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Confirmation of a cloudy atmosphere with no significant alkali features
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Abstract

The hot sub-Saturn-mass exoplanet HAT-P-12b is an ideal target for transmission spectroscopy because of its inflated radius. We observed one transit of the planet with the multi-object double spectrograph (MODS) on the Large Binocular Telescope (LBT) with the binocular mode and obtained an atmosphere transmission spectrum with a wavelength coverage of ~0.4–0.9 μm. The spectrum is relatively flat and does not show any significant sodium or potassium absorption features. Our result is consistent with the revised Hubble Space Telescope (HST) transmission spectrum of a previous work, except that the HST result indicates a tentative detection of potassium. The potassium discrepancy could be the result of statistical fluctuation of the HST dataset. We fit the planetary transmission spectrum with an extensive grid of cloudy models and confirm the presence of high-altitude clouds in the planetary atmosphere. The fit was performed on the combined LBT and HST spectrum, which has an overall wavelength range of 0.4–1.6 μm. The LBT/MODS spectrograph has unique advantages in transmission spectroscopy observations because it can cover a wide wavelength range with a single exposure and acquire two sets of independent spectra simultaneously.
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1 Introduction
Transmission spectroscopy is one of the main techniques for exoplanet atmosphere characterizations. A transmission spectrum provides valuable information of the planet, such as the atmospheric composition and structure. The first detection of an exoplanet atmosphere (Charbonneau et al. 2002) revealed atomic sodium (Na) in HD 209458b. Other species, including atomic potassium (K), H2O, CO, hydrogen, and helium, have also been detected in exoplanet atmospheres (e.g., Sing et al. 2011a; Brogi et al. 2016; Kreidberg et al. 2018; Yan & Henning 2018; Nortmann et al. 2018; Spake et al. 2018).
In addition to these atoms and molecules, clouds or hazes can also exist in exoplanet atmospheres. They produce a flat transmission spectrum or a nongray scattering slope. The presence of clouds has been proven to be common (e.g., Sing et al. 2011b; Jordán et al. 2013; Kreidberg et al. 2014a), and it weakens or even mutes the atomic or molecular features. Thus the characterization of clouds is a key challenge in the field of exoplanet atmospheres, although both the formation and nature of these clouds are still unclear. The scattering slope can be used to constrain cloud properties, such as particle sizes, and the combination of a continuum spectrum and the strength of atomic and molecular features constrains the atmospheric conditions. For example, Heng (2016) proposed a method for constraining atmospheric cloudiness using Na/K absorption, and Stevenson (2016) explored the use of H2O absorption and J-band continuum to constrain atmospheric cloudiness.
A large number of exoplanets has been observed with the Hubble Space Telescope (HST; e.g., Sing et al. 2016, hereafter S2016). The HST observations have special advantages because they are not affected by the telluric atmosphere, especially in the near-infrared wavelengths where H2O and CO absorption features can be present in the atmospheres of Earth and the targeted exoplanet. Ground-based observations have also proved to be successful in correcting for the telluric effects by applying the differential spectrophotometry method. These observations are mostly carried out with multi-object spectrographs mounted on large telescopes, for example, FORS2 on the Very Large Telescope (VLT; Lendl et al. 2016; Nikolov et al. 2016; Sedaghati et al. 2016), OSIRIS on the Gran Telescopio Canarias (Chen et al. 2017a; Murgas et al. 2017), GMOS on the Gemini telescope (Gibson et al. 2013; Todorov et al. 2019), IMACS on the Magellan telescope (Rackham et al. 2017; Espinoza et al. 2019), and MODS on the Large Binocular Telescope (LBT; Mallonn & Strassmeier 2016). These ground-based observationsprovide transmission spectra in the optical wavelength range that cover features such as Na/K (Sing et al. 2012; Lendl et al. 2017; Chen et al. 2018; Nikolov et al. 2018; Pearson et al. 2019), TiO/VO (Sedaghati et al. 2017), and the Rayleigh-scattering slopes (Nikolov et al. 2015; Parviainen et al. 2016; Kirk et al. 2017; Chen et al. 2017b).
HAT-P-12b is a mildly irradiated planet with an equilibrium temperature of 960 K. The planet has a very low density with a radius of 0.92 RJ and a mass of 0.20MJ (Mancini et al. 2018), thus it is a good target for transmission spectroscopy. Line et al. (2013) and Tsiaras et al. (2018) analyzed the near-infrared transit data of the planet (1.1 to 1.6 μ m) taken with the Wide Field Camera 3 (WFC3) of HST and found that the planet lacks a cloud-free deep H2 O absorption feature, suggesting there are high-altitude clouds in its atmosphere. Sing et al. (2016) obtained the optical transmission spectrum of the planet using the Space Telescope Imaging Spectrograph (STIS) mounted on HST and discovered a Rayleigh-scattering feature as well as indications for K absorption. Deibert et al. (2019) reported a tentative detection of Na with the high-dispersion spectrograph mounted on the Subaru telescope, but they were not able to detect the K feature.
Alexoudi et al. (2018, hereafter A2018) reanalyzed the optical HST data to investigate a discrepancy of the S2016 result compared to a previously published ground-based broadband transmission spectrum of HAT-P-12b, which did not show a slope (Mallonn et al. 2015). With updated planetary parameters from ground-based photometry, A2018 derived a flat transmission spectrum from the HST data without a significant scattering slope. They concluded that using inaccurate planetary parameters (e.g., orbital inclination) might result in a Rayleigh-scattering-like slope.
In this work, we present a ground-based transit observation of HAT-P-12b with LBT. The obtained transmission spectrum is relatively flat with no significant alkali features. The paper is organized as follows. In Sect. 2 we describe the observation and data reduction procedures. In Sect. 3 we describe the transit light-curve analysis method. In Sect. 4 we present the obtained transmission spectrum with discussions. Conclusions are presented in Sect. 5.
2 Observation and data reduction
2.1 LBT observation
We observed a full transit of HAT-P-12b on 25 March 2017 with the Multi-Object Double Spectrograph (MODS, Pogge et al. 2010) mounted on LBT. MODS is a pair of low- to medium-resolution Multi-Object Double CCD spectrographs and imagers with a field of view of 6′ × 6′. We used the dual-channel mode of LBT, which employs a dichroic to split the incoming beam into separate red- and blue-optimized spectrograph channels at ~5600 Å. The spectrograph has an overall wavelength range of 3200–10 000 Å. We used the G400L grating for the blue channel (3200–5600 Å) and the G470L grating for the red channel (5600–10 000 Å). The resolving power of the gratings is ~2000 when a narrow slit is used. We used a custom multi-object-spectroscopy (MOS) mask to simultaneously observe a comparison star and the target star. The MOS mask is composed of two wide slits with a width of 10″ to minimize flux loss and a length of 30″ to allow sky background subtraction. One of the slits was placed on the target (HAT-P-12), and the other slit was placed on the comparison star (GSC2 N130301284). The color and brightness of the comparison star are similar to those of the target star. According to the USNO-B catalog (Monet et al. 2003), their magnitude differences are ΔB = 0.30, ΔR = 0.41, and ΔI = 0.39.
MODS is a pair of instruments (MODS1 and MODS2) that are individually attached on each of the twin LBT mirrors. We used the binocular mode for the observations and obtained two independent data sets from MODS1 and MODS2. In the rest of the paper, we assign MODS1-B for the blue channel and MODS1-R for the red channel of the MODS1 instrument, and MODS2-B and MODS2-R for the two channels of the MODS2 instrument.
The observations were continuously performed from 07:30 UT to 11:31 UT with 60 s exposure times. The night was photometric, and seeing varied between 0.8″and 1.3″. The measured full width at half maximum (FWHM) over the course of the observation is plotted in Fig. 1. The 2 × 2 pixel binning mode was used to reduce the CCD readout time. During the four-hour-long observations, we obtained 125, 107, 127, and 132 spectral frames from MODS1-B, MODS1-R, MODS2-B, and MODS2-R, respectively.
2.2 Data reduction
The data reduction was performed with custom IDL scripts. The bias and flat calibrations were performed using the median of 30 bias frames and 30 flatfield frames. Cosmic rays were removed using the L.A.Cosmic tool (van Dokkum 2001)1. We used thelamp spectra (HgAr, XeKr, and Ne lamps) taken with the MOS mask for wavelength calibrations, and the calibration accuracy is ~0.4 Å.
We extracted the spectrum using different apertures that were centered at the spectral centroid. The centroid was calculated by applying a Gaussian fit along the spatial direction (i.e., the direction of the slit). We tested different aperture sizes ranging from 2 pixels to 40 pixels and calculated the root mean square (rms) of the residuals between the observed light curves and the best-fit models (the fit method is presented in Sect. 3). In this way, we identified the optimal aperture sizes that produce the lowest rms values. The optimal aperture sizes for the four channels (MODS1-B, MODS1-R, MODS2-B, and MODS2-R) are 14 pixels, 24 pixels, 20 pixels, and 14 pixels, respectively. The sky background values were calculated using the median of two 10-pixel-wide regions located above and below the spectral aperture. The background region was chosen to be as far away from the object as possible to avoid contamination from the object flux (Mallonn & Strassmeier 2016). The objects drifted in both the spectral dispersion direction (X direction) and the slit direction (Y direction), probably because of the telescope pointing drift (Fig. 1). These drifts were measured and corrected for.
Figure 2 shows an example of the final extracted spectra of the target star and the comparison star. The spectral flux of MODS2 is higher than the flux of MODS1 because the instrumental efficiency of MODS2 is higher than MODS1 by a factor of ~2.5 at 7000 Å and ~1.4 at 5000 Å. The flux of the red channel is also higher than the blue channel because of their different efficiencies and because the telluric extinction at the blue wavelengths is stronger. The MODS2-R spectrum at wavelengths larger than 7100 Å is affected by bad pixel columns, thus we only used the spectra with wavelengths below 7100 Å for the MODS2-R channel. The light curves were then obtained by integrating the flux values within the given wavelength ranges.
	[image: thumbnail]	Fig. 1
Time series of physical variables. Upper panel: measured FWHM of each channel. Middle panel: X-direction drift (along the spectral dispersion direction). Bottom panel: Y-direction drift (along the slit direction).



	[image: thumbnail]	Fig. 2
Example of the extracted spectra of HAT-P-12 (upper panel) and the comparison star (lower panel). These spectra were obtained simultaneously from the red and blue channels of the MODS1 and MODS2 spectrographs.



3 Transit light-curve analysis
3.1 Fitting method
We modeled the raw flux of the target star in magnitude space in order to convert the inherently multiplicative impact of systematics on the relative flux into an additive problem. We considered here a model in which the time-varying target stars’ magnitude can be explained by (1) a transit model (here modeled using batman; Kreidberg 2015), (2) the (weighted) time-varying magnitude of the comparison star, and (3) a model that accounts for any systematic variation that is not captured by the comparison star or the transit model, such as changes in magnitude in the target star due to FWHM changes, centroid shifts, etc. These variables have correlated with the observed light curves. We followed an approach that is very similar to that of Gibson (2014), in which we considered that this latter systematic model can be captured bya Gaussian process (GP). In summary, our model for the magnitude of the target star is given by
[image: equation](1)
where m(t) is the (mean-subtracted) magnitude of the target star, mR(t) is the (mean-subtracted) magnitude of the comparison star, c0 is a magnitude offset, A is a weight for the comparison star, T(t) is a transit model, and ɛ is a stochastic component, here modeled as a GP, that is, ɛ ~ N(0, Σ), with a covariance matrix defined by [image: equation]. Here, [image: equation] is simply a jitter term and δi,j is a Kroenecker delta, while k(xi, xj) is modeled using a multidimensional squared-exponential kernel of the form
[image: equation](2)
where σGP is the amplitude of the GP and the αd are the inverse (squared) length-scales of each of the components of the GP. The xi vectors here have components xd,i, where each i denotes a time-stamp and where each d corresponds to a different external variable. In our case, we considered time, FWHM, and X and Y centroid positions as possible external variables in our GP framework. These variables are found to have correlations with the observed light curves. The variables were standardized (i.e., mean-subtracted and divided by their standard deviations) before we fed them into the GP.
Based on this model, the fitting parameters can thus be divided between the parameters of the transit model and those that were fit to account for the atmospheric and instrumental systematics. For the transit model, the fit parameters are the mid-transit time (Tmid), impact parameter (b), scaled semimajor axis (a∕R*), planet-to-star radius ratio (Rp∕R*), and the corresponding limb-darkening coefficients. The planetary orbital inclination (i) is then derived using the equationb = (a∕R*) cos i. We used a quadratic limb-darkening law for the white-light curves and a linear law for the spectroscopic light curves (see below). For the white-light fits, we used the uninformative sampling scheme outlined in Kipping (2013) and thus fit for the parameters q1 and q2 with uniform priors between 0 and 1, which were then converted into the limb-darkening coefficients u1 and u2 using the transformations presented in that work. The priors used in this work for these parameters are presented in Table 1. For the priors for the instrumental systematics, we set a large uniform prior between −2 and 2 for c0, a large uniform prior between −10 and 10 for the weight of the comparison star (A) wide log-uniform priors for σw and σGP between 0.01 and 100 mmag, and exponential priors with unitary scale for the αd. We used george (Ambikasaran et al. 2014) to evaluate the log-likelihood of our GP-based regression and perform the posterior sampling using importance nested sampling via the MultiNest algorithm (Feroz et al. 2009). In particular, we used the PyMultiNest (Buchner et al. 2014) package to perform the posterior sampling.
Table 1

Priors used for our light-curve fitting.

3.2 White-light curves
The transit light curves from the four channels were analyzed independently. We obtained the white-light curve of each channel by integrating the flux within a large wavelength range (see the last row in Table 2). Figure 3 shows the raw white-light curves of the target and comparison stars for each channel.
We fit the white-light curves using the fit method described above. A quadratic limb-darkening law was used (coefficients u1 and u2). Figure 4 shows thewhite-light curves together with the best-fit models. Table 2 presents the derived white-light curve parameters. The Tmid, i, and a∕R* values from the four channels agree well within the uncertainties. We then averaged the values from the four channels to obtain the combined parameters. The combined i and a∕R* values agree well with the results from A2018.
3.3 Spectroscopic light curves
In order to obtain the transmission spectrum, we calculated spectroscopic light curves using similar wavelength bin sizes as in S2016. We fit these light curves as described in Sect. 3.1. We fixed the Tmid, i, and a∕R* parameters to the average values obtained from the white-light curves. According to Espinoza & Jordán (2016), a linear limb-darkening law is as good as other laws when the noise level is above ~1000 ppm. Thus we used a linear law for the spectroscopic light-curve fitting (coefficient u1).
All the light curves together with the best-fit models are plotted in Figs. 5 and 6. The wavelength range of each band is shown next to the light curve. Table 3 summarizes the results of the fitted parameters, Rp ∕R* and u1. We analyzed the data in a wavelength range of ~3800–9800 Å. However, at the blue and red ends of the overall wavelength coverage, the detector efficiency drops significantly and the telluric absorption is also prominent. Therefore we did not use the first data point in the blue channel and the last data point in the MODS1-R channel in the following analysis of the transmission spectrum.
In addition to these broad wavelength bins, we also calculated light curves using narrow bin sizes to search for potential Na and K absorptions. We used a 50 Å bin centered at 5893 Å (the middle wavelength of the Na D doublet) and a 100 Å bin centeredat 7684 Å (the middle wavelength of the two potassium lines). The MODS1-R channel covers the wavelengths of both Na and K, while MODS2-R only covers the wavelength of Na. We calculated nine narrow-band bins around the Na feature and five bins around the K feature. The fit results are shown in Table 4.
4 Result and discussion
4.1 LBT results
The broadband transmission spectra from the MODS1 and MODS2 observations are plotted in Fig. 7. The results from the two spectrographs are consistent with each other, and we subsequently averaged the MODS1 and MODS2 spectra with the inverse of the squared uncertainties as weights (black points in Fig. 7). The narrow-band transmission spectra at Na and K wavelengths are presented in Fig. 8.
Both the broad- and the narrow-band transmission spectra from our LBT observations are flat, and we did not detect any Na/K absorption or a strong Rayleigh-scattering slope. According to theoretical predictions (e.g., Seager & Sasselov 2000), clear atmospheres of giant planets should have broad wings of Na and K and Rayleigh-scattering slopes toward the blue, and these features have been observed in some exoplanets (e.g., Sing et al. 2008; Nikolov et al. 2018). Because no such broad Na/K wings are detected in our data, we are able to confirm with our LBT results that there are aerosols or clouds in the planetary atmosphere.
4.2 Comparison with HST results in the visible
S2016 observed three transits of HAT-P-12b with HST/STIS in the visible wavelengths. They detected a strong Rayleigh-scattering slope and a sign of K absorption. A2018 reanalyzed the HST data with updated planetary orbital parameters and obtained a relatively flat transmission spectrum. They concluded that the slope in S2016 is probably a result of using incorrect planetary orbital parameters.
The planetary orbital parameters obtained from our LBT observations ([image: equation], [image: equation]) are very similar to those in A2018 (a∕R* = 11.68 ± 0.12, i = 88.83 ± 0.19). The LBT broadband transmission spectrum also agrees well with the A2018 result (Fig. 9). The average Rp ∕R* value of thedata points within the wavelength range of the MODS blue channel is 0.1387 for the LBT data and 0.1386 for the HST data in A2018; while for the HST data in S2016, the average Rp ∕R* is 0.1415. For the Na feature, both our results and the HST results show no significant absorption. The HST data point at the Na wavelength has a very similar value as the LBT data points (cf. the upper panel in Fig. 8). Therefore we confirm the revised HST result in A2018.
The potassium feature in the broadband transmission spectra (Fig. 9) shows a slight discrepancy between our LBT results and the HST results (A2018). The LBT results suggest a nondetection of K, while the HST result suggests a tentative detection of the K absorption. However, when we compare the spectra obtained using narrow bin sizes around the K wavelength (lower panel in Fig. 8), we found that the HST data point at the K wavelength is consistent with the LBT data points around the K wavelengths. These narrow-band data points have significant statistical fluctuations due to their relatively large errors. When we compare just the narrow K bin with the nearby broad spectral bins, as shown in Fig. 9, such a statistical fluctuation could result in an absorption-like feature. Therefore we recommend caution when narrow-band results from low spectral resolution observations are interpreted. Although the LBT results indicate a nondetection of potassium, we cannot confidentially rule out the existence of a weak K feature, considering the large errors of the light curves acquired with narrow spectral bins and the effect of telluric oxygen absorption adjacent to the K absorption lines.
Deibert et al. (2019) observed the transit of HAT-P-12b with the echelle high-dispersion spectrograph mounted on the Subaru telescope. These authors achieved a 3.2 σ detection of sodium absorption. However, they were not able to detect potassium at a statistically significant level, and they ruled out a K absorption feature down to an amplitude of 2% relative to the normalized flux.
Discrepancy in the potassium feature between HST and ground-based observations also occurs for another exoplanet, WASP-31b. Gibson et al. (2017) observed the transmission spectrum of WASP-31b with VLT/FORS2 and compared their result with the HST result (Sing et al. 2016). The VLT/FORS2 spectrum does not show any significant detection of K, while the HST result shows a K feature at high significance. Gibson et al. (2019) further observed the planet at high spectral resolution with the VLT/UVES spectrograph and confirmed the nondetection of K. They attributed the discrepancy to the underestimated instrumental systematics of the HST/STIS instrument around the K wavelengths. The potassium discrepancies between ground-based observations and HST observations of HAT-P-12b and WASP-31b demonstrate the importance of repeating observations with different instruments in the study of exoplanet atmospheres.
Table 2

Measured parameters from the white-light curves of the four channels.

	[image: thumbnail]	Fig. 3
Raw white-light curves of the target star (gray points) and the comparison star (yellow points) for the four channels. The blue points are the ratio between the target star and the comparison star. The light curves are the normalized fluxes with constant offsets.



	[image: thumbnail]	Fig. 4
White-light curves for the four MODS channels. Upper: raw white-light curves of the target star together with the systematic models. Here the systematic model contains the light curve of the comparison star and the GP components.
Middle: light curve after the removal of the comparison star and GP components. The best-fit transit model is also presented. Bottom: residuals between the observation and model.



4.3 Effect of stellar activity
The stellar disk is normally not homogeneous because of magnetically active regions such as spots and faculae. Such a photospheric heterogeneity may imprint stellar spectra features in the obtained transmission spectrum through the transit light source (TLS) effect. For example, Rackham et al. (2017) obtained the visual transmission spectrum of GJ 1214b and showed that it receives a contribution from unocculted stellar faculae. Below we discuss the effect of stellar activity on the transmission spectrum.
4.3.1 Photometric monitoring program
We monitored HAT-P-12 in two colors (B and V bands) with the STELLA Robotic Observatory and its wide-field imager WiFSIP (Strassmeier et al. 2004) from January to July 2017 to investigate photometric variations caused by stellar activity. Details of the monitoring program are described in Mallonn et al. (2015).
The light curves are plotted in Fig. 10, and the LBT observation date are indicated as a vertical line in the figure. The light curves are essentially flat, with a standard deviation of 1.8 mmag for B band and 2.0 mmag for V band. The Lomb-Scargle periodogram shows no significant period, which agrees with the result in Mancini et al. (2018). Thus, the photometric monitoring suggests that the star was not very active during the monitoring period.
	[image: thumbnail]	Fig. 5
Wavelength-dependent light curves obtained using broad bin sizes from the MODS1 dataset. Left: raw white-light curves of the target star together with the systematic models. Middle: light curves after the removal of the comparison star and GP components. The best-fit transit models are also plotted. Right: residual between the observation and model. The distance between two ticks on the vertical scale is 0.02.



4.3.2 Stellar contamination model
Using the 2017 light curves, we estimated the spot-covering fraction and the associated TLS signals (i.e., stellar spectral contamination) following the approach of Rackham et al. (2018). In short, the approach consists of (1) using an ensemble of model stellar photospheres with active regions added at random locations to estimate the active region-covering fraction corresponding to an observed variability amplitude, and (2) calculating the maximum TLS signals they would produce if no active regions were occulted by the transiting planet (i.e., a worst-case scenario for the TLS effect).
In the photospheric modeling, we used full-disk stellar spectra interpolated from the PHOENIX model grid (Husser et al. 2013) to approximate the emergent spectra of the quiescent photosphere, spots, and faculae. We used model spectra with log g = 4.61 and [Fe∕H] = −0.29, following Hartman et al. (2009). We set the temperatures of the quiescent photosphere, spots, and faculae to 4650, 3560, and 4750 K, respectively, using the stellar effective temperature (Hartman et al. 2009) as the quiescent photosphere temperature and following the scaling relations of Rackham et al. (2019) for the spot and facula temperatures. Following this work, we adopted spot radii of Rspot = 2 ° and a 10:1 facula-to-spot areal ratio.
With this approach, we estimated the spot coverages consistent with the B-band and V -band light curves for models with only spots and models with both spots and faculae. Because the light curves show no significant periodicity, we used the standard deviations of the photometry data points as the light-curve variation semiamplitudes. For the spots-only models, we find consistent spot coverages for both bands and conservatively report here the higher value [image: equation]. If such a spot coverage were present in the unocculted stellar disk during the transit, we estimated that it could increase the observed Rp ∕R* values by [image: equation] or ~ 0.0002 Rp∕R* on average over the wavelength range of the LBT observations. For the models with both spots and faculae, the net effect of the estimated spot and facula coverages would be to decrease the observed Rp ∕R* values by [image: equation] or ~ 0.0004 Rp∕R* on average. In either case, such a change is well below the uncertainties of our obtained transmission spectrum. We therefore conclude that the contribution of TLS signals to the observed transmission spectrum can be neglected.
	[image: thumbnail]	Fig. 6
Same as Fig. 5, but for broad bins from MODS2 dataset.



4.4 Planetary atmosphere model
In order to constrain the atmospheric properties, we combined the LBT/MODS spectrum and the HST/STIS spectrum from A2018. The combined spectrum is presented in Fig. 11. We also included the near-infrared data from the HST/WFC3observations (Tsiaras et al. 2018).
We used two extensive grids of self-consistent models for irradiated planets to fit the combined transmission spectrum. One grid of models was assumed to be cloud-free and was taken from Molaverdikhani et al. (2019). We assumed a surface gravity of 2.79 and a host star type of K5 (Hartman et al. 2009), leaving the effective temperature (Teff), metallicity ([Fe/H]), and carbon-to-oxygen ratio (C/O) as the three free parameters in the cloud-free models. In this grid, the temperature ranges from 400 to 2600 K, metallicity from −1.0 to 2.0, and C/O from 0.25 to 1.25; covering a wide range of possibilities.
The muted water feature between 1.2 and 1.6 μm and a relatively featureless optical spectrum indicate clouds2. Therefore clouds were taken into account for the second grid of models. The cloudy atmospheric models were calculated using petitCODE (Mollière et al. 2015, 2017) and following cloud parameterization method by Ackerman & Marley (2001). The treatment of vertical mixing is described in Appendix A3 of Mollière et al. (2017). The following reactants are included in the cloudy models: H, H2, He, O, C, N, Mg, Si, Fe, S, AL, Ca, Na, Ni, P, K, Ti, CO, OH, SH, N2, O2, SiO, TiO, SiS, H2O, C2, CH, CN, CS, SiC, NH, SiH, NO, SN, SiN, SO, S2, C2 H, HCN, C2 H2, CH4, ALH, ALOH, AL2O, CaOH, MgH, MgOH, PH3, CO2, TiO2, Si2 C, SiO2, FeO, NH2, NH3, CH2, CH3, H2 S, VO, VO2, NaCL, KCL, e−, H+, H−, Na+, K+, PH2, P2, PS, PO, P4O6, PH, V, VO(c), VO(L), MgSiO3(c), Mg2 SiO4(c), SiC(c), Fe(c), AL2O3(c), Na2 S(c), KCL(c), Fe(L), Mg2 SiO4(L), SiC(L), MgSiO3(L), H2O(L), H2O(c), TiO(c), TiO(L), FeO(c), Fe2O3(c), Fe2 SiO4(c), TiO2(c), TiO2(L), H3 PO4(c), and H3 PO4(L), where (L) and (c) denote the liquid and solid phases, respectively. The gas-phase opacities of CH4, H2O, CO2, HCN, CO, H2, H2 S, NH3, OH, C2 H2, PH3, Na, and K, and the solid-phase opacities of Mg2 SiO4(c), KCL(c), and Na2S(c) are considered in these models.
In addition to the three free parameters in the cloud-free models, the sedimentation factor (fsed) and the geometric standard deviation of the log-normal particle-size distribution (σg), are the two cloud-related free parameters in our cloudy models. In this grid, the temperature ranges from 760 to 1160 K, the metallicity from −1.0 to 2.0, C/O from 0.25 to 1.25,fsed from 0.01 to 3.0, and σg from 1.05 to 2.0. For a given vertical mixing strength in the atmosphere of a planet, a higher fsed means a more efficient sedimentation of cloud particles in the atmosphere. A low σg value is also an indication of monodisperse particles. Both grids are publicly available3.
To explore the atmospheric properties of HAT-P-12b, we applied a python implementation of a Markov chain Monte Carlo (MCMC) fitting algorithm to perform a Bayesian analysis using the emcee tool (Foreman-Mackey et al. 2013). Our approach takes into account the statistical treatment of observational uncertainties as well as uncertainties arising from the models. It can also investigate any uncertainty underestimation through a GP, where it constructs a covariance matrix iteratively. We assumed uninformative priors to initialize the walkers.
The results of the MCMC analysis are shown in Fig. 11 (fitted spectra) and Fig. 12 (corner plot of the retrieved parameters). The best cloud-free model is shown with the red line, assuming no constraint on the temperatureof the planet. The model does not represent the observed spectrum by any means. As a result, we rule out a cloud-free atmosphere for HAT-P-12b.
The cloudy grid, however, fits the combined spectrum well. We report an effective temperature of [image: equation] K and find a supersolar metallicity of [Fe/H][image: equation] for this mildly irradiated planet. This metallicity tentatively follows the mass-metallicity relation for the Solar System planets and exoplanets (e.g., Kreidberg et al. 2014b; Wakeford et al. 2017). Our estimated carbon-to-oxygen ratio, C/O[image: equation], is marginally consistent with a solar C/Osolar = 0.54, but a slightly subsolar C/O cannot be ruled out. Our retrieved results generally agree with the results from a recent retrieval work by Wong et al. (2020), which used HST and Spitzer data of HAT-P-12b.
As suggested by previous studies, the best-fit model is consistent with a cloudy model that maintains the cloud formation at the photospheric levels efficiently. In other words, in this case, sedimentation is likely to be inefficient in completely removing the condensates from the photosphere, leading to low fsed values. For cloudy planets, a choice of log (fsed), instead of fsed, allows for a better exploration of very low fsed region. We hence report log (fsed)[image: equation].
The relatively large uncertainties at the optical wavelengths preclude us from placing any tight constraint on the particle-size distribution parameter, although σg = [image: equation] slightly favours monodisperse particles over polydisperse cloud particles. Further observations are required to study the scattering portion of the transmission spectrum. The results of our Bayesian analysis for the characterization of HAT-P-12b atmosphere is listed in Table 5.
We also performed the retrieval on the LBT data alone. The retrieval returns an effective temperature of 890 ± 70 K, a metallicity of [Fe/H][image: equation], and C/O[image: equation]. The best-fit cloud parameters are log (fsed)[image: equation] and σg = [image: equation]. These values are similar to the retrieved results from the combined LBT and HST data, but with larger uncertainties.
We explored other atmospheric scenarios, including (1) a patchy atmosphere (i.e., a linear combination of cloud-free and cloudy models with the same metallicity and C/O, but allowing for different effective temperatures), (2) a cloudy atmosphere with different models accounting for dawn and dusk limbs, and (3) fitting the cloudy models with two offsets to account for stitching the LBT+HST/STIS data at λ < 1 μ m to the HST/WFC3 data at λ > 1 μ m. However, introducing these complexities into the models did not improve our best fit in a statistically meaningful way.
We only tested the stitching with two constant offsets. There might be wavelength-dependent effects when data points obtained from different observations are stitched, for example, different stellar activity levels during the observations. However, because the long-term photometry suggests that the star is not very active, the activity effect should be trivial for HAT-P-12b. Another factor is the different planetary orbital parameters used to fit the light curves obtained from different observations. We note that the orbital parameters (i and a∕R*) obtained from the HST/WFC3 light curves in Tsiaras et al. (2018) are similar and consistent with ours and those in A2018 (Table 6).
The best-fit model favors a cloudy atmosphere that produces a mild slope due to the scattering of cloud particles. However, we emphasize that the spectrum is still relatively flat. The slope in the best-fit model is weaker than the Rayleigh-scattering slope of a cloud-free atmosphere with a similar effective temperature.
Table 3

Fitting results of the broadband light curves.

Table 4

Fitting results of narrow bands adjacent to Na and K.

	[image: thumbnail]	Fig. 7
Transmission spectra of HAT-P-12b from the LBT/MODS observation. The blue and red points are the spectra from MODS1 and MODS2, respectively. The black points are the average spectrum. The vertical dashed line indicates the wavelength boundary between the blue and red channels.



	[image: thumbnail]	Fig. 8
Transmission spectra around the Na feature (upper panel) and K feature (lower panel). The bin size is 50
Å for Na and 100 Å for K. The values of Na and K bins from the HST observation (A2018) are also plotted as black points. The LBT results have similar or even smaller errors than the HST data points. The spectra are in general flat. The wavelengths from different observations are slightly shifted for clarity.



	[image: thumbnail]	Fig. 9
Comparison between the LBT/MODS result (red points) and the HST/STIS result (blue points, A2018). Our LBT result agrees well with the reanalyzed HST result from A2018.



	[image: thumbnail]	Fig. 10
Photometry monitoring data points of HAT-P-12 in 2017. The date when the LBT observation was performed is indicated as a vertical dashed line.



Table 5

Retrieved planetary atmospheric parameters from fitting self-consistent models to the combined HAT-P-12b data.

Table 6

Transit parameters of HAT-P-12b derived from this work and the other two publications.

	[image: thumbnail]	Fig. 11
Combined spectrum of HAT-P-12b and the best atmospheric models fitted to this spectrum. The red points are the average of our LBT/MODS spectrum and the reanalyzed HST/STIS spectrum from A2018. The HST/WFC3 data (blue points) are also included in the model fit. The best-fit cloud-free model with no constraint on the atmospherictemperature (red) disagrees with the observations. The blue shadow denotes the best cloudy models with 1σ confidence region. The models are self-consistently calculated with petitCODE. The retrieved parameters are shown in
Table 5.



	[image: thumbnail]	Fig. 12
Correlation diagrams of the retrieved planetary atmospheric parameters.



5 Conclusions
We observed one transit of HAT-P-12b with the MODS multi-object spectrograph mounted on the LBT. We used the binocular and dual-channel mode of the instrument and obtained two independent sets of the planetary transmission spectrum covering ~0.4–0.9 μ m. The obtained transmission spectrum is relatively flat in the visible, and there is no evidence for Na or K absorption features. This result is inconsistent with the HST transmission spectrum in Sing et al. (2016), which shows a strong Rayleigh-scattering slope and a potassium feature. However, Alexoudi et al. (2018) re-analyzed the HST data with updated planetary orbital parameters, and they obtained a relatively flat transmission spectrum with a tentative potassium feature. Our LBT result is consistent with the reanalyzed HST spectrum. We further compared the narrow-band transmission spectra around the K wavelengths between the LBT and HST observations and found that the tentative potassium feature in the HST observation might be the result of statistical fluctuations. Therefore we conclude that the planet has a cloudy atmosphere without significant Na or K absorption features.
We built an extensive grid of self-consistent cloudy models to fit the observed transmission spectrum. We used a combined spectrum of our LBT data and the HST data. The fit result has a small cloud sedimentation factor, which suggests the presence of high-altitude clouds in the planetary atmosphere. Future observations with instruments such as the Mid-Infrared Instrument of the James Webb Space Telescope will likely enhance our understanding of the cloud properties of this inflated sub-Saturn-mass planet.
The spectrophotometric light curves obtained from the LBT/MODS observation have precisions similar to those of the HST/STIS observations, demonstrating that the MODS spectrograph is a powerful instrument for transmission spectroscopy studies. The capabilities of covering a wide wavelength range with a single exposure and acquiring two sets of independent spectra simultaneously (i.e., MODS1 and MODS2) are unique advantages of the MODS spectrograph.
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Example of the extracted spectra of HAT-P-12 (upper panel) and the comparison star (lower panel). These spectra were obtained simultaneously from the red and blue channels of the MODS1 and MODS2 spectrographs.
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In the text



	[image: thumbnail]	Fig. 4
White-light curves for the four MODS channels. Upper: raw white-light curves of the target star together with the systematic models. Here the systematic model contains the light curve of the comparison star and the GP components.
Middle: light curve after the removal of the comparison star and GP components. The best-fit transit model is also presented. Bottom: residuals between the observation and model.
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Wavelength-dependent light curves obtained using broad bin sizes from the MODS1 dataset. Left: raw white-light curves of the target star together with the systematic models. Middle: light curves after the removal of the comparison star and GP components. The best-fit transit models are also plotted. Right: residual between the observation and model. The distance between two ticks on the vertical scale is 0.02.
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Transmission spectra of HAT-P-12b from the LBT/MODS observation. The blue and red points are the spectra from MODS1 and MODS2, respectively. The black points are the average spectrum. The vertical dashed line indicates the wavelength boundary between the blue and red channels.
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Transmission spectra around the Na feature (upper panel) and K feature (lower panel). The bin size is 50
Å for Na and 100 Å for K. The values of Na and K bins from the HST observation (A2018) are also plotted as black points. The LBT results have similar or even smaller errors than the HST data points. The spectra are in general flat. The wavelengths from different observations are slightly shifted for clarity.
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Comparison between the LBT/MODS result (red points) and the HST/STIS result (blue points, A2018). Our LBT result agrees well with the reanalyzed HST result from A2018.
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Photometry monitoring data points of HAT-P-12 in 2017. The date when the LBT observation was performed is indicated as a vertical dashed line.
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Combined spectrum of HAT-P-12b and the best atmospheric models fitted to this spectrum. The red points are the average of our LBT/MODS spectrum and the reanalyzed HST/STIS spectrum from A2018. The HST/WFC3 data (blue points) are also included in the model fit. The best-fit cloud-free model with no constraint on the atmospherictemperature (red) disagrees with the observations. The blue shadow denotes the best cloudy models with 1σ confidence region. The models are self-consistently calculated with petitCODE. The retrieved parameters are shown in
Table 5.
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Correlation diagrams of the retrieved planetary atmospheric parameters.
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Time series of physical variables. Upper panel: measured FWHM of each channel. Middle panel: X-direction drift (along the spectral dispersion direction). Bottom panel: Y-direction drift (along the slit direction).
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Example of the extracted spectra of HAT-P-12 (upper panel) and the comparison star (lower panel). These spectra were obtained simultaneously from the red and blue channels of the MODS1 and MODS2 spectrographs.


    

  
    Table 1 

Priors used for our light-curve fitting.



	Parameter
	Distribution
	Reference





	Period (days)
	N(3.21305766, 0.000000132)
	1



	a∕R*
	TN(11.68, 1.02)
	1



	Rp∕R*
	TN(0.138, 0.12)
	1



	b
	TN(0.28, 0.12)
	1



	q1
	U(0, 1)
	–



	q2
	U(0, 1)
	–



	Tmid − 2 457 837
	N(0.89, 0.12)
	–






Notes. N(μ, σ2) stands for a normal distribution with mean μ and variance σ2. TN(μ, σ2) stands for a truncated normal with the same location and scale parameters. Here the truncated normal for a∕R* is truncated between 1 and 100, and between 0 and 1 for Rp∕R* and b.



References. 1: Alexoudi et al. (2018).





  
    Table 2 

Measured parameters from the white-light curves of the four channels.



	Parameter
	MODS1-Blue
	MODS1-Red
	MODS2-Blue
	MODS2-Red
	Combined





	Tmid[BJD − 2 457 837]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	 
	 
	 
	 
	 
	 



	a∕R*
	[image: equation]
	[image: equation]
	[image: equation]
	11.55 ± 0.12
	[image: equation]



	 
	 
	 
	 
	 
	 



	i [degree]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	 
	 
	 
	 
	 
	 



	Rp∕R*
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	 
	 
	 
	 
	 
	 



	u1
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	 
	 
	 
	 
	 
	 



	u2
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	 
	 
	 
	 
	 
	 



	rms [ppm]
	356
	190
	283
	259



	N (number of exposures)
	125
	107
	127
	132



	Wavelength range
	4000–5600 Å
	5600–8000 Å
	4000–5600 Å
	5600–6700 Å






  
    
      Fig. 3 
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Raw white-light curves of the target star (gray points) and the comparison star (yellow points) for the four channels. The blue points are the ratio between the target star and the comparison star. The light curves are the normalized fluxes with constant offsets.


    

  
    
      Fig. 4 
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White-light curves for the four MODS channels. Upper: raw white-light curves of the target star together with the systematic models. Here the systematic model contains the light curve of the comparison star and the GP components.
Middle: light curve after the removal of the comparison star and GP components. The best-fit transit model is also presented. Bottom: residuals between the observation and model.


    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
Wavelength-dependent light curves obtained using broad bin sizes from the MODS1 dataset. Left: raw white-light curves of the target star together with the systematic models. Middle: light curves after the removal of the comparison star and GP components. The best-fit transit models are also plotted. Right: residual between the observation and model. The distance between two ticks on the vertical scale is 0.02.


    

  
    
      Fig. 6 
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Same as Fig. 5, but for broad bins from MODS2 dataset.


    

  
    Table 3 

Fitting results of the broadband light curves.



	Band center
	Band size
	MODS1
	
	MODS2
	


	(Å)
	(Å)
	Rp∕R*
	u1
	Rp∕R*
	u1





	Blue channel



	3950
	300
	0.1371[image: equation]
	0.969[image: equation]
	0.1345[image: equation]
	0.972 [image: equation]



	4250
	300
	0.1374[image: equation]
	0.976[image: equation]
	0.1387[image: equation]
	0.939 [image: equation]



	4550
	300
	0.1375[image: equation]
	0.913[image: equation]
	0.1404[image: equation]
	0.897 [image: equation]



	4825
	250
	0.1368[image: equation]
	0.887[image: equation]
	0.1388[image: equation]
	0.908 [image: equation]



	5075
	250
	0.1387[image: equation]
	0.824[image: equation]
	0.1395[image: equation]
	0.847 [image: equation]



	5300
	200
	0.1366[image: equation]
	0.851[image: equation]
	0.1412[image: equation]
	0.799 [image: equation]



	5500
	200
	0.1369[image: equation]
	0.802[image: equation]
	0.1403[image: equation]
	0.801 [image: equation]



	




	Red channel



	5734
	268
	0.139[image: equation]
	0.772[image: equation]
	0.1384[image: equation]
	0.732 [image: equation]



	 
	 
	 
	 
	 
	 
	 



	5893
	50
	0.1408[image: equation]
	0.759[image: equation]
	0.1377[image: equation]
	0.724 [image: equation]



	 
	 
	 
	 
	 
	 
	 



	6059
	282
	0.1402[image: equation]
	0.749[image: equation]
	0.1385[image: equation]
	0.712 [image: equation]



	 
	 
	 
	 
	 
	 
	 



	6400
	400
	0.139[image: equation]
	0.73[image: equation]
	0.138[image: equation]
	0.685 [image: equation]



	 
	 
	 
	 
	 
	 
	 



	6850
	500
	0.1394[image: equation]
	0.679[image: equation]
	0.139[image: equation]
	0.732 [image: equation]



	 
	 
	 
	 
	 
	 
	 



	7367
	534
	0.1382[image: equation]
	0.663[image: equation]
	0.1463[image: equation]
	0.687 [image: equation]



	 
	 
	 
	 
	 
	 
	 



	7684
	100
	0.1388[image: equation]
	0.643[image: equation]
		


	 
	 
	 
	 
	 
	 
	 



	8067
	666
	0.1411[image: equation]
	0.632[image: equation]
		


	 
	 
	 
	 
	 
	 
	 



	8750
	700
	0.1398[image: equation]
	0.593[image: equation]
		


	 
	 
	 
	 
	 
	 
	 



	9450
	700
	0.1437[image: equation]
	0.557[image: equation]
		





  
    Table 4 

Fitting results of narrow bands adjacent to Na and K.



	Band center
	Band size
	MODS1
	
	MODS2
	


	(Å)
	(Å)
	Rp∕R*
	u1
	Rp∕R*
	u1





	Na
	
	
	
	
	


	5693
	50
	0.1421[image: equation]
	0.749[image: equation]
	0.1395[image: equation]
	0.67 [image: equation]



	 
	 
	 
	 
	 
	 



	5743
	50
	0.1357[image: equation]
	0.851[image: equation]
	0.1381[image: equation]
	0.679 [image: equation]



	 
	 
	 
	 
	 
	 



	5793
	50
	0.1356[image: equation]
	0.789[image: equation]
	0.137[image: equation]
	0.766 [image: equation]



	 
	 
	 
	 
	 
	 



	5843
	50
	0.1437[image: equation]
	0.71[image: equation]
	0.1366[image: equation]
	0.779 [image: equation]



	 
	 
	 
	 
	 
	 



	5893
	50
	0.1408[image: equation]
	0.758[image: equation]
	0.1377[image: equation]
	0.721 [image: equation]



	 
	 
	 
	 
	 
	 



	5943
	50
	0.1369[image: equation]
	0.765[image: equation]
	0.1377[image: equation]
	0.707 [image: equation]



	 
	 
	 
	 
	 
	 



	5993
	50
	0.1403[image: equation]
	0.758[image: equation]
	0.1382[image: equation]
	0.702 [image: equation]



	 
	 
	 
	 
	 
	 



	6043
	50
	0.145[image: equation]
	0.769[image: equation]
	0.1387[image: equation]
	0.692 [image: equation]



	 
	 
	 
	 
	 
	 



	6093
	50
	0.1411[image: equation]
	0.742[image: equation]
	0.1387[image: equation]
	0.693 [image: equation]



	




	K
	
	
	
	
	



	7484
	100
	0.1405[image: equation]
	0.659[image: equation]
		


	 
	 
	 
	 
	 
	 



	7584
	100
	0.1402[image: equation]
	0.633[image: equation]
		


	 
	 
	 
	 
	 
	 



	7684
	100
	0.1388[image: equation]
	0.645[image: equation]
		


	 
	 
	 
	 
	 
	 



	7784
	100
	0.1438[image: equation]
	0.662[image: equation]
		


	 
	 
	 
	 
	 
	 



	7884
	100
	0.1421[image: equation]
	0.677[image: equation]
		





  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
Transmission spectra of HAT-P-12b from the LBT/MODS observation. The blue and red points are the spectra from MODS1 and MODS2, respectively. The black points are the average spectrum. The vertical dashed line indicates the wavelength boundary between the blue and red channels.


    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
Transmission spectra around the Na feature (upper panel) and K feature (lower panel). The bin size is 50
Å for Na and 100 Å for K. The values of Na and K bins from the HST observation (A2018) are also plotted as black points. The LBT results have similar or even smaller errors than the HST data points. The spectra are in general flat. The wavelengths from different observations are slightly shifted for clarity.


    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
Photometry monitoring data points of HAT-P-12 in 2017. The date when the LBT observation was performed is indicated as a vertical dashed line.


    

  
    Table 5 

Retrieved planetary atmospheric parameters from fitting self-consistent models to the combined HAT-P-12b data.



	Planetary parameter
	Retrieved value





	Effective temperature (Teff)
	[image: equation] K



	 
	 



	Metallicity ([Fe/H])
	[image: equation]



	 
	 



	Carbon-to-oxygen ratio (C/O)
	[image: equation]



	 
	 



	Sedimentation factor (log(fsed))
	[image: equation]



	 
	 



	Width of the particle size distribution (σg)
	[image: equation]






  
    Table 6 

Transit parameters of HAT-P-12b derived from this work and the other two publications.



	References
	a∕R*
	i [degree]





	Alexoudi et al. (2018)
	11.68 ± 0.12
	88.83 ± 0.19



	 
	 
	 



	Tsiaras et al. (2018)
	[image: equation]
	[image: equation]



	 
	 
	 



	This work
	[image: equation]
	[image: equation]






  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
Combined spectrum of HAT-P-12b and the best atmospheric models fitted to this spectrum. The red points are the average of our LBT/MODS spectrum and the reanalyzed HST/STIS spectrum from A2018. The HST/WFC3 data (blue points) are also included in the model fit. The best-fit cloud-free model with no constraint on the atmospherictemperature (red) disagrees with the observations. The blue shadow denotes the best cloudy models with 1σ confidence region. The models are self-consistently calculated with petitCODE. The retrieved parameters are shown in
Table 5.


    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
Correlation diagrams of the retrieved planetary atmospheric parameters.
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