation]
	𝒩 (0.995,0.052)
	[image: equation]
	𝒩(1 74, 0 36)
	[image: equation]
	𝒩(1.143,0.026)
	[image: equation]



	Mp (MJ)
	𝒩 (1.03,0.12)
	[image: equation]
	𝒩 (0.197,0.013)
	[image: equation]
	𝒩 (1.41,1.52)
	[image: equation]
	𝒩(1.294,0.050)
	[image: equation]



	T (K)
	𝒰(500,2500)
	[image: equation]
	𝒰(500,1500)
	[image: equation]
	𝒰(500,3000)
	[image: equation]
	𝒰(500,2000)
	[image: equation]



	log10 Pc (bar)
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	fhaze (dex)
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]



	MMRNa (dex)
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]



	MMRK (dex)
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]



	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]



	MMRTiO (dex)
	𝒰(−10,0)
	[image: equation]
	n/a
	n/a
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]



	MMRVO (dex)
	𝒰(−10,0)
	[image: equation]
	n/a
	n/a
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]





        


	
	CoRoT-1b
	HAT-P-18b
	HAT-P-57b
	Qatar-1b



	Parameters
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors





	log10 P0 (bar)
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	Rp (RJ)
	𝒩 (1.61,0.18)
	[image: equation]
	𝒩(1.063,0.028)
	[image: equation]
	𝒩 (1.080,0.020)
	[image: equation]
	𝒩 (1.18,0.07)
	[image: equation]



	Mp (MJ)
	𝒩 (0.78,0.19)
	[image: equation]
	𝒩(0.880,0.038)
	[image: equation]
	𝒩 (3.15,0.12)
	[image: equation]
	𝒩 (3.60,0.07)
	[image: equation]



	T (K)
	𝒰(500,2500)
	[image: equation]
	𝒰(500,2000)
	[image: equation]
	𝒰(500,2000)
	[image: equation]
	𝒰(500,2500)
	[image: equation]



	log10 Pc (bar)
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]
	𝒰(−6,3)
	[image: equation]



	fhaze (dex)
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]
	𝒰(−3, 6)
	[image: equation]



	MMRNa (dex)
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]
	𝒰(−10,0)
	[image: equation]



	MMRK (dex)
	𝒰(−10,0)
	[image: equation]
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	CoRoT-1b
	HAT-P-18b
	HAT-P-57b
	Qatar-1b



	Parameters
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors
	Priors
	Posteriors





	log10 P0 (bar)
	𝒰(−6,3)
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Notes. P0: reference pressure; Rp: planet radius at the reference pressure; Mp: planet mass; T: temperature of the isothermal atmosphere; Pc: cloud-top pressure; ƒhaze: Rayleigh-like scattering factor; MMR: mass mixing ratio; n/a: not applicable.




    

  
    
      Table B.7 

      Posterior estimates of the atmospheric parameters retrieved from the joint transmission spectra of CoRoT-1b (OSIRIS + WFC3, corresponding to Fig. 5).

      
        


	Cloudy model
	Equilibrium chemistry



	Parameters
	Priors
	Posteriors
	Parameters
	Priors
	Posteriors





	log10 P0 (bar)
	𝒰(−6,3)
	[image: equation]
	log10 P0 (bar)
	𝒰(−6,3)
	[image: equation]



	Rp (RJ)
	𝒩(1.49, 0.08)
	[image: equation]
	Rp (RJ)
	𝒩 (1.49,0.08)
	[image: equation]



	Mp (MJ)
	𝒩 (1.03,0.12)
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	𝒩 (1.03,0.12)
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	T (K)
	𝒰(500, 2500)
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	log10 Pc (bar)
	𝒰(−6,3)
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	log10 Pc (bar)
	𝒰(−6,3)
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	fhaze (dex)
	𝒰(−3, 6)
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	𝒰(−2000, 2000)
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	C/O
	𝒰(0.1,1.6)
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	[M/H]
	𝒰(−1, 3)
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	log10 P0 (bar)
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	fhaze (dex)
	𝒰(−3, 6)
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	MMRNa (dex)
	𝒰(−10,0)
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	MMRTiO (dex)
	𝒰(−10,0)
	[image: equation]
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	-
	-
	MMRVO (dex)
	𝒰(−10,0)
	[image: equation]





      

      
Notes. P0: reference pressure; Rp: planet radius at the reference pressure; Mp: planet mass; T: temperature of the isothermal atmosphere; Pc: cloud-top pressure; ƒhaze: Rayleigh-like scattering factor; C/O: atmospheric carbon-to-oxygen ratio; [M/H]: atmospheric metallicity; MMR: mass mixing ratio.
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