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1 Abstract 

We characterize and compare empirical point spread functions for the Mid Infrared Instrument 
Low-Resolution Spectrograph slit and slitless observations. We present super-sampled 
empirical point spread functions (PSFs) from commissioning, Cycle 1, and Cycle 3 
observations of BD+60 1753 obtained with the P750L prism as LRS slit observations. These 
observations were taken as part of programs PID 1053, PID 1529, and PID 6620. We use 
commissioning and Cycle 1 observations of BD+60 1753 and HD 163466, as well as Cycle 3 
observations of the asteroid Lipperta, to obtain the slitless empirical PSF observations with the 
P750L prism. In the wavelength range between 5 and 10.5 μm, empirical PSF cores (i.e., one 
FWHM of the center of the spectral trace) agree within 1% for each nod position and observing 
cycle. At wavelengths longer than 10μm, the empirical PSFs differ in the three data sets and 
nod positions by more than 30%. These differences are unlikely to be due to temporal 
variations in the empirical PSF or to wavelength- or slit-position-dependent effects. Instead, 
they may be attributed to the lower signal-to-noise ratio at the redder wavelengths. The 
empirical slit and slitless PSFs can be retrieved from the Calibration Reference Data System as 
jwst_miri_psf_0002.fits and jwst_miri_psf_0015.fits. 

2 Introduction 

The point spread function (PSF) describes the response of a system comprising a telescope, an 
instrument, and a detection mechanism to a point source (e.g., Anderson & King 2000, 2016). 
Accurately characterizing the shape and stability of the point spread function affects our ability 
to perform high-precision analysis with a specific instrument, as it influences measurements of 
an astronomical source's intrinsic shape and brightness distribution (e.g., Anderson, 2016; 
Russell et al., 2007). Spectral extraction methods that incorporate information about the 
instrumental response to a point source have higher fidelity than those that do not (e.g., Horne 
1986, Lebouteiller et al. 2010). PSF-based extraction methods improve signal-to-noise ratio 
relative to conventional extraction and provide a robust approach to background subtraction. 

When there is a discrepancy between the information in this technical 
report and information in JDox, assume JDox is correct.
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PSF-based methods may also allow the extraction of multiple sources at any location within the 
aperture. The PSF modeling requires combined modeling of the optics and the effects of factors 
such as thermal variations and detector-specific responses (e.g., the brighter-fatter effect; 
Argyriou et al. 2023; Hirata & Choi 2020). The JWST team produces, provides, and refines 
models of the point spread function for the JWST instruments and modes, as a function of 
wavelength for spectrographs. The suite of simulated point spread functions, and the Python 
packages for producing and manipulating them, are known as the Space Telescope PSF (e.g., 
Perrin et al. 2014, 2012, 2011). 
 
In this report, we detail the collective effort of the MIRI LRS team to generate empirical PSFs 
for the LRS slit and slitless observing modes (Kendrew et al. 2015) by observing sources with 
an 11-point sub-pixel 0.1-pixel offset dither pattern, then combining these observations to 
produce empirical PSFs. We describe the observational strategy and data reduction in section 3, 
provide a comparison between commissioning and cycle 3 slitless PSF observation in section 4, 
examine the stability of the ePSF at three nominal slit positions and across two observation 
cycles in section 5, and compare our results with theoretical models from the Space Telescope 
PSF (STPSF: Perrin 2011, 2012, 2014) in section 6. Finally, in section 7, we summarize our 
findings and outline future analyses. 
 

3 Constructing the Empirical PSF for Slitless and Slit Observations  
 
Table 1 summarizes the PSF calibration observations collected between May 2022 and July 
2025 to create empirical PSFs and to analyze any variations with position and time. The 
observing strategy involves a micro-scanning technique performed after executing a target 
acquisition sequence. The scanning shifts the target by 0.1 pixels in 11 steps. The nominal (1+) 
pointing accuracy for small angular maneuvers is about 7 mas (Sohn 2024), but guide-star 
centroiding, tracking, and/or mirror phasing can increase this value. We reduce pointing 
differences in the analysis by aligning each row along the cross-dispersion direction. 
 

Table 1: Observations Used for PSF Calibration 
Source Date Stellar 

type 
PID Obs 

# 
Background  

Obs # 
# 

Groups 
# 

Integrations 
LRS slit mode 
BD+60 1753 May 2022 A1V 1053 1,6,7 8 10 3 
BD+60 1753 July 2022 A1V 1529 1,2,3 4      10 3 
BD+60 1753 August 2024 A1V 6620 1,2,3 4 10          3 
LRS slitless mode1 
BD+60 1753 May 2022 A1V 1053    4 9 125           4 
HD 163466 July 2022 A 1529 5 6       7 16 

Lipperta July 2025 Not a 
star 

6620 7 8 24 5 

 
 

1  While all PSF slitless observations included here have associated background exposures, the LRS team now 
recommends estimating and subtracting the background using in-scene regions adjacent to the spectral trace of the 
source of interest. 
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We used two different stars and an asteroid to estimate the PSF for slitless data: during 
commissioning observations, we targeted BD+60 1753 for four integrations, each with 125 
groups. In cycle 1, we observed HD 163466 with 16 integrations, each integration 
encompassing 7 groups and thus resulting in a total exposure time of 20.2 seconds. In cycle 3, 
as part of PID 6620, we observed the asteroid Lipperta with 5 integrations, each with 24 
groups, for a total of 217 seconds of exposure time. The Lipperta observations improve the 
signal-to-noise ratio of the PSF data at wavelengths above 11 microns by about a factor of 10. 
 
The primary target for the scans in the LRS slit is BD+60 1753 (A1 V, K=9.645). We 
integrated BD+60 1753 in FASTR1 mode in each scan, using three integrations with ten groups 
per integration, totaling 88.80 seconds per step. The same observing strategy was used for all 
three programs — commissioning observations: PID 1053; cycle 1: PID 1529; and cycle 3: PID 
6620. 

 
 
 
Figure 1 Spatial profiles at 5.1 microns using the default saturation file (light blue) and a set of saturation files modified 
to decrease the saturation limit from 90 to 50% in 10% bins. The black line corresponds to the spatial profile obtained 
when the saturation limit is half the default value.   

 
The uncalibrated slit and slitless data (*uncal.fits files) were downloaded from the Mikulski 
Archive for Space Telescopes and processed with the JWST 1.16.1 pipeline, using the reference 
files associated with jwst_1298.pmap. The brighter-fatter effect (BFE) occurs when a pixel's 
accumulated charge alters the electric field geometry. This causes the new charge to be 
deflected away from brighter pixels, resulting in nonlinear curves that become more complex at 
high count rates than at low count rates (Hirata & Choi, 2020; Argyriou et al., 2023; Gasman et 
al., 2024). To reduce the impact of the BFE on the deduced empirical PSF, we tested lowering 
the levels in the saturation reference file to 90, 80, 70, 60, and 50% of the default level. We 

Subpixels in the cross-dispersion direction.Subpixels in the cross-dispersion direction. 



JWST-STScI-008934 
Revision -  

 

Check with the JWST SOCCER Database at: https://soccer.stsci.edu 
To verify that this is the current version. 

 4

found that using a saturation file set to half the default level produced the narrowest PSFs. We 
thus ran the detector 1 calibration pipeline with the customized saturation file.  
 
For slit and slitless observations in PID 1053, we use dedicated background observations to 
subtract the underlying background for each exposure taken at different positions. For the 

slitless observation in PID 1529, we subtract the 
median of several signal-free columns in each 
spectral image. We choose the median rather than a 
dedicated background to minimize correlated noise 
across images. The correlated noise in the slitless, 
cycle one observations is a coherent pattern caused 
by electromagnetic interference, the effects of 
which are documented on JDox. 
 
We then use the background-subtracted rate files to 
reconstruct and compare the dither pattern offsets 
to the commanded steps for each exposure, apply 
any offsets between the commanded and measured 
offsets, and combine the 11 rate images associated 
with each dither step with a final oversampling of 
20.  We proceed as follows: 
• For each set of 11 dithers, we establish a 
reference position as the starting point. For each 
subsequent dithered rate file, we examine each row 
and calculate the offset between the reference and 
shifted images. This is done by oversampling each 
row and fitting Gaussians to their spatial profiles. 
The median of the per-row shift differences is used 
to determine the actual offset between the 
reference image and the dithered file. For both slit 
and slitless observations, we find offsets on the 
order of 0.01 pixels, at most 0.04.  
• We define a fine supersampled grid to 
resolve subpixel differences between the 
measured and commanded offsets, and insert each 

exposure into the grid. 
• We use a cubic spline to interpolate between these valid points.  

 
• Finally, we evaluate the spline on a grid with a resolution 20 times higher than the 

native pixels. 
 

Each empirical PSF is centered, aligned, and rectified so that each profile (row) has the peak of 
the PSF at a column listed in the header of the reference file. For slitless observations targeting 
different sources, we computed a weighted average of the empirical PSFs, using the mean 
signal as the weight. However, we found that adding the star PSF to the asteroid PSF only 
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Figure 2 Empirical PSF for SLITLESS MIRI LRS 
observations in CRDS file jwst_miri_psf_0015.fits  
was obtained from observations of the Lipperta 
asteroid from the PSF calibration program PID 
6620, and observations of the y-axis is the 
dispersion axis, while x represents the spatial 
direction. 

Subpixels in the cross-dispersion direction. 
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increased the noise, so the slitless PSF reference file jwst_miri_psf_0015.fits contains only the 
Lipperta asteroid PSF data. The slitless empirical PSF is shown in Figure 2.  
 
The empirical slit PSFs produced from individual slit positions and observing cycles shown in 
Figure 3 are then averaged to produce the combined slit ePSF shown in Figure 4.  
 
  

 
 
Figure 3: Examples of PSFs using commissioning data PID 1053 (top), cycle 1 data PID 1529 (center), and cycle three 
observations part of PID 6620 (bottom). The y-axis is the dispersion axis, while x represents the spatial directions. The x 
pixels were sub-sampled to allow a more precise estimate of the spectral traces and variations in the width and wings of 
the ePSF as a function of wavelength. 

 
 

Subpixels in the cross-dispersion direction. 
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Figure 4: MIRI LRS slit empirical PSF image constructed by averaging straightened and aligned empirical PSF images from 3 
observing cycles at three locations along the LRS slit. The y-axis is the dispersion axis, while x represents the spatial direction. 

 
4 Stability of empirical slitless PSF as a function of observing cycle 

 
Figure 2 shows the rectified slitless PSF obtained from observations of the Lipperta asteroid as 
part of the cycle 3 calibration program 6620. Previous slitless PSF observations were impacted 
by structured noise (the cycle 2 data) and poor signal-to-noise (a factor of ~10 less than the 

Lipperta 

Subpixels in the cross-dispersion direction. 
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Figure 5: Comparison of spatial profiles associated with MIRI LRS slitless data for BD+60 1753 star 
(orange) and the Lipperta asteroid (blue line). 
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observation).  
 
Figure 5 shows examples of spatial profiles for asteroid data from cycle 3 and BD+60 1753, 
illustrating the improved signal-to-noise of the asteroid observations and the similarity of PSF 
shapes estimated from star and asteroid data. Comparing cycle 3 to commissioning 
observations of BD+60 1753, an A1V star, we find variations below 1% in rows with similar 
signal-to-noise in both the star and the asteroid observations. 
 

5 Stability of empirical slit PSF as a function of nod position and observing cycle  
 

To examine potential variations in shape based on slit position and observing cycle, we create 
empirical PSFs for each nod position and for observing cycles 1, 2, and 3. First, we explore 
differences in trace shape. The trace shape is derived from the spatial profile at each row, 
meaning we move along the dispersion direction. 
 
Figure 6 displays the curvature of the spectral source at source positions for nod 1, nod 2, and 
the center of the LRS slit, respectively. The curvature is described as the relative differences 
between the shift at the top of the trace and the shift at each pixel needed to align the brightest 
pixel in the trace to a central column. 
 

 

Figure 6: shows the difference between the shift required to center the first row and the necessary shift to align the peak 
of the spatial profile in subsequent rows, i.e., to rectify the spectral trace associated with each slit position (nod one blue, 
center green, and nod two orange). 

To compare the empirical PSFs at each nod and across cycles, we correct each PSF for its 
specific nod and cycle. This process first resamples the spatial profile of each pixel along the 
dispersion direction by a factor of 10, then calculates the shifts needed to center the profiles in 
the central column. The sub-pixel shifts required to align all peaks to a specific column are 
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determined by cross-correlating a Gaussian centered on the central column using the SciPy 
function correlate. We visually checked the profile alignments. Figure 7 illustrates the method 
used to compare multiple PSFs row by row. To improve the signal-to-noise ratio at longer 
wavelengths, we smooth the empirical PSF in the dispersion direction with a one-dimensional 
Gaussian kernel with a standard deviation of 3 pixels. While this smoothing visibly enhances 
the empirical PSF image at wavelengths longer than about 10.5 μm, it also increases the 
systematic noise structure, resulting in correlated noise patterns in the cross-dispersion 
direction.  
 

 
 

Figure 7: compares the spatial profile at 6 microns from Commissioning (labeled as Cycle 0 orange circles) to a spatial 
profile at 6 microns from Cycle 1 (blue line) and their residuals (blue plusses). We find that between 6 and 10.5 microns, 
empirical PSFs match between slit positions to within about 1%. At longer wavelengths, comparisons are difficult due 
to the decrease in signal to noise.  

 

Figure 8: The left panel shows the fractional changes in the PSF at the center of the slit between commissioning and 
Cycle 1 data, while the right panel shows these changes between commissioning (labeled as Cycle 0) and Cycle 3. We 
find that these changes are below 1% over the pixels corresponding to the PSF.  

 

Subpixels in the cross-dispersion direction. 
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6 Comparison of slit empirical PSF with Space Telescope PSF 

Space Telescope PSF simulates point spread functions (STPSFs) using advanced models of the 
telescope, instrument optics, detector pixel scales, and filter profiles (e.g., Perrin et al. 2014, 
2012, 2011). 

Figure 9 compares slices through the super-sampled PSF for slit spectra. We analyze both in 
native pixel space, where we downsample the empirical PSF, and in subpixel space by 
oversampling the STPSFs. 

Comparisons between the model STPSFs shown in Figures 10 and 111 are made using 
oversampled PSFs. Specifically, to match the sampling, we oversample the STPSF, which can 
lead to overestimating errors when comparing PSFs with different sampling rates. Overall, we 
see good agreement between the empirically derived and STPSFs. As expected, the empirical 
PSF is slightly wider (by about 2% between 8 and 12 μm, as shown in Figures 9 and 10) than 
the STPSF, likely due to small alignment errors, random noise, and the brighter-fatter effect. 

This difference decreases when the brighter-fatter impact is reduced by lowering the saturation 
limit to 50% of the default value in the CRDS saturation reference file, which effectively uses 
fewer ramps for flux estimation in pixels that exceed this threshold. The brighter-fatter effect is 
more pronounced at shorter wavelengths (5–8 μm), where the targets are brighter (Argyriou et 
al. 2023). At longer wavelengths, lower signal-to-noise ratios increase uncertainties in the 
width estimates. Using the default CRDS saturation reference file results in larger 
discrepancies between modeled and empirical PSFs, with FWHM differences reaching up to 
40%.  

____  Empirical PSF 
____  STPSF 

____  Empirical PSF 
____  STPSF 

 Figure 9: Comparison of modeled profiles at 5.1 μm (magenta) with empirical estimates of the PSF for MIRI-LRS Slit at 
the same wavelength. On the left, we downgrade the super-sampled ePSF to the native pixel resolution, which is 0.11” 
per pixel. On the right, we use the super-sampled ePSF. We show profile examples at low wavelengths where differences 
exist between the empirical estimates and the STPSF modeling, at both the shortest and longest wavelengths. These 
differences result from various factors, including the comparison between a super-sampled empirical PSF and one 
modeled at the native pixel resolution. 
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Figure 10 shows the widths of the empirical (blue) and STPSF models obtained from single Gaussian fits. The units of 
these fits are in super-pixels, or oversampled pixels, which are equivalent to 0.02 non-oversampled pixels. The figure 
indicates that differences increase at shorter wavelengths, where a brighter-fatter effect may influence the charge 
distribution across pixels. A rigorous characterization of how the brighter-fatter effect impacts the ePSF is beyond the 
scope of this report. Nonetheless, we note that corrections require a complex approach addressing classical nonlinearity 
and interpixel capacitance (e.g., Hirata and Choi 2020). We note that lower pixel values correspond to longer 
wavelengths. 

 
 

Figure 11: Fractional differences between the empirical and modeled STPSFs as a function of wavelength. The 
differences follow a smooth curve that peaks at the shortest wavelengths and decreases to a ~2% plateau beyond 8 
microns. Lower signal-to-noise ratios at wavelengths beyond 10.5 μm lead to increased scatter in the estimated widths 
of the empirical PSF. We note that using the super-sampled PSF to compare with the native-sampled model may 
increase the differences.  

Wavelength [μm] 

Pixels in the dispersion direction. 

        Empirical PSF 
         STPSF 
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7 Summary and Future Work 
 

We present the empirical point spread function for MIRI low-resolution spectroscopy, 
including both slit and slitless observing modes. From observations in slit mode, we find that 
the empirical PSF widths stay stable within 1-2% during commissioning, Cycle 1, and Cycle 3, 
as well as across different nod positions. The empirical slit and slitless PSFs are available from 
the Calibration Reference Data System as jwst_miri_psf_0002.fits and jwst_miri_psf_0015.fits. 
These files include a wavelength array extension, PSF fits extensions, and metadata with 
details such as the creation date, the column position used for alignment, and the oversampling 
of native pixels. 
 
We find that the estimated widths from the empirical PSFs align with those from Space 
Telescope PSF models within 2%. However, at wavelengths shorter than 8 μm, larger 
discrepancies (ranging from ~2 to 20%) are evident, which we attribute to the brighter-fatter 
effect, where charge in bright pixels gets displaced away from that pixel. Future research will 
focus on incorporating corrections for the brighter-fatter effect and related phenomena during 
the development of an empirical PSF.  
 
We also observe considerable scatter (~20%) at wavelengths longer than 10.5 μm for PSF 
observations using BD+60 1753 (figure 2). Future PSF calibration strategies will include 
redder targets similar to the slitless observations of the Lipperta asteroid, which was used to 
construct the slitless PSF (figure 3). Specifically, upcoming work involves obtaining additional 
asteroid observations to enhance the signal-to-noise ratio of the slit PSF at longer wavelengths 
and combining these with the slit PSF estimated for the A1V star BD+60 1753.  
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