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Abstract

Context. The Cryogenic IR echelle Spectrometer (CRIRES) instrument at the Very Large Telescope (VLT) was in operation from 2006 to 2014. Great strides in characterizing the inner regions of protoplanetary disks were made using CRIRES observations in the L- and M-band at this time. The upgraded instrument, CRIRES+, became available in 2021 and covers a larger wavelength range simultaneously.

Aims. Here, we present new CRIRES+ Science Verification data of the binary system S Coronae Australis (S CrA). We aim to characterize the upgraded CRIRES+ instrument for disk studies and provide new insight into the gas in the inner disk of the S CrA N and S systems.

Methods. We analyze the CRIRES+ data taken in all available L- and M-band settings, providing spectral coverage from 2.9 to 5.5 μm.

Results. We detect emission from 12CO (v = 1−0, v = 2−1, and v = 3−2), 13CO (v = 1−0), hydrogen recombination lines, OH, and H2O in the S CrA N disk. In the fainter S CrA S system, only the12 CO v = 1−0 and the hydrogen recombination lines are detected. The 12CO v = 1−0 emission in S CrA N and S shows two velocity components, a broad component coming from ~0.1 au in S CrA N and ~0.03 au in S CrA S and a narrow component coming from ~3 au in S CrA N and ~5 au in S CrA S. We fit local thermodynamic equilibrium slab models to the rotation diagrams of the two S CrA N velocity components and find that they have similar column densities (~8×1016−4×1017 cm−2), but that the broad component is coming from a hotter and narrower region.

Conclusions. Two filter settings, M4211 and M4368, provide sufficient wavelength coverage for characterizing CO and H2O at ~5 μm, in particular covering low- and high-J lines. CRIRES+ provides spectral coverage and resolution that are crucial complements to low-resolution observations, such as those with JWST, where multiple velocity components cannot be distinguished.
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★ Reduced spectra are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/684/A213

★ Based on observations collected at the European Southern Observatory under ESO programme 107.22T7.



1 Introduction
The inner 10 au of protoplanetary disks are regions of high temperature and density, where snowlines of abundant molecules (H2O and CO2) and dust sublimation contribute to the conditions and chemistry. These regions may be the birthplaces of planets, whose properties and composition will be impacted by the conditions in the disk.
High spectral resolution observations of infrared gas tracers are crucial probes for the kinematics and structure of the inner disk. Previous observations in the L (~3.5 μm) and M band (~4.7 μm) have shown that these wavelengths offer a unique view into the inner 10 au of disks, tracing the gas both inside and outside the dust sublimation radius, including from disk winds (see Banzatti et al. 2022, 2023 and references therein). The molecular tracers include CO and H2O (e.g., Najita et al. 2003; Blake & Boogert 2004; Brown et al. 2013; Banzatti & Pontoppidan 2015; Banzatti et al. 2017, 2022), and OH (Fedele et al. 2011; Brittain et al. 2016), whereas atomic tracers include Hydrogen recombination lines which can be used to determine the accretion rate (Salyk et al. 2013; Rigliaco et al. 2015; Komarova & Fischer 2020). The high spectral resolution that can be obtained for the emission from these tracers allow for kinematic analysis, including resolving multiple velocity components. This kinematic information can be useful in interpreting lower spectral resolution data, like that from JWST-NIRSpec and MIRI (Banzatti et al. 2023).
Most high spectral resolution L- and M-band studies of disks to-date have been done with VLT-CRIRES, Keck-NIRSPEC, and IRTF-iSHELL (see Table 1 of Banzatti et al. 2022 for an overview). In particular, VLT-CRIRES and Keck-NIRSPEC observations in the 2000s and early 2010s provided great new insight into the gas conditions and structure in the inner 10 au of protoplanetary disks, most powerfully by using the CO fundamental emission lines as a gas diagnostic. These results showed a wide array of line shapes, from the double-peaked line profiles that are typically associated with gas in Keplerian motion, to triangular line shapes associated to disk plus wind emission, and multiple absorption components with a range of blueshifts associated to absorption from a wind (e.g., Bast et al. 2011; Herczeg et al. 2011; Brown et al. 2013; Banzatti et al. 2022). Upgraded Keck and VLT instruments became available recently (Martin et al. 2018; Dorn et al. 2023). With these high spectral resolution spectrographs available, now is a unique time to characterize the inner regions of protoplanetary disks. This is particularly true as observations by the James Webb Space Telescope (JWST) have larger spectral coverage but lower spectral resolution and the gas in the inner ~10 au of disks are inaccessible to facilities like ALMA.
In this work, we present CRIRES+ Science Verification observations of the S CrA binary system using all of the available L- and M-band filter settings taken in 2021. The S CrA binary system is composed of two pre-main-sequence stars: S CrA N, a K7 star with stellar mass of 0.7 M⊙, and S CrA S, an M1 star with a stellar mass of 0.45 M⊙ (Sullivan et al. 2019). The system is still somewhat embedded and has recently been found to have a large-scale streamer (Gupta et al. 2023). The disks in this system are borderline between Class I and II objects. The binary nature of this system complicates the distance determination from Gaia observations, therefore we adopt a distance of 150 pc, as used by Sullivan et al. (2019). The binary separation in this system is 1.″3, such that both stars can be placed on the CRIRES slit at the same time. This system was also observed using CRIRES prior to the upgrade (oCRIRES), in 2007 Apr. 22, 2007 Sep. 3, and 2008 Aug. 9, as is presented in Brown et al. (2013). The binary nature of this system, paired with previous oCRIRES data, make S CrA an excellent test case for the upgraded CRIRES+.
We aim to provide new insight into the gas composition and conditions in the inner regions of the S CrA disks and characterize the upgraded CRIRES+ instrument with the goal of informing future observations, particularly with respect to spectral settings, to maximize efficiency and scientific output. The observations and data reduction are described in Sect. 2. The results are presented in Sect. 3 and are discussed, with an eye towards future observations and using CRIRES+ to complement other observations, in Sect. 4.
2 Observations and data reduction
2.1 Observations
The VLT-CRIRES+ observations that we present here were taken during the Science Verification phase as part of Program 107.22T7 (PI A. Bosman). The data were taken on 18 and 19 September 2021. All L- and M-band spectral settings (seven settings in L band and nine in M band) were utilized, which given the upgraded cross-dispersed nature of CRIRES+, provides full coverage from ~2.9–5.5 μm. The slit was placed such that both components of the S CrA binary system were oriented on the slit, which was set to the 0.″2 (R ~ 80 000) slit width (Fig. 1). The adaptive optics (AO) system was employed during the observations. Two position angles were observed in the L3340 and M4368 filters, with an offset of 180°; however, a manual shift was introduced after the change in position angle and this caused problems with guiding, resulting in the data not being suitable for spectroastrometry. Each filter was observed with an integration time of 10 s for three exposures per nodding position and with two ABBA nodding patterns for a total integration time of 240 s per filter per position angle. The nod throw was 5 arcsec along the slit. In addition to S CrA, a telluric standard star, λ Aquilae (λ Aql, a B9V star with a V-band magnitude of 3.43), was observed for telluric correction with an integration of 10 s per exposure with two exposures per nod and two ABBA nodding cycles for a total integration time of 160 s. We note that metrology, which is used to fine-tune the placement of the gratings to maximize wavelength calibration, was not available in the L- and M-band during these observations; however, this is now available at these wavelengths and should be used, per ESO recommendations. An observing log is provided in Table A.1.
	[image: thumbnail]	Fig. 1 Example of the detector image, showing the A (red) and B (blue) nod tracks for S CrA N (bottom track) and S CrA S (top track). The slit is illustrated on the left in the inset, although in reality the slit is tilted. The small grey boxes correspond to the regions where the spectra were extracted for each source and each nod position.



2.2 Data reduction and calibration
We utilized the ESO CR2RES EsoReflex pipeline for initial data reduction of the 2D images (Freudling et al. 2013; Dorn et al. 2023; see Fig. 1) using version 1.0.51. The default spectral extraction in the CR2RES pipeline can handle arbitrary slit functions by simply taking all of the flux along the slit. For S CrA, this would result in a single, combined spectrum for both components of the binary. However, to extract each component of the binary separately, we use the EsoRex reduction method on the reduced combined A and B frame images. To do this, we use the slit_frac keyword in the cr2res_util_extract function, to specify the regions where the spectra for each star should be extracted. This is presented in Fig. 1. As the seeing conditions were fairly good throughout the observations (Table A.1), AO was used, and the targets have fairly bright continua, the traces for each source are well-separated, resulting in negligible contamination. This produced an A nodding position and a B nodding position spectrum for each star, in each chip, for all of the observed filters.
The CRIRES+ slit is tilted on the detector projection, therefore to combine the extracted A and B nod position spectra, we first determine the offset between a given A and B nod pair using the Astropy Specutils template_correlation program. If a good correlation was not found, we identified the shift between the A and B frame spectra by eye. After finding the shift between the spectra, we shift the B spectra to align with the A spectra before combining. This was done for each detector, in each order, for all filters, for S CrA N, S CrA S, and the telluric standard star separately.
There is no lamp available for use in the L and M band to use for wavelength calibration. Therefore, telluric sky lines were used to wavelength calibrate the spectra, as was done for oCRIRES data. To do this, we use the telluric-correction tool Molecfit (Kausch et al. 2015; Smette et al. 2015). Molecfit performs synthetic modeling of telluric lines. The best-fit Molecfit model provides a wavelength solution that is free from any overall wavelength shifts, stretches and/or compressions of the spectra due to the slit tilt. Therefore, even if the spectra are not telluric-corrected using Molecfit (see below), using Molecfit is still necessary to get a proper wavelength calibration in the L and M band.
The correction of telluric sky lines can be done with Molecfit or using a telluric standard star if the standard star was observed close in time and airmass (typically with a difference in airmass up to 0.2; Ulmer-Moll et al. 2019), and in similar observing conditions. For the S CrA observations, λ Aql was observed as the telluric standard. The L-band observations were taken on the night of 18 September 2021 and the difference in airmass between S CrA and λ Aql was greater than 0.2 (S CrA had an airmass of 1.245–1.494 while λ Aql had an airmass of 1.857–2.881). The M-band data, taken the following night, were observed within an airmass difference of ~0.2 (S CrA had an airmass of 1.023 to 1.047 and λ Aql had an airmass of 1.104–1.268). Therefore, the L-band data are telluric corrected using Molecfit and the M-band data are corrected using the telluric standard star. Although the telluric star was not used to telluric correct the L-band data, we still use this data to correct for instrumental effects (blaze function, fringing, etc.) in the data. Alternatively, the blaze function can be corrected by dividing the reduced spectrum by the blaze spectrum, which is a product of the calibration cascade. Finally, early A-type and late B-type stars that are largely featureless and therefore useful for correcting for telluric lines, can have photospheric absorption in the hydrogen lines. We fit this absorption using a quadratic spline interpolation in the λ Aql spectra where photospheric absorption lines are detected and remove it before using those spectra to telluric correct the science target spectra. We find that for our sources higher quality data are achieved when using a telluric standard star to correct for telluric lines, however, for targets with high signal-to-noise on the continuum, Molecfit can provide a high quality telluric correction.
WISE Band 2 photometry are typically used for flux calibration of M-band data, however, the resolution of WISE is not sufficient to distinguish each component of the binary. Sullivan et al. (2019) provide photometry for S CrA N and S. Using Keck II/NIRC2, the authors determine that the 3.45 μm flux 2.11±0.07 Jy for S CrA N and 0.72±0.4 Jy for S CrA S.
All of the spectral settings were combined into a single spectrum for each target, taking the weighted average in regions where multiple filters overlapped. This is done taking the A and B nod spectra and computing the weighted average at each wavelength point, i, as
[image: equation](1)
with an associated error given by
[image: equation](2)
The errors at each point for the A and B frames are the errors from the pipeline.
The S CrA N spectra in all filters and after combining all filters is presented in Fig. 2. Additionally, the final L4- and M-band spectra are presented in Figs. B.1 and B.2, respectively, for S CrA N, and in Figs. B.3 and B.4 for S CrA S. The data from oCRIRES are shown for comparison and the coverage of each CRIRES+ L- and M-band spectral setting is shown for reference. The combined spectra are available for both targets online2.
3 Results
3.1 Signal-to-noise ratio
We estimated the signal-to-noise ratio (S/N) from the final spectra by identifying a region of continuum in each detector, order, and filter. We then estimated the S/N in each of the spectra by determining the dispersion in the selected region. All filters were observed with the same integration time (240 total seconds), therefore the dispersion in ratio S/N observed depends on the sensitivity of the filter, the flux of the sources which changes as a function of wavelength from 3 to 5.5 μm, and proximity of the continuum region to strong and/or numerous telluric features, which results in residuals that lower the S/N and where there is simply less signal due to the atmospheric absorption. For S CrA N, the highest S/N of ~100 is achieved from 3.5 to 4.0 μm The highest S/N red-ward of the strong break at 4.3 μm due to telluric absorption, is ~70 around 4.6 μm The distribution of S/N values in the S CrA N spectra is presented in Fig. 2. The signal-to-noise in the final spectrum depends on how many overlapping filters are combined, however, we reach a noise level of ~0.03 Jy at 4.9 μm in the S CrA N spectra.
In comparison to the oCrIRES data of S CrA N, after taking into account the difference in integration time between observations, we find a sensitivity increase of ~10%. The integration time for a given filter in the new CRIRES+ data are shorter than the oCRIRES data, resulting in overall lower S/N, despite the increase in instrument sensitivity between observations.
3.2 Line detections
Across the L- and M-band spectra numerous ro-vibrational emission lines of H2O, OH and CO and recombination lines of atomic hydrogen were detected (Figs. B.1–B.4), particularly in S CrA N, where the brighter nature of this source resulted in higher S/N spectra.
	[image: thumbnail]	Fig. 2 Top: S CrA N CRIRES+ reduced and telluric-corrected spectra in all available L- and M-band settings (colors). The wavelength separation of the orders can be seen; for instance, the M4519 (red) filter shows five orders (two orders fall in the telluric absorption gap from 4.2 to 4.5 μm). Note that between 3.4 and 4.2 μm L- and M-band filters overlap. The sky transmission is shown in black, for reference. Middle: The signal-to-noise ratio for each filter, order, and detector in the S CrA N spectra. Bottom: The combined L- (blue) and M-band (red) spectra for S CrA N after flux calibration and continuum subtraction. Prominent emission features are labeled. Regions where the atmospheric transmission is below 50% are masked. The gray lines indicate the ±3σ regions for reference.



	[image: thumbnail]	Fig. 3 Hydrogen recombination lines detected in the S CrA N (left) and S CrA S (right) spectra. A 12CO v = 2−1 line is blended with the Pfβ feature in S CrA N and an OH doublet is blended with Pfϵ for both targets.



3.2.1 Hydrogen
We detect Hydrogen recombination lines in the Brackett and Pfund series in both S CrA N and S (Fig. 3). Brα has broad wings. Pfγ and Pfδ show an additional blue-shifted emission in S CrA N. Pfβ is blended with the 12CO v = 2−1 R(8) line in S CrA N. Pfϵ is blended with an OH doublet for both targets.
3.2.2 OH
Several OH lines are detected in the L-band around 2.93 μm in the S CrA N spectrum, also seen in the oCRIRES data analyzed in Banzatti et al. (2017). The lower S/N in our data relative to those in Banzatti et al. (2017), make a comparison difficult, particularly for these weak features. However, we see no qualitative differences in the features.
	[image: thumbnail]	Fig. 4 Stacked 12CO, 13CO, and H2O line profiles for S CrA N (top) and S CrA S (bottom). Blank portions correspond to masking due to telluric lines in the case of the first two panels and the masking of another feature in the case of the H2O line profile in S CrA N.



3.2.3 H2O
In the L band of S CrA N, we detect the same water lines previously observed by Banzatti et al. (2017). Given the low S/N of the spectrum we did not analyse the L-band water lines, limiting to highlight the detections. In the M band we detected H2O emission lines from the ro-vibrational R-branch of the bending mode (ν2), as observed in other disks (Banzatti et al. 2022, 2023). These M-band lines are faint, at the ~5% continuum level. The lines are fairly broad as shown in the last panel of Fig. 4. No H2O emission is detected in the S CrA S spectrum.
3.2.4 CO
In S CrA N, we detect 12CO emission lines in the v = 1−0, v = 2−1 and v = 3−2 ro-vibrational branches. 13CO is instead detected only in the v = 1−0 branch. In S CrA S, only the 12CO v = 1−0 lines are detected. We analyzed these lines following the procedure described in Banzatti et al. (2022). Two velocity components are detected in the 12CO v = 1−0 and v = 2−1 lines. In the v = 3−2 lines only a broad component is observed, while in the 13CO v = 1−0 lines only the narrow component is present. The broad component (BC) has a full width at half maximum (FWHM) of 72 km s−1 and the narrow component (NC) has a FWHM of 14 km s−1. In S CrA S, the BC and NC v = 1−0 FWHM are 126 km s−1 and 10 km s−1, respectively, and multiple absorption components are detected at different blue-shifts, especially in the low J lines. These velocity components are discussed in terms of emitting radii in Sect. 4.1. The stacked CO and M-band H2O line profiles are presented in Fig. 4.
3.3 Other species
The full spectral range in these observations, from ~2.9 to 5.5 μm, covers many additional molecular transitions, including those from H2, C2H2, HCN, NH3, CH4, and SO2 (Mandell et al. 2012). Emission from these features is not detected in our data above a level of 3σ.
3.4 Rotational diagrams
With sufficient coverage of multiple ro-vibrational lines, it is possible to use a rotational diagram as a diagnostic tool to study the temperature, density, and excitation processes of the gas producing the observed spectrum. The rotational diagrams, also known as Boltzmann diagrams, show the line flux versus the excitation energy or upper-level quantum number. The quantity on y-axis is
[image: equation](3)
where Ful is the flux of the line at frequency vul, produced by the transition from the upper level u, which has statistical weight gu, to the lower level l. Finally, Aul is the Einstein coefficient associated to the transition. If the gas is in local thermodynamic equilibrium (LTE) and the lines are optically thin, the rotational diagram results in a straight line with a slope given by −1/Tkin and the intercept is proportional to the total mass of the gas. Different combinations of gas temperature and density can result in a deviation from LTE, whereas optical depth effects can produce distinct curvatures in the rotational diagram (e.g., Goldsmith & Langer 1999). Moreover, different excitation processes such as UV- and IR-pumping can introduce a deviation from a simple straight line in the rotational diagram up to Eup ~ 7000 K (Thi et al. 2013). Thus, line coverage up to high Eup values is necessary to identify such deviations and in general, it is necessary to cover both low-J and high-J lines to accurately constrain the gas conditions.
The rotation diagram comparing the v = 1−0 and v = 2−1 broad and narrow components in S CrA N is presented in Fig. 5. By being able to distinguish these two velocity components, the rotation diagram can then be used to determine the conditions probed by these two different velocity components (which correspond to different radii in the disk, see Sect. 4.1). For each component, we fit the rotational diagram of the v = 1−0 lines with a single-slab model in LTE, following the fit procedure of Banzatti et al. (2012). This is done after flux calibration. As there is no separated photometry at 4.7 μm for this system, we use the 3.45 μm photometry from Sullivan et al. (2019) given that the S CrA N spectral energy distributions is relatively flat between 3.45 and 8 μm the closest photometry points. We discuss the impact of flux uncertainty on the model parameters below. The model depends on only three parameters, namely the kinetic temperature of the gas Tkin, the column density Ncol, and the emitting area A. For each model, the line fluxes are calculated and compared to the measured line fluxes by calculating the χ2. The best-fit parameters are then found by a χ2 minimization.
The temperature and column density of the best-fit model for the BC lines are Tkin,BC = 1820 ± 180 K and Ncol,BC = (3.5 ± 1.5) × 1017 cm−2, while for the NC lines they are Tkin,NC = 640 ± 80 K and Ncol,NC = (8.0 ± 3) × 1016 cm−2. Uncertainties are the 5σ uncertainties from the model grids. The emitting area is 0.24 au2 for the broad component and 4.19 au2 for the narrow component. The absolute flux level only impacts the emitting area. The flux uncertainty at these wavelengths is ~5%, resulting in uncertainties on the emitting area of 0.01 and 0.21 au2 for the broad and narrow components, respectively.
The v = 2−1 BC lines are generally well reproduced, with the exception of the high energy lines Eup ≳ 104 K. These results suggest that the BC emission is close to LTE, both rotationally and vibrationally. This is also seen in the vibrational diagram for12 CO in S CrA N, done using the broad component of the R(9) line, which is presented in Fig. 6. This is not done for the narrow component, as there is no narrow component to the R(9) line in the v = 2−1 and v = 3−2 transitions. A linear fit to the points results in a vibrational temperature of 2400 K, higher than the rotational temperature of 1820 K, as has been found in Herbig Ae/Be stars (e.g., Brittain et al. 2007; van der Plas et al. 2015; Banzatti et al. 2022) and even in some T Tauri stars (e.g., Bast et al. 2011). This may be evidence of UV pumping, which could then be expected to be present in S CrA N. In the case of the NC emission, the best-fit model is not able to reproduce well the v = 2−1 rotational diagram. This suggests that the NC emission is rotationally but not vibrationally thermalized. The gas producing the NC emission could have lower density, lower than the critical density of the CO lines and lower than the gas traced by the BC.
In previous disk samples observed with high spectral resolution in the M-band, most targets did not have coverage up to the high Eup values that we cover here (e.g. Najita et al. 2003; Blake & Boogert 2004; Brown et al. 2013). Recently, the iSHELL spectrograph (Rayner et al. 2016, 2022) at the NASA Infrared Telescope Facility (IRTF) has made it possible to get a complete coverage of v = 1−0 lines up to Eup ~ 10 000 K, thanks to the covering of the entire M band (from 4.52 to 5.24 μm) in one single shot. This has allowed to get the most complete coverage of the rotational diagram to-date, revealing the full shape of curvatures associated to different gas conditions (Banzatti et al. 2022).
As CRIRES+ does not cover the entire M band in a single spectral setting, it is desirable to determine what filters are needed to cover sufficient CO lines to achieve good coverage for CO analysis while maximizing observing efficiency. This is presented in Fig. 7, where the v = 1−0 rotational diagram is plotted in the right panel. The upper energy coverage by filters M4211 and M4368 are indicated, in comparison with one filter from oCRIRES, which had a shorter simultaneous wavelength coverage. This demonstrates that even with just two settings it is possible to sufficiently cover the v = 1−0 rotational diagram from low energy levels (Eup ~ 3000 K) to high energy levels (Eup ~ 8000 K). M4318 covers a similar range of CO lines as the M4368 filter, however, M4368 also covers the Brα line at 4.05 μm, which offers an isolated line for determining the simultaneous accretion rate, and H2O lines at 5 μm.
	[image: thumbnail]	Fig. 5 Rotational diagrams of 12CO v = 1−0 (left) and 12CO v = 2−1 (right) for S CrA N. The broad and narrow components are shown in red and blue, respectively. The data are shown as the points and the best-fit model is shown in the lines. The model is fit for 12CO v = 1−0 and predicted for the v = 2−1 transitions. The two model lines correspond to the P- and R-branch lines.



	[image: thumbnail]	Fig. 6 Vibrational diagram of the 12CO broad component using the R(09) line in S CrA N. The slope indicates a vibrational temperature of 2400 K.



	[image: thumbnail]	Fig. 7 Rotational diagrams of the 12CO v = 1−0 transitions. On the left is a simulation of the S CrA N CRIRES+ data with the spectral resolution and wavelength coverage of JWST MIRI-MRS, which does not have the resolution to distinguish between different kinematic components and only covers high-J lines. Three optically thin models with different temperatures are shown for illustration. The 4700 K is the best linear fit result. On the right is what is observed with VLT-CRIRES+. Only detected transitions are shown. The lines correspond to a linear fit to the simulated MIRI data (left) and the best-fit LTE model to the CRIRES+ data (right). In order to constrain the gas temperature and column density, sufficient upper energy level coverage is needed. In the right panel, we provide the coverage of two M-band filters of CRIRES+ (black) that provide sufficient to characterize the CO gas. The coverage of one of the oCRIRES filters is shown in grey. The upgrades to CRIRES+ result in greater energy level coverage with a single filter. The two model lines correspond to the P- and R-branch lines.



4 Discussion
4.1 CO emitting radii
With sufficient spectral resolution, Keplerian broadening of lines can be observed and used to determine the emitting radius of the gas. Under the assumption of Keplerian rotation, the emitting radius R depends on the line width Δv through
[image: equation](4)
where M* is the mass of the central star and i is the inclination of the disk. Additionally, as in S CrA N, if multiple velocity components are observed in the lines, an emitting radius can be determined for each component. We determine the CO emitting radius for the broad and narrow velocity components in S CrA N and S using inner disk inclinations from VLTI-Gravity (GRAVITY Collaboration 2021).
The CO radii for the broad and narrow components are presented in Fig. 8. The emitting radii can be put into context using information on the disk structure from other methods, for instance from near-infrared interferometry or from the dust sublimation radius, estimated given the stellar luminosity. For S CrA N and S, the broad component is coming from inside the dust disk rim, as determined from VLTI-Gravity observations (GRAVITY Collaboration 2021) and as found in other highly accreting disks (Fig. 12 in Banzatti et al. 2022). The narrow component is coming from farther out, beyond ~1 au in both disks.
The two velocity components seen in S CrA N and S are not uncommon in protoplanetary disks (Banzatti et al. 2022). Having high spectral resolution means that not only can the gas properties be studied for these components separately, but it also provides a map of the inner disk structure. Paired with information on the dust distribution (e.g., from interferometry or a determination of the dust sublimation radius), a more complete picture of the inner 10 au of protoplanetary disks can be accessed. This is useful information on its own, however, it can also be a crucial complement to low spectral resolution data, like that from JWST-MIRI, where determining the emitting area, is dependent on the model and on whether the gas is optically thin or optically thick and the actually emitting radius, is unconstrained. In this way, high spectral resolution spectroscopy is a uniquely powerful tool.
4.2 Lessons learned for JWST observations
The high spectral resolution and large spectral coverage of these CRIRES+ observations allow for a detailed characterization of the CO gas in the S CrA disks. The spectral resolution allows for the extraction of multiple velocity components, which come from different regions in the disk, and the large coverage of the CO lines allows for access to the full CO ro-vibrational ladder for each velocity component. It is useful then to consider how this information can be used and what it would mean if these observational features were not available. This is particularly useful to consider as JWST is providing great insight into disk chemistry, but is lacking the spectral resolution to distinguish many line blends, let alone distinguish different velocity components in a single feature. Additionally, JWST-MIRI MRS observations lack full coverage of the whole CO ladder. In Fig. 7, we show what the 12CO rotational diagram looks like with CRIRES+ and simulate what this rotation diagram would look like given the spectral resolution and coverage of JWST-MIRI MRS. To do this, we bin the CRIRES+ resolution to that of MIRI at 5 μm (thereby losing the ability to distinguish between velocity components), along take the spectrum long-ward of the MIRI MRS wavelength limit of 4.9 μm and re-extract the fluxes for the covered CO lines. The curvature of the rotation diagram around upper energy levels of ~4000 K is lost, resulting in non-convergence of the models. A simple straight line fit to the rotation diagram, assuming optically thin emission, results in a very high temperature model (between ~3000 K and 10000 K), despite the fact that the broad component, that dominates the flux, is actually better fit by a lower temperature and higher column density when the full energy level coverage is considered in the fit.
JWST-NIRSpec observations would provide broader coverage of the CO ladder, including avoiding the gap in ground-based data caused by the strong telluric absorption short-ward of 4.5 μm which would allow for higher R-branch lines to be detected. However, the lower spectral resolution of JWST-NIRSpec relative to MIRI, will make for even more severe line blending. Observations from VLT-CRIRES+ and other high spectral resolution ground-based spectrographs are crucial complements to observations from facilities like JWST.
	[image: thumbnail]	Fig. 8 Emitting radii of the CO lines (colors) compared to the dust continuum radius determined from VLTI-Gravity (black circle; GRAVITY Collaboration 2021, values corrected for a different adopted distance). S CrA N is presented in the top panel and S CrA S in the bottom panel. For both stars, the broad component is coming from the inner, dust-free region, while the narrow component is coming from larger disk radii.



4.3 Comparison with other sources
Large samples of disks have been studied using CO ro-vibrational emission, including in Herczeg et al. (2011), Brown et al. (2013), and Banzatti et al. (2022). These surveys have covered disks at different evolutionary stages and different stellar mass regimes. Much has been learned about the inner disk gas in disks as a result of these stellar and evolutionary properties. Brown et al. (2013) find that the CO line profile complexity decreases with increasing evolutionary state due to the disappearance of ice features and foreground absorption. However, those authors find that the underlying emission is quite similar between Class I and Class II disks. No ice absorption is observed in the L or M band in either S CrA N or S, but some CO absorption is present in the low-J lines of S CrA N and in the low-to intermediate-J lines in S CrA S, indicative of some envelope and/or cloud absorption (Herczeg et al. 2011). The lack of ice features, paired with evidence of some remnant envelope material, indicates an intermediate evolutionary state for this binary system, which agrees with analysis of the spectral energy distributions that determine these are flat-spectrum objects in the transition phase between Class I and II (Sullivan et al. 2019).
5 Summary and conclusions
This work presents VLT-CRIRES+ high-resolution (R = 80000) spectroscopy of the binary system S CrA. A full spectral scan in the L- and M-band filters allows for a detailed analysis of the upgraded instrument for studying protoplanetary disks and a unique look into this binary system. For the characterization of the upgraded CRIRES+ instrument, we find:

	The sensitivity of CRIRES+ is ~10% better than oCRIRES, determined by comparing previous observations of this binary system to the data presented here;


	We find that with only two CRIRES+ spectral settings, the CO rotational diagram can be sufficiently covered. M4211 and M4368 provide good CO energy level coverage, and M4368 additionally covers the accretion-tracing Bra line at 4.05 μm and H2O lines at 5 μm. Many more lines were covered simultaneously with CRIRES+, compared to the smaller spectral coverage of oCRIRES, which allows for a more detailed analysis of the CO emission lines.

For the S CrA binary system, we find:


	Atomic (hydrogen recombination) and molecular (OH, H2O, and CO) lines are observed in the spectrum of S CrA N. In the fainter S CrA S disk, only the 12CO v = 1−0 and hydrogen recombination lines are detected;


	The high spectral resolution of CRIRES+ (in particular with the 0.″2 slit), allows for the detection of multiple velocity components in the CO lines observed in these disks. A narrow, low-velocity component and a broad, high-velocity component are detected in both disks;


	Rotation diagrams are important tools for determining the gas temperature, column density, and determining optical depth effects and/or excitation processes. For S CrA N, we find that the broad and narrow velocity components of the CO emission are coming from gas with similar column densities (~8×1016−4×1017 cm−2), but different temperatures (1820 K and 640 K, for the BC and NC, respectively) and emitting areas (0.24 au2 and 4.19 au2, respectively);


	There is a clear separation in the CO emitting radii between the broad component (~0.1 au and ~0.03 au in S CrA N and S, respectively) and the narrow component (~3 au and ~5 au, respectively). The broad components are coming from within the dust-free inner region, where the inner dust disk radii were determined from VLTI-Gravity observations. The narrow component may be tracing a wind at larger radii (see Banzatti et al. 2022 for examples of disks winds observed in CO line profiles in other sources), in agreement with the emitting area distinction found in fitting the rotational diagrams.




We are now in a time when several high spectral resolution (R ≳ 75 000) spectrographs capable of observing in the L and M band are online and the future for such observations is bright, in particular with E-ELT METIS achieving first light in the late 2020s. VLT-CRIRES+, in the years before METIS, is the only telescope-instrument combination that can observe targets in this wavelength range with this resolution at declinations below ~−40°. VLT-CRIRES+ has then great potential for continuing the work of oCRIRES and producing new, cutting-edge results.
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Appendix A  Observing details
The observing conditions for our observations are given in Table A.1.
Table A.1 
Observing time, seeing, airmass, and airmass corrected seeing (I.Q.) for our observations.


Appendix B  Full spectra of S CrA N and S
The full L- and M-band spectra for S CrA N are shown in Figure B.1 and Figure B.2, respectively. And the S CrA S L- and M-band spectra are presented in Figures B.3 and B.4, respectively. The oCRIRES data for each binary component are also shown for comparison.
	[image: thumbnail]	Fig. B.1 S CrA N spectra after combining all of the L-band filters (black). For comparison, the oCRIRES data, taken with a longer total exposure time, are shown in grey, vertically offset for clarity. Wavelength regions where the telluric lines are particularly strong have been removed. The wavelength coverage of the L-band spectral settings is shown in the colors. Detected hydrogen recombination lines are labeled.



	[image: thumbnail]	Fig. B.2 The same as Figure B.1, but showing the combination of all of the M-band filters. Vertical grey lines indicate CO ro-vibrational lines: 12CO v = 1−0 (solid), v = 2−1 (dashed), v = 3−2 (dotted), and 13CO v = 1−0 (dot-dashed).



	[image: thumbnail]	Fig. B.3 L-band data for S CrA S.



	[image: thumbnail]	Fig. B.4 M-band data for S CrA S.
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Observing time, seeing, airmass, and airmass corrected seeing (I.Q.) for our observations.
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	[image: thumbnail]	Fig. 1 Example of the detector image, showing the A (red) and B (blue) nod tracks for S CrA N (bottom track) and S CrA S (top track). The slit is illustrated on the left in the inset, although in reality the slit is tilted. The small grey boxes correspond to the regions where the spectra were extracted for each source and each nod position.
In the text



	[image: thumbnail]	Fig. 2 Top: S CrA N CRIRES+ reduced and telluric-corrected spectra in all available L- and M-band settings (colors). The wavelength separation of the orders can be seen; for instance, the M4519 (red) filter shows five orders (two orders fall in the telluric absorption gap from 4.2 to 4.5 μm). Note that between 3.4 and 4.2 μm L- and M-band filters overlap. The sky transmission is shown in black, for reference. Middle: The signal-to-noise ratio for each filter, order, and detector in the S CrA N spectra. Bottom: The combined L- (blue) and M-band (red) spectra for S CrA N after flux calibration and continuum subtraction. Prominent emission features are labeled. Regions where the atmospheric transmission is below 50% are masked. The gray lines indicate the ±3σ regions for reference.
In the text



	[image: thumbnail]	Fig. 3 Hydrogen recombination lines detected in the S CrA N (left) and S CrA S (right) spectra. A 12CO v = 2−1 line is blended with the Pfβ feature in S CrA N and an OH doublet is blended with Pfϵ for both targets.
In the text



	[image: thumbnail]	Fig. 4 Stacked 12CO, 13CO, and H2O line profiles for S CrA N (top) and S CrA S (bottom). Blank portions correspond to masking due to telluric lines in the case of the first two panels and the masking of another feature in the case of the H2O line profile in S CrA N.
In the text



	[image: thumbnail]	Fig. 5 Rotational diagrams of 12CO v = 1−0 (left) and 12CO v = 2−1 (right) for S CrA N. The broad and narrow components are shown in red and blue, respectively. The data are shown as the points and the best-fit model is shown in the lines. The model is fit for 12CO v = 1−0 and predicted for the v = 2−1 transitions. The two model lines correspond to the P- and R-branch lines.
In the text



	[image: thumbnail]	Fig. 6 Vibrational diagram of the 12CO broad component using the R(09) line in S CrA N. The slope indicates a vibrational temperature of 2400 K.
In the text



	[image: thumbnail]	Fig. 7 Rotational diagrams of the 12CO v = 1−0 transitions. On the left is a simulation of the S CrA N CRIRES+ data with the spectral resolution and wavelength coverage of JWST MIRI-MRS, which does not have the resolution to distinguish between different kinematic components and only covers high-J lines. Three optically thin models with different temperatures are shown for illustration. The 4700 K is the best linear fit result. On the right is what is observed with VLT-CRIRES+. Only detected transitions are shown. The lines correspond to a linear fit to the simulated MIRI data (left) and the best-fit LTE model to the CRIRES+ data (right). In order to constrain the gas temperature and column density, sufficient upper energy level coverage is needed. In the right panel, we provide the coverage of two M-band filters of CRIRES+ (black) that provide sufficient to characterize the CO gas. The coverage of one of the oCRIRES filters is shown in grey. The upgrades to CRIRES+ result in greater energy level coverage with a single filter. The two model lines correspond to the P- and R-branch lines.
In the text



	[image: thumbnail]	Fig. 8 Emitting radii of the CO lines (colors) compared to the dust continuum radius determined from VLTI-Gravity (black circle; GRAVITY Collaboration 2021, values corrected for a different adopted distance). S CrA N is presented in the top panel and S CrA S in the bottom panel. For both stars, the broad component is coming from the inner, dust-free region, while the narrow component is coming from larger disk radii.
In the text



	[image: thumbnail]	Fig. B.1 S CrA N spectra after combining all of the L-band filters (black). For comparison, the oCRIRES data, taken with a longer total exposure time, are shown in grey, vertically offset for clarity. Wavelength regions where the telluric lines are particularly strong have been removed. The wavelength coverage of the L-band spectral settings is shown in the colors. Detected hydrogen recombination lines are labeled.
In the text



	[image: thumbnail]	Fig. B.2 The same as Figure B.1, but showing the combination of all of the M-band filters. Vertical grey lines indicate CO ro-vibrational lines: 12CO v = 1−0 (solid), v = 2−1 (dashed), v = 3−2 (dotted), and 13CO v = 1−0 (dot-dashed).
In the text



	[image: thumbnail]	Fig. B.3 L-band data for S CrA S.
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	[image: thumbnail]	Fig. B.4 M-band data for S CrA S.
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        Example of the detector image, showing the A (red) and B (blue) nod tracks for S CrA N (bottom track) and S CrA S (top track). The slit is illustrated on the left in the inset, although in reality the slit is tilted. The small grey boxes correspond to the regions where the spectra were extracted for each source and each nod position.
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        Top: S CrA N CRIRES+ reduced and telluric-corrected spectra in all available L- and M-band settings (colors). The wavelength separation of the orders can be seen; for instance, the M4519 (red) filter shows five orders (two orders fall in the telluric absorption gap from 4.2 to 4.5 μm). Note that between 3.4 and 4.2 μm L- and M-band filters overlap. The sky transmission is shown in black, for reference. Middle: The signal-to-noise ratio for each filter, order, and detector in the S CrA N spectra. Bottom: The combined L- (blue) and M-band (red) spectra for S CrA N after flux calibration and continuum subtraction. Prominent emission features are labeled. Regions where the atmospheric transmission is below 50% are masked. The gray lines indicate the ±3σ regions for reference.
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        Hydrogen recombination lines detected in the S CrA N (left) and S CrA S (right) spectra. A 12CO v = 2−1 line is blended with the Pfβ feature in S CrA N and an OH doublet is blended with Pfϵ for both targets.
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        Stacked 12CO, 13CO, and H2O line profiles for S CrA N (top) and S CrA S (bottom). Blank portions correspond to masking due to telluric lines in the case of the first two panels and the masking of another feature in the case of the H2O line profile in S CrA N.
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        Rotational diagrams of 12CO v = 1−0 (left) and 12CO v = 2−1 (right) for S CrA N. The broad and narrow components are shown in red and blue, respectively. The data are shown as the points and the best-fit model is shown in the lines. The model is fit for 12CO v = 1−0 and predicted for the v = 2−1 transitions. The two model lines correspond to the P- and R-branch lines.
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        Vibrational diagram of the 12CO broad component using the R(09) line in S CrA N. The slope indicates a vibrational temperature of 2400 K.
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        Rotational diagrams of the 12CO v = 1−0 transitions. On the left is a simulation of the S CrA N CRIRES+ data with the spectral resolution and wavelength coverage of JWST MIRI-MRS, which does not have the resolution to distinguish between different kinematic components and only covers high-J lines. Three optically thin models with different temperatures are shown for illustration. The 4700 K is the best linear fit result. On the right is what is observed with VLT-CRIRES+. Only detected transitions are shown. The lines correspond to a linear fit to the simulated MIRI data (left) and the best-fit LTE model to the CRIRES+ data (right). In order to constrain the gas temperature and column density, sufficient upper energy level coverage is needed. In the right panel, we provide the coverage of two M-band filters of CRIRES+ (black) that provide sufficient to characterize the CO gas. The coverage of one of the oCRIRES filters is shown in grey. The upgrades to CRIRES+ result in greater energy level coverage with a single filter. The two model lines correspond to the P- and R-branch lines.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Emitting radii of the CO lines (colors) compared to the dust continuum radius determined from VLTI-Gravity (black circle; GRAVITY Collaboration 2021, values corrected for a different adopted distance). S CrA N is presented in the top panel and S CrA S in the bottom panel. For both stars, the broad component is coming from the inner, dust-free region, while the narrow component is coming from larger disk radii.

      

    

  
    
      Table A.1 

      Observing time, seeing, airmass, and airmass corrected seeing (I.Q.) for our observations.

      
        


	
	S CrA
	λ Aql



	




	Filter
	Time [UT]
	Seeing [″]
	Airmass
	I.Q. [″]
	Time [UT]
	Seeing [″]
	Airmass
	I.Q. [″]





	L3244
	2021-09-18T02:51:58.8391
	0.7
	1.295
	1.0
	2021-09-18T03:51:09.7134
	1.11
	1.926
	0.84



	L3262
	2021-09-18T03:00:15.5436
	0.94
	1.327
	1.22
	2021-09-18T03:56:48.2035
	0.98
	1.999
	0.85



	L3302
	2021-09-18T03:07:22.7153
	1.05
	1.357
	1.03
	2021-09-18T04:21:26.7844
	1.31
	2.413
	0.93



	L3340, P.A. 1
	2021-09-18T02:37:17.0365
	0.68
	1.245
	0.91
	2021-09-18T03:45:20.0723
	1.22
	1.857
	1.02



	L3340, P.A. 2
	2021-09-18T02:44:34.2579
	0.63
	1.269
	0.93
	2021-09-18T03:45:20.0723
	1.22
	1.857
	1.02



	L3377
	2021-09-18T03:15:12.8397
	0.7
	1.392
	0.94
	2021-09-18T04:27:17.7477
	1.02
	2.542
	0.72



	L3412
	2021-09-18T03:22:25.3378
	0.91
	1.428
	1.08
	2021-09-18T04:32:54.9032
	1.05
	2.682
	0.73



	L3426
	2021-09-18T03:29:31.5921
	0.86
	1.465
	0.96
	2021-09-18T04:38:11.7044
	1.06
	2.828
	0.83



	M4187
	2021-09-18T23:44:52.1024
	0.43
	1.024
	0.77
	2021-09-19T01:08:23.3365
	0.29
	1.115
	0.63



	M4211
	2021-09-18T23:52:33.3342
	0.43
	1.023
	0.77
	2021-09-19T01:16:29.1057
	0.33
	1.128
	0.65



	M4266
	2021-09-19T00:00:24.7822
	0.31
	1.024
	0.75
	2021-09-19T01:26:28.1670
	0.39
	1.147
	0.67



	M4318
	2021-09-19T00:08:30.8910
	0.29
	1.025
	0.73
	2021-09-19T01:34:27.2257
	0.25
	1.163
	0.67



	M4368, P.A. 1
	2021-09-18T23:16:27.7131
	0.51
	1.033
	0.73
	2021-09-19T01:00:22.7853
	0.33
	1.104
	0.68



	M4368, P.A. 2
	2021-09-18T23:36:45.9149
	0.36
	1.025
	0.76
	2021-09-19T01:00:22.7853
	0.33
	1.104
	0.68



	M4416
	2021-09-19T00:18:05.5455
	0.32
	1.028
	0.77
	2021-09-19T01:43:49.4897
	0.34
	1.186
	0.61



	M4461
	2021-09-19T00:26:07.9014
	0.49
	1.032
	0.73
	2021-09-19T01:51:10.0201
	0.33
	1.205
	0.66



	M4504
	2021-09-19T00:34:53.1912
	0.33
	1.037
	0.73
	2021-09-19T01:58:46.7159
	0.28
	1.227
	0.59



	M4519
	2021-09-19T00:42:57.2216
	0.28
	1.043
	0.74
	2021-09-19T02:06:01.9413
	0.29
	1.25
	0.6





      

    

  
    
      Fig. B.1 
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        S CrA N spectra after combining all of the L-band filters (black). For comparison, the oCRIRES data, taken with a longer total exposure time, are shown in grey, vertically offset for clarity. Wavelength regions where the telluric lines are particularly strong have been removed. The wavelength coverage of the L-band spectral settings is shown in the colors. Detected hydrogen recombination lines are labeled.

      

    

  
    
      Fig. B.2 
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        The same as Figure B.1, but showing the combination of all of the M-band filters. Vertical grey lines indicate CO ro-vibrational lines: 12CO v = 1−0 (solid), v = 2−1 (dashed), v = 3−2 (dotted), and 13CO v = 1−0 (dot-dashed).

      

    

  
    
      Fig. B.3 
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        L-band data for S CrA S.

      

    

  
    
      Fig. B.4 
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        M-band data for S CrA S.
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