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Abstract

Context. The Medium-Resolution Spectrometer (MRS) provides one of the four operating modes of the Mid-Infrared Instrument (MIRI) on board the James Webb Space Telescope (JWST). The MRS is an integral field spectrometer, measuring the spatial and spectral distributions of light across the 5–28 µm wavelength range with a spectral resolving power between 3700 and 1300.

Aims. We present the MRS’s optical, spectral, and spectro-photometric performance, as achieved in flight, and we report on the effects that limit the instrument’s ultimate sensitivity.

Methods. The MRS flight performance has been quantified using observations of stars, planetary nebulae, and planets in our Solar System. The precision and accuracy of this calibration was checked against celestial calibrators with well-known flux levels and spectral features.

Results. We find that the MRS geometric calibration has a distortion solution accuracy relative to the commanded position of 8 mas at 5 µm and 23 mas at 28 µm. The wavelength calibration is accurate to within 9 km s−1 at 5 µm and 27 km s−1 at 28 µm. The uncertainty in the absolute spectro-photometric calibration accuracy was estimated at 5.6 ± 0.7%. The MIRI calibration pipeline is able to suppress the amplitude of spectral fringes to below 1.5% for both extended and point sources across the entire wavelength range. The MRS point spread function (PSF) is 60% broader than the diffraction limit along its long axis at 5 µm and is 15% broader at 28 µm.

Conclusions. The MRS flight performance is found to be better than prelaunch expectations. The MRS is one of the most subscribed observing modes of JWST and is yielding many high-profile publications. It is currently humanity’s most powerful instrument for measuring the mid-infrared spectra of celestial sources and is expected to continue as such for many years to come.
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1 Introduction
The Mid-Infrared Instrument (MIRI), on board the James Webb Space Telescope (JWST), has four operating modes: (1) imaging, (2) low-resolution spectroscopy, (3) high-contrast (coro-nagraphic) imaging, and (4) medium-resolution spectroscopy (Wright et al. 2015; Bouchet et al. 2015; Kendrew et al. 2015; Boccaletti et al. 2015; Wells et al. 2015). A concise description of the operating modes can be found in Wright et al. (2023), along with a summary of the in-flight performance of the respective modes. A detailed performance analysis for the MIRI Imager can be found in Dicken et al. (in prep.) and Kendrew et al. (in prep.) for the MIRI low-resolution spectrometer, and Boccaletti et al. (2022) for the MIRI coronagraphic imaging. In this paper we focus on the in-flight performance of the MIRI Medium-Resolution Spectrometer (MRS, Wells et al. 2015). The high-level characterization of the overall JWST observatory and science instrument performance from commissioning can be found in Rigby et al. (2023).
The MIRI MRS is an integral-field spectrometer (IFS); in a single exposure, it measures the target’s spectrum with a thousand wavelength samples and several hundred contiguous spatial samples across a rectangular field of view (FOV). For convenience, we refer to the resulting 3D dataset (two spatial and one spectral dimension) as a “data cube.”
A block diagram showing the MRS’s key optical elements is shown in Fig. 1. Light from a small (10 × l0arcsec) field of the telescope focal plane is selected by the pick-off mirror and presented to the two dichroic and grating wheel assemblies (DGA-A and DGA-B). In normal operations the DGAs are both set to one of three positions separated by 120 degrees, which we refer to as short, medium, and long wavelength subbands, respectively. Four spectral channels are selected by the dichroics (channels 1 to 4), with the DGA setting defining which spectral subband is selected within each channel. Referring to Fig. 1, one exposure yields bands 1short, 2short, 3short, and 4short, where each dichroic transmits wavelengths longward of (and reflects wavelengths shortward of) a fixed wavelength. Bands 1short and 2short are sliced spatially by the integral field unit (IFU) optics IFU 1 and IFU 2, and then dispersed spectrally by gratings mounted on the DGAs to rotate with their corresponding dichroic. Camera optics projected 1short and 2short onto the short wavelength (MIRIFUSHORT) focal plane assembly (FPA). Similarly, bands 3short and 4short are projected onto the long wavelength (MIRIFULONG) FPA. Both the MIRIFUSHORT and MIRIFULONG arms used the same type of Si:As impurity band conduction (IBC) array (Rieke et al. 2015; Argyriou et al. 2020a).
The size of the MRS footprint on the sky varies with spectral channel, as shown in the left panel of Fig. 2 in the JWST V2/V3 coordinate system. In each channel the corresponding MRS IFU image slicer split the footprint into a distinct number of slices defined by the available detector area and the desire to match the slice width to the size of the diffraction limited PSF within each channel. As shown in the middle panel of Fig. 2, each channel is imaged onto one half of the two FPAs. Importantly, slices that are adjacent on the sky are interleaved in the detector plane. The calibration effort benefited from this design decision tremendously, helping to discriminate between effects that are adjacent on the detector (e.g., dark current and scattered light) and those that are adjacent on the sky (e.g., sky background emission).
The MIRI/MRS calibration pipeline (Labiano et al. 2016) takes the 2D detector plane images of the dispersed spectra as input and reconstructs 3D regularized spectral cubes as shown in the right-hand panel of Fig. 2. These cubes have one spectral direction (λ) and two spatial directions. The cube spatial coordinates can be provided in JWST V2/V3 coordinates, right ascension (RA), and declination (Dec), or they can be aligned to the MRS IFU local coordinates (α,ß). Reconstructed spectral cubes are a visually and experimentally meaningful way to analyze MRS data. However, since data cubes necessarily resample the detector plane, they can also introduce artifacts into the data (see discussion by Law et al. 2023); some studies can therefore benefit from analysis of the 2d detector-level calibrated data (Argyriou 2021). In this paper we use both the cube and the detector plane level data to report on the MRS in-flight performance. The base MRS spatial and spectral sample dimensions per spectral band determined in flight are provided in Table 1.
Notes. (α)This is the currently calibrated wavelength limit of the MRS. Future work may extend this limit out to 28.8 µm.
MIRI/MRS raw data come in the form of ramps, a sequence of detector frames where the per pixel signal - in units of data numbers (DN) – rises with the increase in photo-charge collected as a function of time. These ramps are affected by a collection of electronic effects, explained in detail in Morrison et al. (2023). The baseline data product assumed in this paper is a 2D MRS detector plane “slope” image, similar to the middle panel of Fig. 2, where the signal of each pixel has units of DN per second per pixel (Ressler et al. 2015). These units are converted to surface brightness units (MJy sr−1) after being corrected for the instrument’s spectro-photometric response and the angle subtended by the pixel on the sky.
The on-sky component of the MRS commissioning campaign took place from June 6 to June 23, 2022. In this (extremely short) amount of time, the MIRI commissioning team was able to perform all the necessary calibration activities it set out to perform and they have shown that the MRS met all of the NASA criteria necessary to be declared “ready for science,” thereby closing out the commissioning phase of operations. In fact, cycle 1 calibration data and guaranteed time observation (GTO) data were used to augment commissioning data to perform the MRS performance analysis presented in this paper, where the programs used are tabulated in Table 2. The left column provides the proposal ID numbers used in the Astronomer’s Proposal Tool APT. The astronomical sources selected for each calibration program shown in Table 2 were vetted prior to launch. Selection criteria included visibility at the epoch specified in the commissioning plan, the brightness and spectral shape of the source, whether these were spatially resolved, whether they had unresolved spectral lines, and whether they were photometrically variable (Gordon et al. 2022).
In Sect. 2, we quantify the MRS in-flight performance in terms of optical fidelity, geometric and spectral distortion, and spectro-photometric precision and accuracy. We present a number of systematic effects that were not fully characterized (or even detected) on the ground. In Sect. 3, we discuss the issues affecting the MRS’s ultimate achievable sensitivity and how it compares to the preflight predictions made in Glasse et al. (2015). Finally in Sect. 4, the conclusions of this work are presented. Throughout we provide references where appropriate to a series of other MRS technical papers that explore specific aspects of the MRS calibration in greater detail. The full list is provided in Table 3.
Notes. PID 1523 was a calibration activity carried out in cycle 1. PIDs 1246 and 1247 were guaranteed time observations (PI: Fletcher).
	[image: thumbnail]	Fig. 1 Topological layout of the MIRI MRS optics. Blue, green, orange, and red identify the instrument’s four spectral channels, 1 to 4, respectively. “DGA” refers to the two dichroic-grating wheel assemblies, “ΓFU” to the integral field units, and “FPA” to the focal plane assemblies (the two detectors). The figure is adopted from Wright et al. (2023).



	[image: thumbnail]	Fig. 2 Schematic overview of the MIRI MRS IFU. Left-hand panel: Footprint of the IFUs for channels 1–4 (blue, green, orange, and red regions, respectively) using their “short” grating setting. Individual slices have been drawn and numbered for band 4short. Middle panel: Layout of the dispersed spectra on the two Si:As IBC detector arrays. Slices that are adjacent on the sky are interleaved in the detector plane; numbers illustrate the schematic layout (shown in full for channel 4). Right panel: Composite data cube reconstructed from the dispersed spectra illustrating the wavelength coverage of each of the twelve MRS spectral bands. Since the IFU FOV increases with wavelength, the data cube is in practice akin to a stepped pyramid. The figure is adopted from Law et al. (2023).



Table 1 
MRS spatial and spectral sample dimensions.

Table 2 
Summary of calibration program targets. PID 1524 was a cycle 1 calibration activity that was folded into the commissioning phase.

Table 3 
Studies and analyses of MRS behavior preflight and in flight.

2 MRS in-flight performance
2.1 Detector illumination and detector internal scattering
Figure 3 illustrates the spatial profile of point and extended sources as they are reformatted and projected onto the MRS detectors by the MRS IFS optics. Light entering the detector experiences multiple internal reflections between the detector anti-reflection coating and the pixel metalization which cause (1) the MRS PSF to be significantly broader in the along-row direction than the diffraction limit (a phenomenon identified in the imager detector as the “cruciform” Gáspár et al. 2021), and (2), the generation of interferometric spectral fringes, which requires careful correction in the calibration pipeline (Kester et al. 2003; Lahuis & Boogert 2003; Malumuth et al. 2003; Argyriou et al. 2020a,b).
The spatial behavior of the scattering is seen most clearly in the point source signal in channel 1 (Fig. 4). The broad structured component is caused by diffraction of light at the narrow gaps between the MRS detector pixels (Rieke et al. 2015; Gáspár et al. 2021), resulting in part of the signal in one slice being detected in neighboring slices. Adjacent slices on the detector are not adjacent on the sky, so the scattered light appears in other parts of the FOV in the reconstructed 3D cube, as shown in the top right panel of Fig. 4. The three diagonal stripes, one on source and two off source, are the cube manifestation of the scattered light on the detector.
The scattered light component accounts for 20% of the integrated power of the PSF at 5 µm, with the fraction dropping to zero at 12 µm. Due to the smaller absorption length of the arsenic-doped silicon in channels 3 and 4, scattering becomes negligible long-ward of 12 µm with the PSF being close to diffraction limited. In order to mitigate the impact of the scattered light on the flux distribution in the reconstructed spectral cubes, an algorithm was developed to model the scattered component and subtract it directly at the detector plane level Patapis et al. (in prep.). This is shown in the left and bottom-right panels of Fig. 4. The algorithm fits a series of Gaussian profiles, constrained in amplitude, to the broad and structured scattered light component, one detector row at a time, for the two spectral channels projected on the detector. The algorithm reduces the integrated power of the effect on the PSF to below the 1% level. This is a subtraction of flux from the 2D detector image, and comparing before and after will show a slight loss in flux. However, the spectro-photometric calibration against standard star observations also uses the same step, so any fractional losses is made up as part of the spectro-photometric calibration step. The algorithm has been tested on semi-extended sources and single point sources, but it is recommended to examine the effectiveness of the algorithm for more complex morphologies (e.g., two resolved but blended PSFs) on a case-by-case basis.
	[image: thumbnail]	Fig. 3 Extended (black, linear scale) and point (red, log scale) source illumination along a detector row. For the point source, the telescope-plus-instrument PSF was split spatially by the integral field unit of the respective spectral channel. Different parts of the PSF were projected onto different parts of the detector in slices that do not neighbor one another on the sky. The numbering of the slices (slice number s) on the detector follows a similar alternating pattern for all channels to that shown for channel 4. The effect of light scattering inside the MRS detectors is clearly visible for the extended source in channels 1 and 2, where the signal between adjacent slices does not drop to zero. Although less visible in channel 2, the same effect is seen for the point source illumination.



	[image: thumbnail]	Fig. 4 Illustration of scattered light correction in the MIRI calibration pipeline. Left: MRS point source illumination and scattered light fitted model. Right: MRS reconstructed spectral cube image before and after scattered light correction.



2.2 Geometric distortion solution
The geometric distortion solution links the JWST observatory V2/V3 coordinates to MRS detector pixels and vice versa. In practical terms, the location of a point source in V2/V3 may be recovered by determining the point source’s centroid coordinates (pixel row, column) on the detector and applying a set of slice and wavelength specific transforms to recover the V2/V3 coordinates.
Individual spatial and spectral distortion solutions are required for each of the MRS’ 198 individual slice and spectral subband combinations (as shown in the middle panel of Fig. 2) because each of the 66 slices has its own set of optics within the four IFUs and its own footprint in the common spectrometer collimator and camera optics. The accuracy of the transforms not only affects the MRS astrometry, it also impacts the fidelity of the reconstructed point source images in the 3D MRS cubes to the on-sky PSF. Curvature of the slice illumination on the detector makes it challenging to disentangle the geometric and the spectral distortion solutions (for more information on this issue see Chap. 3 of Argyriou 2021). The methodology used to derive the MRS geometric distortion solution in each slice on the detector is described in detail in Patapis et al. (in prep.), with the accuracy achieved in each channel summarized in Table 4.
During commissioning the preflight distortion solution (derived from the MRS Zemax optical model) was verified and updated using dithered observations of a bright star (2MASS-J05220207-6930388) in the Large Magellanic Cloud in program 1024, PI: Glasse). An optimized observing program was then put together and carried out early on in Cycle 1 calibration (APT PID 1524, PI: David R. Law) which observed the O-type star 10 Lac in a custom dither pattern designed to place the unresolved source in multiple locations inside each MRS slice on the detector.
Figure 5 shows the commanded position of the star 10 Lac from PID 1524 (black dots) versus the projected positions of the star from the detector-plane-transformed V2/V3 coordinates (red crosses) for one MRS spectral band. The blue square outlines the footprint of the MRS FOV in the specific spectral band. A summary of the astrometric accuracy per band is provided in Table 4 and Patapis et al. (in prep.). We find that the astrometric accuracy is varying from 8 mas at 5 µm to 23 mas at 28 µm.
	[image: thumbnail]	Fig. 5 Commanded versus computed pointing map of star 10 Lac in the shortest MRS spectral band (band 1short in Table 1). “flt4” represents the astrometric solution version derived and used at the start of of the MIRI Cycle 1 phase.



2.3 Spectral distortion solution and LSF spectral quality
2.3.1 Wavelength calibration
Similar to the geometric distortion solution, the spectral distortion solution is given by a series of polynomial transformations that match each MRS detector pixel to a fixed wavelength in the rest-frame of the spacecraft. Derivation of these polynomials is nontrivial as each of the 198 slices must be calibrated individually, ideally using a reference source that is bright, fills the entire FOV, and has many narrow spectral features of known wavelength.
During the MIRI Flight Model (FM) ground test campaign, the initial wavelength calibration was performed using Fabry-Pérot etalon filters (Labiano et al. 2021). The etalons provided a comb of multiple, high signal to noise ratio (S/N), unresolved spectral lines across the entire FOV in each spectral band, with absolute spectral reference features provided at a few wavelengths by a combination of wave-pass and dichroic filters.
On orbit, there is no single ideal calibration source as the presence, position, and strength of spectral lines depends on the excitation, kinematic structure and extinction of the object observed. We have therefore adopted an iterative approach to refining the wavelength solution through successive observations of different sources. As a first-pass solution, we used observations of the bright planetary nebula NGC 6543 (heliocentric radial velocity −70 km s−1 Bryce et al. 1992) and the active galactic nucleus NGC 7319 (z = 0.022823 Hickson et al. 1992) to apply a wavelength shift to the ground-based wavelength solution to match it to the strongest spectral features. The resulting “FLT-2” wavelength solution was accurate to −27 ± 11 km s−1 in Ch 1A, but only to +919 ± 46 km s−1 in Ch 3B.
This FLT-2 wavelength solution was nonetheless good enough to allow us to conclusively identify a host of fainter features in the spectra of NGC 6543. Using these features, we rederived the wavelength solution based entirely on this inflight data, fixing a number of systematic shifts (particularly in bands 3B and 3C) that had been present in the original ground wavelength solution. This “FLT-4” wavelength solution had an accuracy of −16 ± 10 km s−1 in Ch 1A and −20 ± 30 km s−1 in Ch 3B, with the best performance achieved close to the wavelengths of the NGC 6543 emission features. As illustrated by Fig. 6 however, the FLT-4 solution could still diverge rapidly in regions of the spectrum far from these emission features where the calibration had to be extrapolated.
We therefore further revised the MRS wavelength calibration during Cycle 1 using observations of the giant planets Jupiter and Saturn (PIDs 1246+1247, PI: Fletcher). These sources fill the MRS FOV and contain a rich forest of molecular features from 4.9 to 15 µm (Fletcher et al. 2016, 2018). Extracting spectra from a range of positions within each slice, we determined the wavelength offsets for bands 1A-3B by comparing to radiative transfer models produced using NEMESIS1 (Irwin et al. (2008), Harkett et al. (in prep.), Fletcher et al. (in prep.)). These offsets were used to compute a wavelength correction vector across the FOV2. We then refit our polynomial transformations to these corrected wavelengths in order to produce the “FLT-5” wavelength solution3.
The accuracy of the FLT-5 wavelength solution was estimated by repeating the NEMESIS model comparison using the FLT-5 solution. This comparison suggests that the latest solution is typically accurate to about 6 km s−1 (see summary in Table 4).
As a final consistency check we compared our FLT-5 wavelength solution with observations of the bright Be star HD 76534, which contains a series of bright H recombination lines throughout the MRS wavelength range (a previous version of this comparison using the FLT-4 solution was presented by Wright et al. 2023). This star probes only a limited number of positions in the FOV, and at MRS spectral resolution the large rotation velocity of the star produces an asymmetric double-horned emission line profile. We saw no evidence for significant remaining spectral shifts nor wavelength offsets between lines observed in common between adjacent wavelength bands calibrated against Jupiter and Saturn, respectively.
	[image: thumbnail]	Fig. 6 Evaluation of the wavelength distortion model and its accuracy. Left panel: Spectra of Saturn from 80 different locations throughout the Ch3B FOV plotted as a function of wavelength using the FLT-4 and FLT-5 wavelength solutions; note how FLT-5 resolves wavelength calibration artifacts seen for some locations. Right panel: Wavelength offset as a function of wavelength of the FLT-4 (black solid lines) and FLT-5 (red dashed lines) spectra against the atmospheric models produced using radiative transfer code NEMESIS for three arbitrarily selected positions within the Ch 3B FOV. Solid black squares represent the locations of the HI 17−10, HI 13−9, HI 16−10, and [NeIII] λ15.5551 µm features used to constrain the FLT-4 models from NGC 6543.



	[image: thumbnail]	Fig. 7 MRS spectral resolution quantified using the spectrum of SMP LMC 058 (PID 1049). Open circles are estimates using the HI recombination lines, and filled circles are estimates based on forbidden line fits. The uncertainty in the HI lines are larger due to a larger uncertainty in the two-component fit. The gray shaded areas show the MIRI ground testing estimates. A continuous line is fitted using all the data-points.



2.3.2 Spectral resolving power
Once the wavelength solution has been updated in all spectral bands the MRS line spread function (LSF) spectral quality can be quantified. The metric used for this is the spectral resolving power R ~ λcen/FWHM determined from unresolved spectral lines. To compute the MRS spectral resolving power we used the emission lines in SMP LMC 058 (APT PID 1049, Table 2), the result is shown in Fig. 7. The detailed analysis of the spectral features is presented in Jones et al. (2023). In summary, the detected forbidden emission lines with low ionization potential (<40eV) were found to be symmetric and unresolved. However, HI recombination lines appear to be asymmetric, with a noticeable blue tail. For the forbidden lines, a single component Gaussian fit was performed, while for the HI lines a two-component Gaussian fit was performed; the broader of the two components is adopted for the MRS resolving power. The following assumptions were used for the overall analysis: (1) that the internal velocity dispersion of SMP LMC 058 is negligible (i.e., it cannot be detected with the MRS resolving power), (2) that the forbidden lines are unresolved, and (3) that the narrow component of the HI lines is unresolved. No high-resolution spectroscopic measurements are available to characterize the intrinsic velocity dispersion of the spectral lines of SMP LMC 058. Nearby planetary nebulae eject gas with a typical velocity dispersion of about 10–51 km s−1 (Reid & Parker 2006). Assuming a velocity dispersion of 25 km s−1 for SMP LMC 058, the MRS resolving power may be underestimated by up to 5% for channel 1, and up to 1% for channel 4.
Overall a good match is found between the resolving power determined from the SMP LMC 058 emission lines and the ground based estimations. As more observations of unresolved sources with unresolved spectral lines are taken with the MRS, the detailed understanding of the variation of the resolving power withing each spectral band will improve. As of now, the continuous “trend” curve in Fig. 7 presents the state of knowledge of the MRS resolving power. The empirical relation is given by Eq. (1):
[image: equation](1)
2.4 Spectral fringing
Coherent reflections inside the MRS detectors give rise to periodic fringing in the MRS spectral dispersion direction (Argyriou et al. 2020a,b). The amplitude and phase of the fringes depend on how the MIRI pupil is illuminated, namely whether the pupil is illuminated by a point source, a semi-extended source, or a fully extended source. The source extent determines the phase and amplitude of the wavefront at the detector. An example of how fringes can vary across a spectrally dispersed point source is shown in Fig. 8. Fringes at the peak of the point source PSF are more akin to those of an extended source, where the pixel illumination is closest to being uniform in both the IFU image slicer along-slice and across-slice directions. Predicting in an analytical way how the fringe pattern of an arbitrary source depends on the incoming wavefront is a long term goal of the MRS calibration team.
Currently the MIRI pipeline corrects for the fringes using a two-step approach. First, the detector images are divided by a static fringe flat-field image derived from observations of an extended source, specifically the NGC 6543 data of PID 1031 and PID 1047 and NGC 7027 data of PID 1523. MRS fringe flats are noiseless. The uncertainty in the fringe parameters (amplitude, frequency, phase) is not provided to the pipeline. More details are provided in Mueller et al. (in prep.). Second, an empirical residual fringe correction algorithm is run on the data at the 2D detector image plane level (Kavanagh et al., in prep.). The algorithm is bootstrapped such that it only looks for frequencies that are expected based on the MRS detector layers' geometric and refractive properties. The same algorithm can be used on the 1D extracted spectrum from the spectral cubes if desired.
An alternative way to correct the fringes associated with point sources without the need for an extended source fringe flat and a residual fringe correction step is described in Gasman et al. (2023), where the author shows that by using the observation of an absolute flux calibrator positioned at the exact location and pixel phase as the science target of interest, a point-source-optimized fringe flat can be derived and applied to the science target. The spectro-photometric response of the telescope and instrument can also be calibrated at the exact location and pixel phase of interest using the data and noiseless model of the absolute flux calibrator, to extract the 1D spectrum of the science target in an optimal way.
Figure 9 shows the remaining fringe contrast in the spectrum of HD 163466 (A star, PID 1050) after (1) division by the pipeline fringe flats, (2) applying the residual fringe correction algorithm on the 2D detector image, (3) applying the residual fringe correction algorithm on the 1D point source integrated spectrum extracted from the spectral cubes. The three dashed lines show three different four point dither patterns that were used to observe HD 163466. The larger contrast in bands 3short and 3medium are caused by the residuals of a beating pattern of two fringes produced in the MRS long wavelength detector (Argyriou et al. 2020a). The S/N in band 4long is too low to report a representative number.
Table 4 reports the average fringe contrast in each band from the lines of Fig. 9. These represent the worst case scenario contrast out of all the illumination conditions (i.e., the point source case) due to the systematics linked to the nonuniform pixel illumination pattern. Critically, these numbers do not describe the impact of the residual fringe correction on the spectra of sources rich in molecular bands. This discussion is covered expensively in Gasman et al. (2023) where the algorithm is shown to reduce the strength of real spectral signatures. Mitigating this requires a representative fringe flat for the specific illumination pattern. As noted above, a deeper understanding of how the MIRI pupil illumination correlates with the fringe pattern on the detector is required to mitigate the need for an empirical correction.
	[image: thumbnail]	Fig. 8 Fringe pattern for different detector columns sampling the same PSF on the detector. Due to the curvature of the slices on the detector, plotting the signal in different columns results in long arcs that follow different parts of the same PSF.



	[image: thumbnail]	Fig. 9 Fringe statistics for all illumination types (unresolved sources, semi-extended sources) and MRS spectral bands.



2.5 MRS optical quality and aperture correction factors
2.5.1 Spatial resolution
By design, the MRS is spatially and spectrally undersampled in channel 1 and channel 2 (Wells et al. 2015), which is one of the reasons why dithered observations have always been part of the MRS' planned operational strategy. Dithering, that is to say the process of placing the point source at a different location on the detector, allows the observer to mitigate the negative impact on image quality of aliassing due to undersampling. It also allows one to reduce the impact of transient effects such as cosmic ray hits.
An ideal diffraction limited model of the PSF is provided by WebbPSF (Perrin et al. 2012, 2014) which uses wavefront optical path difference (OPD) maps at the JWST entrance pupil to generate wavelength-dependent MIRI PSFs. An example model at 5 µm is shown in Fig. 10. These theoretical models form the basis of the MRS PSF characterization Patapis et al. (in prep.), where we note that the rotation of the MIRI pupil with respect to the JWST Optical Telescope Element (OTE) is included, as shown in the top right panel. After including the MIRI plus MRS internal wavefront errors (WFEs) the intensity at the MRS image slicer and the PSF can be computed in the MRS local coordinates in arcseconds, as shown in the bottom right panel.
In Fig. 11, a 4-point dither pattern was used to observe an unresolved point source. By using (1) the spatial position of each pixel on the sky (see Patapis et al., in prep.), (2) the source centroid calculated for each dither position, and (3) the signal value in each detector row normalized by the sum of the signal in each row, separate PSF samples can be combined to make a well sampled detector PSF. In this case, we examine the core of the PSF by choosing the detector slice in the respective dithers that contains the largest integrated signal. As the metric of MRS PSF optical quality performance we use the full-width at halfmaximum (FWHM) of a 1D Gaussian kernel which best fits the observed profile when convolved with the WebbPSF model.
Due to its brightness in the MRS channel 1 and 2 wavelength range, the star HD 37122 of PID 1029 was used to determin the PSF FWHM. HD 37122’s brightness drops significantly toward the long wavelength bands of the MRS, leading us to use the redder spectrum of SMP LMC 058 of PID 1049 (which is spatially unresolved) for channels 3 and 4.
In Fig. 12, we show the values of the MRS PSF FWHM across the 12 MRS spectral bands on the detector, together with values derived from the 3D drizzled cubes (Law et al. 2023). For the following discussion we focus on the detector FWHM values. It can clearly be seen that these are consistently above the diffraction limit at all wavelengths. For the theoretical FWHM of a diffraction limited system we use Eq. (2), applicable to an Airy disk4:
[image: equation](2)
where Dtel = 6.5 m is the diameter of the JWST primary mirror and we used the conversion factor 1 rad = 206264.806 arcsec.
To better visualize the difference between the computed and expected detector FWHM values, the ratio of the two is shown in the bottom panel of Fig. 12. From 5 to 8 µm the ratio starts at its most significant level, and rapidly decreases. We note that the significant image broadening partially mitigates the under-sampling problem in the along-slice direction for channels 1 and 2. The broadening has been known from the MIRI ground test campaigns, however, there was never enough useful signal to accurately probe how close the PSF approached the diffraction limited past 8 µm.
The observation of defocused PSFs in thick CCDs has previously been investigated for modern ground-based visible and near-infrared instruments (O’Connor et al. 2006; Li Causi et al. 2016). The MRS’ SiAs Blocked Impurity Band’ (BIB) detectors are illuminated by a fast ~f/3.5 focal ratio beam; with detector thicknesses of 500 µm and 460 µm for the short (SW) and long (LW) detectors respectively. Importantly, the size and precise speed of the MRS science beam depend on the spectral channel, the spectral band, and in a complex way on the location on the detector, having a different size in the spatial (detector x-axis) and the spectral coordinate (detector y-axis). The detector geometric thickness also varies across its surface, but for the purpose of this discussion, this variation is assumed to be negligible.
We know that the mid-infrared photons incident on the MRS detectors are reflected multiple times inside the detector structure. In Fig. 13 we show the detector architecture with an illustration of the propagation of the beam from a point source. For MIRI’s detectors, photon absorption happens only inside the infrared-active layer (35 µm thick for the LW detectors, 30 µm thick for the SW detector). Given that a majority of photons survive each pass through the infrared-active layer, this means that the MIRI/MRS PSF is the result of a summation of N distinct PSFs, where N is the number of photon passes through the infrared-active layer. This likely explains the broad profile of the oversampled PSF shown in Fig. 11, as well as the extra power in the wings of the PSF seen in Fig. 11. The jumps recorded between the MRS spectral bands and spectral channels in Fig. 12 then correlate with the variation in the beam size between the bands and the channels as predicted by the MIRI/MRS Zemax optical model.
At wavelengths longward of 8 µm, the buried contact of the arsenic-doped silicon detectors becomes increasingly reflective (Argyriou et al. 2020a) due to the doping concentration of the thin buried contact, present between the silicon substrate and the infrared-active layer, causing a significant change in the refractive index of the layer. This picture is reinforced by the observation of spectral fringes all the way out to 28 µm. Coherent reflections then occur between the buried contact and the anti-reflection coating before entering the infrared-active layer for the first time and being absorbed. As a result, similar PSF defocussing to that which is seen at short MRS wavelengths can explain the broadening seen at longer wavelengths of the MRS as well, as shown in Fig. 12.
	[image: thumbnail]	Fig. 10 MIRI/MRS WebbPSF models. A model starts with the optical path difference (phase) map after the JWST entrance pupil, which is propagated to MIRI. The MIRI internal wavefront errors are introduced, and the simulated PSF (fast Fourier transform of the phase map) is degraded to achieve the MRS PSF FWHM.



	[image: thumbnail]	Fig. 11 MRS empirical PSF at 5.6 µm. Colored points: dither-combined commissioning observations of HD 37122 (PID 1050). Red line: Diffraction-limited WebbPSF model. Black line: Diffraction-limited WebbPSF model (red line) convolved with a 1D Gaussian kernel.



	[image: thumbnail]	Fig. 12 MRS PSF FWHM compared to the diffraction-limited prediction. Top: MRS PSF FWHM determined on the detector image plane for each of the 12 MRS spectral bands (colored curves) as well as in the reconstructed 3D drizzled cubes (black dashed line). The theoretical diffraction limit is shown by the diagonal dashed red line. Bottom: Ratio of computed FWHM on the detector plane (colored curves) and the reconstructed 3D drizzled cubes (black dashed lines), and a diffraction-limited FWHM.



	[image: thumbnail]	Fig. 13 Schematic of the MRS detector architecture (not to scale) and the process of beam divergence in the thick BIB detectors of MIRI. The final PSF is the summation of N distinct PSFs, each more defocused than the last.



2.5.2 Aperture correction factors
The most straight-forward way to extract an MRS spectrum is from the 3D reconstructed spectral cubes. This can be done by defining a circular aperture radius at each wavelength and summing the signal inside that aperture. In the case of a point source observation, the PSF diffraction pattern extends much further out than the MRS FOV, hence an aperture correction factor needs to be applied to account for the part of the PSF that is outside the user-defined aperture.
The MRS aperture correction factors are determined based on the Gaussian-convolved WebbPSF models to account for (i) the large PSF size with respect to the FOV, especially in channel 4, (ii) the limited S/N of the observations, (iii) and the detector scattering making the actual PSF shape complex. The procedure to derive the aperture correction factors goes as follows. Firstly, a WebbPSF MIRI model is produced that goes out to 20 arcseconds. Secondly, the model is rotated with respect to the image axes by the same angle as the real PSF, accounting for the MRS pupil rotation (Patapis et al., in prep.). Thirdly, the model is convolved with a 1D Gaussian in the along-slice direction of the image slicer to simulate the empirically observed broadening of the PSF at each wavelength. Fourthly, the model is convolved in the image slicer across-slice direction with a 1D boxcar-function with the size of the slice width to model the finite resolution imposed by the image slicer.
Using the set of WebbPSF models for a grid of MRS wavelengths, theoretical aperture correction factors are derived by increasing the size of a circular aperture and computing the encircled energy fraction versus the energy fraction outside the aperture. The same analysis is also run for the case where an annulus is needed to subtract the sky background from the cubes directly, illustrated in Fig. 14. Due to the MRS PSF wings extending out to the full MRS FOV (see bottom right panel of Fig. 10), we reintroduce the part of the PSF included in the annulus in the aperture correction factors.
Figure 15 shows the MRS aperture correction factors as a function of wavelength, assuming a circular aperture with a radius that grows with the measured PSF FWHM. Detector scattering results in an initial down-tick in the correction factors from 5 to 10 µm, after which the values gradually rise. For faint sources a smaller aperture radius is needed in order to minimize the contribution of the background signal. Similarly, the size of the aperture is limited due to the small MRS FOV. In the MRS spectral channel 4, at the longest wavelengths, the MRS PSF petals cover the entirety of the FOV5. Dedicated “off-source” background observations can be used to mitigate this issue.
	[image: thumbnail]	Fig. 14 Single layer of the 3D MRS reconstructed spectral cube of a point source observation. A fictitious aperture (red) is shown encircling the core of the MRS PSF. An annulus (green) is defined outside the region influenced by the MRS PSF JWST diffraction petals in order to estimate the sky background.



	[image: thumbnail]	Fig. 15 MRS aperture correction factors with and without annulus for background subtraction.



2.6 Spectro-photometric response
The precise spectro-photometric response as a function of wavelength is needed to accurately predict the spectral flux density from a source, regardless of whether it is resolved or unresolved, regardless of its spectral color, and regardless of its position in the MRS FOV. The reality is that the wavelength-dependent detector pixel nonlinear response, the behavior of the spectral fringes, the estimation of the radiative (sky) background, the uncertainties in theoretical stellar models and aperture correction factors, and the time evolution of the end-to-end system response can make the task of precisely determining the wavelength relative (and absolute) spectral flux density of a source challenging. We describe the approach taken for the initial spectro-photometric solution based on commissioning observations. This work will be superseded by on-going efforts to rederive a fully flight-based calibration using a variety of standard stars observed throughout the Cycle 1 calibration program. This Cycle 1 calibration program will assess and account for any evolution in photometric sensitivity that may be observed during the first year of observations.
The MIRI MRS spectro-photometric response was determined on the ground using a spatially uniform extended black-body source (see Chap. 7 in Argyriou 2021 for more details). Unfortunately in the mid-infrared there are no sufficiently spatially uniform extended sources in the sky. For that reason, the MRS calibration strategy during commissioning was to update the 2D spectro-photometric response on the detector using the 1D spectrum of the A-star HD 1634 66, flux calibrated using a theoretical continuum model (Gordon et al. 2022).
The process of rederiving the MRS spectro-photometric response then involved the following steps. Firstly, we reduce the A-star HD 163466 observations in the 12 MRS spectral bands using the ground-based spectro-photometric calibration and create 3D spectral cubes. In this case a dedicated background observation was used to subtract the sky background. This subtraction was performed using the 2D detector images. Secondly, we extract the 1D integrated spectrum of HD 163466 using an aperture in the spectral cubes and apply the corresponding aperture correction factors. Thirdly, we fit the spectral continuum of HD 163466 with a third order spline, making sure only continuum values are used for the spline knot points. A theoretical model is used to pinpoint the location of spectral lines and avoid them for the continuum definition (Bohlin et al. 2014). Fourthly, we divide the fitted continuum by the theoretical continuum of HD 163466. This correction is then applied to the ground-based spectro-photometric solution.
Figure 16 illustrates the process of correcting the MRS inflight spectro-photometric solution, where the ground-to-flight correction factor is plotted in the bottom panel. We note the prominent emission feature at 8 µm, which is an artifact from the MIRI FM test campaign. This artifact is corrected in the in-flight spectro-photometric solution.
At 12.22 µm the MRS data show a prominent peak in the signal with a FWHM of 0.1 µm. This is denoted by the vertical red dotted line in the bottom panel of Fig. 16. The cause of this peak is known; it is present as a systematic excess of flux in the HD 163466 spectrum used to derive the MRS spectro-photometric solution. Specifically, the issue arises from a spectral leakage of the m = 2 diffraction grating order being superimposed on the m = 1 grating order at 12.22 µm (band 3short in Table 4). Quantitatively, 2.5% of the spectral flux density at 6.11 µm is added to the 12.22 µm wavelengths. This results in a bump in the spectro-photometric response of the 12.22 µm range.6. The correction of this effect on the response is described in Gasman et al. (2023).
To determine the precision of the derived spectro-photometric solution, we observed the A star HD 163466 (PID 1050), the O star 10 Lac (PID 1524) and the G star HD 159222 (PID 1050). For all three targets, which were observed with the same dither pattern, 3D cubes were built from the observations without applying the spectro-photometric solution. Integrated point source spectra were extracted the same way for the three targets, and the spectra divided by the stellar model of the continuum in each case (Gordon et al. 2022), resulting in a 1D vector for each band and each target. Using the vectors of HD 163466 as the spectro-photometric calibration reference star, the top panel of Fig. 17 shows the ratio of the 10 Lac and HD 159222 vectors with respect to those of HD 163466. Taking into account the presence of the CO molecular band at the short wavelengths of the G star HD 159222, the maximum deviation recorded across the MRS wavelength range, representing the MRS current spectro-photometric precision, was 5. 6 ± 0. 7% (band 4medium and 4 long are disregarded due to the low S/N). The cause for this deviation is complex, and folds in uncertainties in the data systematics and calibration, as well as uncertainties in the theoretical stellar models used. The deviation will likely decrease as we improve our understanding of the data and the models.
Notes. (α)Precision based on center value of spectral band 1long, which is less impacted by the presence of CO.(ß)Estimated as the mean accuracy of bands 1A–3B in previous wavelength solution FLT-4.
To determine the repeatability of the spectro-photometric calibration, the G star HD 159222 was observed twice over a span of 7 days during commissioning. The bottom panel of Fig. 17 shows the ratio of the extracted signals. The largest deviation is recorded in band 1short where the CO molecular band is located. The likely reason for the deviations across the different bands is linked to a small pointing nonrepeatability discussed in Patapis et al. (in prep.).
	[image: thumbnail]	Fig. 16 MRS spectro-photometric correction based on flight data. Top: Colored curves showing the MRS point source integrated spectra in different spectral bands for the A-star HD 163466, which were reduced using the ground-based spectro-photometric solution. The spectrum is cut at 23 µm due to the S/N on the source becoming too low beyond that point. A spectral continuum is determined for each spectral band (black solid line). By comparing the manually defined continuum to the theoretical continuum of the A-star, based on Gordon et al. (2022), a 1D spectro-photometric correction vector is derived for each spectral band. After introducing this correction, the A-star data are reduced once more. The resulting spectrum is shown by the red line. Bottom: One-dimensional spectro-photometric correction vectors. The prominent emission feature at 8 µm is an artifact from the MIRI FM ground test campaign. This artifact is corrected in the in-flight spectro-photometric solution. The dotted red line shows the location of the MRS spectral leak at 12.22 µm (see text for further details).



Table 4 
MRS performance values after pipeline processing.

	[image: thumbnail]	Fig. 17 Repeatability of MRS signal during commissioning. Top: MRS spectro-photometric precision. The presence of the CO molecular band between 4.9-6 µm in the G star HD 159222 results in the ratio bending downward in that wavelength range. Bottom: MRS spectro-photometric repeatability evaluated by taking the ratio of the extracted signal of HD 159222, which was observed twice. The measurements were taken 7 days apart. Band 4long is not shown due to the very low S/N in the data.



2.7 Straylight
Light scattering between the MRS optical surfaces, or between an optical surface and structural components can lead to a stray-light path to the detectors. The MRS optics were designed with light traps and baffles and coatings to control this effect, but small residual scattering remains. From the detailed analysis of commissioning and Cycle 1 calibration data, only one new source of straylight was detected. Nicknamed the “zipper”, this effect is only observed in bright point source observations. The zipper manifests as a series of regular faint emission lines along the detector dispersion direction. Its morphology is shown in Fig. 18.
Although the origin of the zipper has not been determined at this time, four phenomenological facts have been collected about this effect. (i) The zipper has only been observed in channel 1 of the MRS. (ii) No zipper is visible for dithers that place the point source on the left half of the channel 1 image slicer. (iii) The zipper is sliced by the image slicer (we see it appear in three slices on the detector). (iv) The period of the zipper emission line peaks match that of the respective fringe flats in spectral channel 1 (5–8 µm); however, there appears to be an additional interference, given that every other peak seems to experience destructive interference.
Importantly, the end users of the MRS looking at data cubes built from dithered observations will hardly see the zipper. That is due to the fact that the pipeline drizzles dithered detector frames together, and since the zipper is only present for the dithers with positive along-slice position, the artifact gets averaged-out when combined with the negative along-slice positions where the zipper is absent.
	[image: thumbnail]	Fig. 18 The “zipper” MRS straylight artifact. When the point source is located on the left side of the MRS image slicer in channel 1, the effect manifests in three slices on the detector (red arrows).



3 Limitations to MRS sensitivity
3.1 Dark current versus signal in the dark
The MRS optics were designed so that the gaps between the slice images on the detector, were large enough to avoid cross-talk between slices, whilst still maximizing the number of detector pixels available for science. The inter-channel regions were then made somewhat wider, primarily to avoid vignetting, but also to provide regions where the dark current could be monitored. These design choices proved useful in characterizing the scattered light seen in the MRS at short wavelengths.
One issue that arose very early in the MRS commissioning phase, while monitoring the signal in the wider gap between channels, is the fact that the MRS detector dark current seems to change drastically from one observation to the next Morrison et al. (2023). Currently, to address the issue of the varying dark current, the MRS calibration pipeline uses the gap region between the channels to estimate a single pedestal value (mean signal in the dark) which it then subtracts from all the other detector pixels.
3.2 Cosmic showers
Another factor that limits the MRS sensitivity lies in the manifestation of cosmic “showers”. Each time the MRS detectors get hit by a single energetic particle (a cosmic ray), the geometric shape of the signal that is recorded on the detector looks like a faint patch. That is to say, the event extends much further out than the original pixel that was affected by the cosmic hit. This formation of secondary cosmic hits is likely caused by the collision of a cosmic ray with a nucleus of aluminum in the MIRI structure causing the observed cosmic “showers” (Pickel et al. 2004). These cosmic showers are illustrated in the right panel of Fig. 19. We note that the arrival rate of cosmic rays is variable, with some observations appearing very clean (left panel of Fig. 19) while others are full of showers (right panel of Fig. 19).
The curvature of the MRS spectra on the detector result in a single cosmic ray shower appearing at multiple, separated locations in the data cube. Detector striping (discussed in Morrison et al. 2023) impacts the cube signal in a similar way, where brightness differences between detector columns intersect the curved MRS spectral traces.
	[image: thumbnail]	Fig. 19 Illustration of time-dependence of cosmic showers between MRS observations. Left: MRS detector plane image in one observation that had very few large cosmic ray “shower” events and minimal detector striping from electronic artifacts. Right: Different observation in the same spectral range, with many cosmic showers registered. The signal in the dark is higher than in the left panel, and the detector striping is more prominent. Due to the curvature of the MRS slices dispersed on the detector, the cosmic showers and detector striping map onto the 3D spectral cubes in a nonlinear fashion.



	[image: thumbnail]	Fig. 20 Detector image plane of a single exposure on the Cat’s Eye Nebula (NGC 6543) showing three kinds of spectral contamination from a bright emission line (Sulfur IV forbidden line at λ = 10.5115 µm). The first kind is between dispersed slices, occurring on the right half of the detector. The second kind is between the wavelengths dispersed on the right half of the detector and the slices on the left half of the detector. The third kind of contamination is visible in the detector rows under those impacted by the bright emission line, specifically in the background. This one is lower due to the pull-up/pull-down effect linked to the bright emission line.



3.3 Spectral contamination from bright emission lines
In Sect. 2.1, we presented the impact of the MRS detector scattering, and how the PSF in one detector slice contaminates the signal in neighboring slices. An added complexity resulting from the MRS design, is that alternate slices are offset in their wavelength solutions. A pixel recording a wavelength of 5 µm in row 390 in one slice, will record the same wavelength of 5 µm in row 400 one slice to the right, and in the row 390 to the right again. This alternating pattern is visible in the step profile of the spatially extended emission lines in the left half of the detector in Fig. 20. As a result, the detector scattering discussed in Sect. 2.1 is in fact not simply a spatial contamination, but also, simultaneously, a spectral contamination.
There are two other manifestations of spectral contamination that need to be accounted for when studying MRS data. The second type of spectral contamination is from one spectral channel on the detector to the other spectral channel on the same detector. A very bright emission line, such as the one shown spanning the right half of the detector around row number 300 in Fig. 20 (Sulfur IV forbidden line at λ = 10.5115 µm), is seen to contaminate the spectrum measured in the left half of the detector. Users studying only the spectral cubes (i.e., not examining the detector image plane) will see a faint emission feature at certain wavelengths in the cube, which are in fact produced by a bright emission line present in a different spectral cube.
The third type of spectral contamination is caused by the “pull-up/pull-down” electronic cross-talk effect (Dicken et al. 2022). In Fig. 20, this can be seen on the left half of the detector around row 300, where the detector image goes dark for approximately 100 rows as a result of the bright emission line on the right half of the detector (row 300). The effect can only be addressed using optimal data reduction tools, specifically by using the behavior of the pixels between the spectral channels to bootstrap the correction. In general, we reiterate that there are many advantages to studying (and correcting) the signal in the detector image plane.
3.4 Persistence
In the MIRI Imager, the signal from a bright source dissipates to a fraction (<0.01%) 30 min after the source has been removed. For the MRS, we observed a peak level of persistence for point sources between 0.1% and 0.2% of the peak of the PSF. The appearance of the persistence for the 4-point dithered observation of the G star HD 159222 (PID 1050) is illustrated in Fig. 21. It is worth noting that the observations of HD 159222 were not saturated, in fact the signal barely reaches half of the detector pixel dynamic range. This suggests that persistence does not only impact very bright targets.
In the top panel of Fig. 21, we show the data of the first dither of HD 159222 and the five brightest peaks of the PSF are filled in gray. We overplot a diffraction limited WebbPSF model, which we project on the detector at the location of the observed point source. Although the WebbPSF model does not contain the effect of the detector scattering, nor the PSF broadening, nor the subtle details of the real MRS PSF on the detector, it is useful in the context of visually decoupling the persistence from the point source signal. The other three panels in Fig. 21 show subsequent combinations of dithers.
In the second panel of Fig. 21, we can see that at the location of the PSF peaks of dither 1, small excesses in flux are recorded in the signal of dither 2 (excess in flux shown by filled data in orange color). The PSF model projected at the location of dither 2 strongly suggests that the excess in flux is persistence from the previous point source illumination of dither 1. A similar conclusion is drawn in the third and fourth panel of Fig. 21. After reconstructing the 3D spectral cubes, the persistence manifests as a faint PSF at the location of the dithers. The correction for the effect in the JWST calibration pipeline is part of future calibration work.
	[image: thumbnail]	Fig. 21 MRS persistence detected in point source observation in 4-point dither pattern. First panel: data of the first dither and the five brightest peaks are filled in gray. A diffraction limited WebbPSF model, which is projected on the detector at the location of the observed point source. Second panel: at the location of the PSF peaks of dither 1, small excesses in flux are recorded in the signal of dither 2 (excess in flux shown by filled data in orange color). Third panel: persistence caused by dither 2 detector illumination on dither 3 data. Fourth panel: persistence caused by dither 3 detector illumination on dither 4 data.



4 Conclusions and future work
Following the commissioning phase of JWST and the MIRI instrument, the MIRI MRS was agreed to have met all of the NASA criteria needed to start its science mission. We have reported on the details of the JWST MIRI/MRS performance in flight, including the PSF optical quality and the LSF quality, the astrometric and spectral distortion accuracy, and the spectro-photometric precision. Specifically, we find the following: – The MRS PSF is broadened compared to the ideal diffraction model, and the observed broadening is greatest at short wavelengths. To explain the detected broadening, we identified the speed of the science beam, in conjunction with the ability of the infrared photons to scatter inside the MRS detectors multiple times before being absorbed, as being at the core of the issue.

	The overall trend of the MRS LSF matches the expectations from the ground. Some level of uncertainty was introduced due to the fact that the emission lines are resolved.


	The astrometric accuracy was gauged relative to the JWST global coordinates V2/V3.


	The spectral distortion accuracy was estimated down to below 10 km s−1 up to band 3medium. The calibration at the longer wavelengths will improve with later calibration cycles.


	Spectral fringes, which modulate the spectral baseline of observed astronomical sources, were reduced to below 1.5% for all types of source illuminations. The use of flux calibration standards can help mitigate the need for an empirical fringe correction.


	The current spectro-photometric precision achieved is 5.6 ± 0.7%.



As more data are collected in future JWST calibration cycles, the calibration solutions will continue to improve. Thanks to the effort of the whole MIRI team, we are starting from a very good baseline. Some limitations to the inherent MRS sensitivity – including the impact of cosmic ray showers, the higher than expected signal in the dark, and the impact of electronic crosstalk – remain cornerstone issues that will need to be addressed. These will require extensive analysis, and the development of mitigation strategies and algorithms will be important to get the most out of the powerful instrument that is the MIRI/MRS on board JWST.
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1 Taking into account differential rotation of the planet across the IFU FOV.


2 We use Saturn observations from PID 1247 to fit bands 1A, 1B, 2C–3B, and Jupiter observations from PID 1246 to fit bands 1C–2B. These bands were chosen according to observed data quality, saturation, and maturity of the respective atmosphere models.


3 The FLT-5 solution is implemented in the JWST Calibration Reference Data System (CRDS) with the identifier: jwst_1082.pmap


4 The values of Eq. (2) are 1% larger than the estimated FWHM of the unconvolved WebbPSF models.


5 Based on the MRS PSF model linked to the CRDS version jwst_1082.pmap, for the default aperture radius of 2.5× FWHM, at the short wavelength end, 92.5% of the PSF is contained inside the aperture and ~1% of the PSF is contained in the annulus. At the long wavelength end, 91% of the PSF is contained in the aperture and ~3% of the PSF is contained in the corresponding annulus. By spectro-photometrically calibrating the MRS using a point-source and the same aperture and annulus sizes, we make sure that this systematic effect is accounted for.


6 It is important to note that the spectral leak is only partially responsible for the amplitude of the bump around the vertical red dotted line in Fig. 16 as the intrinsic correction factor already contains a bump at that location.
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	[image: thumbnail]	Fig. 1 Topological layout of the MIRI MRS optics. Blue, green, orange, and red identify the instrument’s four spectral channels, 1 to 4, respectively. “DGA” refers to the two dichroic-grating wheel assemblies, “ΓFU” to the integral field units, and “FPA” to the focal plane assemblies (the two detectors). The figure is adopted from Wright et al. (2023).
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	[image: thumbnail]	Fig. 2 Schematic overview of the MIRI MRS IFU. Left-hand panel: Footprint of the IFUs for channels 1–4 (blue, green, orange, and red regions, respectively) using their “short” grating setting. Individual slices have been drawn and numbered for band 4short. Middle panel: Layout of the dispersed spectra on the two Si:As IBC detector arrays. Slices that are adjacent on the sky are interleaved in the detector plane; numbers illustrate the schematic layout (shown in full for channel 4). Right panel: Composite data cube reconstructed from the dispersed spectra illustrating the wavelength coverage of each of the twelve MRS spectral bands. Since the IFU FOV increases with wavelength, the data cube is in practice akin to a stepped pyramid. The figure is adopted from Law et al. (2023).
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	[image: thumbnail]	Fig. 3 Extended (black, linear scale) and point (red, log scale) source illumination along a detector row. For the point source, the telescope-plus-instrument PSF was split spatially by the integral field unit of the respective spectral channel. Different parts of the PSF were projected onto different parts of the detector in slices that do not neighbor one another on the sky. The numbering of the slices (slice number s) on the detector follows a similar alternating pattern for all channels to that shown for channel 4. The effect of light scattering inside the MRS detectors is clearly visible for the extended source in channels 1 and 2, where the signal between adjacent slices does not drop to zero. Although less visible in channel 2, the same effect is seen for the point source illumination.
In the text



	[image: thumbnail]	Fig. 4 Illustration of scattered light correction in the MIRI calibration pipeline. Left: MRS point source illumination and scattered light fitted model. Right: MRS reconstructed spectral cube image before and after scattered light correction.
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	[image: thumbnail]	Fig. 5 Commanded versus computed pointing map of star 10 Lac in the shortest MRS spectral band (band 1short in Table 1). “flt4” represents the astrometric solution version derived and used at the start of of the MIRI Cycle 1 phase.
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	[image: thumbnail]	Fig. 6 Evaluation of the wavelength distortion model and its accuracy. Left panel: Spectra of Saturn from 80 different locations throughout the Ch3B FOV plotted as a function of wavelength using the FLT-4 and FLT-5 wavelength solutions; note how FLT-5 resolves wavelength calibration artifacts seen for some locations. Right panel: Wavelength offset as a function of wavelength of the FLT-4 (black solid lines) and FLT-5 (red dashed lines) spectra against the atmospheric models produced using radiative transfer code NEMESIS for three arbitrarily selected positions within the Ch 3B FOV. Solid black squares represent the locations of the HI 17−10, HI 13−9, HI 16−10, and [NeIII] λ15.5551 µm features used to constrain the FLT-4 models from NGC 6543.
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	[image: thumbnail]	Fig. 7 MRS spectral resolution quantified using the spectrum of SMP LMC 058 (PID 1049). Open circles are estimates using the HI recombination lines, and filled circles are estimates based on forbidden line fits. The uncertainty in the HI lines are larger due to a larger uncertainty in the two-component fit. The gray shaded areas show the MIRI ground testing estimates. A continuous line is fitted using all the data-points.
In the text



	[image: thumbnail]	Fig. 8 Fringe pattern for different detector columns sampling the same PSF on the detector. Due to the curvature of the slices on the detector, plotting the signal in different columns results in long arcs that follow different parts of the same PSF.
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	[image: thumbnail]	Fig. 9 Fringe statistics for all illumination types (unresolved sources, semi-extended sources) and MRS spectral bands.
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	[image: thumbnail]	Fig. 10 MIRI/MRS WebbPSF models. A model starts with the optical path difference (phase) map after the JWST entrance pupil, which is propagated to MIRI. The MIRI internal wavefront errors are introduced, and the simulated PSF (fast Fourier transform of the phase map) is degraded to achieve the MRS PSF FWHM.
In the text



	[image: thumbnail]	Fig. 11 MRS empirical PSF at 5.6 µm. Colored points: dither-combined commissioning observations of HD 37122 (PID 1050). Red line: Diffraction-limited WebbPSF model. Black line: Diffraction-limited WebbPSF model (red line) convolved with a 1D Gaussian kernel.
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	[image: thumbnail]	Fig. 12 MRS PSF FWHM compared to the diffraction-limited prediction. Top: MRS PSF FWHM determined on the detector image plane for each of the 12 MRS spectral bands (colored curves) as well as in the reconstructed 3D drizzled cubes (black dashed line). The theoretical diffraction limit is shown by the diagonal dashed red line. Bottom: Ratio of computed FWHM on the detector plane (colored curves) and the reconstructed 3D drizzled cubes (black dashed lines), and a diffraction-limited FWHM.
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	[image: thumbnail]	Fig. 13 Schematic of the MRS detector architecture (not to scale) and the process of beam divergence in the thick BIB detectors of MIRI. The final PSF is the summation of N distinct PSFs, each more defocused than the last.
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	[image: thumbnail]	Fig. 14 Single layer of the 3D MRS reconstructed spectral cube of a point source observation. A fictitious aperture (red) is shown encircling the core of the MRS PSF. An annulus (green) is defined outside the region influenced by the MRS PSF JWST diffraction petals in order to estimate the sky background.
In the text



	[image: thumbnail]	Fig. 15 MRS aperture correction factors with and without annulus for background subtraction.
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	[image: thumbnail]	Fig. 16 MRS spectro-photometric correction based on flight data. Top: Colored curves showing the MRS point source integrated spectra in different spectral bands for the A-star HD 163466, which were reduced using the ground-based spectro-photometric solution. The spectrum is cut at 23 µm due to the S/N on the source becoming too low beyond that point. A spectral continuum is determined for each spectral band (black solid line). By comparing the manually defined continuum to the theoretical continuum of the A-star, based on Gordon et al. (2022), a 1D spectro-photometric correction vector is derived for each spectral band. After introducing this correction, the A-star data are reduced once more. The resulting spectrum is shown by the red line. Bottom: One-dimensional spectro-photometric correction vectors. The prominent emission feature at 8 µm is an artifact from the MIRI FM ground test campaign. This artifact is corrected in the in-flight spectro-photometric solution. The dotted red line shows the location of the MRS spectral leak at 12.22 µm (see text for further details).
In the text



	[image: thumbnail]	Fig. 17 Repeatability of MRS signal during commissioning. Top: MRS spectro-photometric precision. The presence of the CO molecular band between 4.9-6 µm in the G star HD 159222 results in the ratio bending downward in that wavelength range. Bottom: MRS spectro-photometric repeatability evaluated by taking the ratio of the extracted signal of HD 159222, which was observed twice. The measurements were taken 7 days apart. Band 4long is not shown due to the very low S/N in the data.
In the text



	[image: thumbnail]	Fig. 18 The “zipper” MRS straylight artifact. When the point source is located on the left side of the MRS image slicer in channel 1, the effect manifests in three slices on the detector (red arrows).
In the text



	[image: thumbnail]	Fig. 19 Illustration of time-dependence of cosmic showers between MRS observations. Left: MRS detector plane image in one observation that had very few large cosmic ray “shower” events and minimal detector striping from electronic artifacts. Right: Different observation in the same spectral range, with many cosmic showers registered. The signal in the dark is higher than in the left panel, and the detector striping is more prominent. Due to the curvature of the MRS slices dispersed on the detector, the cosmic showers and detector striping map onto the 3D spectral cubes in a nonlinear fashion.
In the text



	[image: thumbnail]	Fig. 20 Detector image plane of a single exposure on the Cat’s Eye Nebula (NGC 6543) showing three kinds of spectral contamination from a bright emission line (Sulfur IV forbidden line at λ = 10.5115 µm). The first kind is between dispersed slices, occurring on the right half of the detector. The second kind is between the wavelengths dispersed on the right half of the detector and the slices on the left half of the detector. The third kind of contamination is visible in the detector rows under those impacted by the bright emission line, specifically in the background. This one is lower due to the pull-up/pull-down effect linked to the bright emission line.
In the text



	[image: thumbnail]	Fig. 21 MRS persistence detected in point source observation in 4-point dither pattern. First panel: data of the first dither and the five brightest peaks are filled in gray. A diffraction limited WebbPSF model, which is projected on the detector at the location of the observed point source. Second panel: at the location of the PSF peaks of dither 1, small excesses in flux are recorded in the signal of dither 2 (excess in flux shown by filled data in orange color). Third panel: persistence caused by dither 2 detector illumination on dither 3 data. Fourth panel: persistence caused by dither 3 detector illumination on dither 4 data.
In the text
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        Extended (black, linear scale) and point (red, log scale) source illumination along a detector row. For the point source, the telescope-plus-instrument PSF was split spatially by the integral field unit of the respective spectral channel. Different parts of the PSF were projected onto different parts of the detector in slices that do not neighbor one another on the sky. The numbering of the slices (slice number s) on the detector follows a similar alternating pattern for all channels to that shown for channel 4. The effect of light scattering inside the MRS detectors is clearly visible for the extended source in channels 1 and 2, where the signal between adjacent slices does not drop to zero. Although less visible in channel 2, the same effect is seen for the point source illumination.
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        Commanded versus computed pointing map of star 10 Lac in the shortest MRS spectral band (band 1short in Table 1). “flt4” represents the astrometric solution version derived and used at the start of of the MIRI Cycle 1 phase.
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        MRS spectral resolution quantified using the spectrum of SMP LMC 058 (PID 1049). Open circles are estimates using the HI recombination lines, and filled circles are estimates based on forbidden line fits. The uncertainty in the HI lines are larger due to a larger uncertainty in the two-component fit. The gray shaded areas show the MIRI ground testing estimates. A continuous line is fitted using all the data-points.
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        MIRI/MRS WebbPSF models. A model starts with the optical path difference (phase) map after the JWST entrance pupil, which is propagated to MIRI. The MIRI internal wavefront errors are introduced, and the simulated PSF (fast Fourier transform of the phase map) is degraded to achieve the MRS PSF FWHM.
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        MRS empirical PSF at 5.6 µm. Colored points: dither-combined commissioning observations of HD 37122 (PID 1050). Red line: Diffraction-limited WebbPSF model. Black line: Diffraction-limited WebbPSF model (red line) convolved with a 1D Gaussian kernel.
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        MRS PSF FWHM compared to the diffraction-limited prediction. Top: MRS PSF FWHM determined on the detector image plane for each of the 12 MRS spectral bands (colored curves) as well as in the reconstructed 3D drizzled cubes (black dashed line). The theoretical diffraction limit is shown by the diagonal dashed red line. Bottom: Ratio of computed FWHM on the detector plane (colored curves) and the reconstructed 3D drizzled cubes (black dashed lines), and a diffraction-limited FWHM.

      

    

  
    
      Fig. 13 
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        Schematic of the MRS detector architecture (not to scale) and the process of beam divergence in the thick BIB detectors of MIRI. The final PSF is the summation of N distinct PSFs, each more defocused than the last.

      

    

  
    
      Fig. 14 
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        Single layer of the 3D MRS reconstructed spectral cube of a point source observation. A fictitious aperture (red) is shown encircling the core of the MRS PSF. An annulus (green) is defined outside the region influenced by the MRS PSF JWST diffraction petals in order to estimate the sky background.
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        MRS aperture correction factors with and without annulus for background subtraction.

      

    

  
    
      Fig. 16 
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        MRS spectro-photometric correction based on flight data. Top: Colored curves showing the MRS point source integrated spectra in different spectral bands for the A-star HD 163466, which were reduced using the ground-based spectro-photometric solution. The spectrum is cut at 23 µm due to the S/N on the source becoming too low beyond that point. A spectral continuum is determined for each spectral band (black solid line). By comparing the manually defined continuum to the theoretical continuum of the A-star, based on Gordon et al. (2022), a 1D spectro-photometric correction vector is derived for each spectral band. After introducing this correction, the A-star data are reduced once more. The resulting spectrum is shown by the red line. Bottom: One-dimensional spectro-photometric correction vectors. The prominent emission feature at 8 µm is an artifact from the MIRI FM ground test campaign. This artifact is corrected in the in-flight spectro-photometric solution. The dotted red line shows the location of the MRS spectral leak at 12.22 µm (see text for further details).

      

    

  
    
      Fig. 20 
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        Detector image plane of a single exposure on the Cat’s Eye Nebula (NGC 6543) showing three kinds of spectral contamination from a bright emission line (Sulfur IV forbidden line at λ = 10.5115 µm). The first kind is between dispersed slices, occurring on the right half of the detector. The second kind is between the wavelengths dispersed on the right half of the detector and the slices on the left half of the detector. The third kind of contamination is visible in the detector rows under those impacted by the bright emission line, specifically in the background. This one is lower due to the pull-up/pull-down effect linked to the bright emission line.
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