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ABSTRACT

Context. The Medium Resolution Spectrometer (MRS) is one of the four observing modes of JWST/MIRI. Using JWST in-flight data
of unresolved (point) sources, we can derive the MRS absolute spectral response function (ASRF) starting from raw data. Spectral
fringing, caused by coherent reflections inside the detector arrays, plays a critical role in the derivation and interpretation of the MRS
ASREF. The fringe corrections implemented in the current pipeline are not optimal for non-extended sources, and a high density of
molecular features particularly inhibits an accurate correction.

Aims. In this paper, we present an alternative way to calibrate the MIRI/MRS data. Firstly, we derive a fringe correction that accounts
for the dependence of the fringe properties on the MIRI/MRS pupil illumination and detector pixel sampling of the point spread
function. Secondly, we derive the MRS ASRF using an absolute flux calibrator observed across the full 5-28 pm wavelength range of
the MRS. Thirdly, we apply the new ASRF to the spectrum of a G dwarf and compare it with the output of the JWST/MIRI default
data reduction pipeline. Finally, we examine the impact of the different fringe corrections on the detectability of molecular features in
the G dwarf and K giant.

Methods. The absolute flux calibrator HD 163466 (A-star) was used to derive tailored point source fringe flats at each of the default
dither locations of the MRS. The fringe-corrected point source integrated spectrum of HD 163466 was used to derive the MRS ASRF
using a theoretical model for the stellar continuum. A cross-correlation was run to quantify the uncertainty on the detection of CO,
SiO, and OH in the K giant and CO in the G dwarf for different fringe corrections.

Results. The point-source-tailored fringe correction and ASRF are found to perform at the same level as the current corrections,
beating down the fringe contrast to the sub-percent level in the G dwarf in the longer wavelengths, whilst mitigating the alteration of
real molecular features. The same tailored solutions can be applied to other MRS unresolved targets. Target acquisition is required to
ensure the pointing is accurate enough to apply this method. A pointing repeatability issue in the MRS limits the effectiveness of the
tailored fringe flats is at short wavelengths. Finally, resulting spectra require no scaling to make the sub-bands match, and a dichroic
spectral leak at 12.2 pum is removed.

Key words. instrumentation: spectrographs — instrumentation: detectors — methods: data analysis — infrared: stars
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1. Introduction

During the six-month commissioning phase after the launch
of the James Webb Space Telescope (JWST; Gardner et al.
2006; Rigby et al. 2023), the Medium Resolution integral field
Spectrometer (MRS; Wells et al. 2015) of the Mid-Infrared
Instrument (MIRI; Wright et al. 2023) observed a variety of
targets for the purpose of verifying its scientific performance
(Argyriou et al., in prep.). The commissioning targets included

spatially unresolved (point) sources, namely stars with different
effective temperatures, as well as spatially resolved sources, such
as galaxies and planetary nebulae; and it has since been the topic
of a variety of scientific works (e.g. Yang et al. 2022; Garcia-
Bernete et al. 2022; Miles et al. 2023; Alvarez-Mérquez et al.
2023; Lau et al. 2022).

The MRS is an integral field spectrometer, meaning it
provides both spatial and spectral information. The 5-28 um
range of the MRS is divided into four channels (labelled 14
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with increasing wavelength), each divided into three sub-bands
(labelled A—C or SHORT-LONG with increasing wavelength).
After reducing the data separately per sub-band, this results
in 12 separate spectral ‘cubes’, with two spatial axes and one
spectral axis (see Law et al., in prep.).

In the spectral direction, the MIRI MRS shows high ampli-
tude fringes caused by Fabry-Pérot interference between the
reflective layers of the detectors, the depth of which can cause
errors up to 30% of the total flux if left uncorrected (Argyriou
et al. 2020a,b). Fringing has been a systemic issue for instru-
ments on other space telescopes, such as the Space Telescope
Imaging Spectrograph on board the Hubble Space Telescope
(Malumuth et al. 2003), the Short Wavelength Spectrometer on
board the Infrared Space Observatory (Kester et al. 2003), and
the InfraRed Spectrograph (IRS) on board Spitzer (Lahuis &
van Dishoeck 2000; Lahuis & Boogert 2003). The MRS spec-
tral resolution of 4000-1500 over the 5-28 pm wavelength range
(Labiano et al. 2021), together with the ~500 pm thick detectors
result in the fringe frequencies being spectrally resolved.

When observing unresolved (point) sources, the MIRI pupil
is non-uniformly illuminated. This causes a significant change
in the fringe depth and phase as a function of the part of the
point spread function (PSF) that is sampled by the detector pixels
(Argyriou et al. 2020b). For spatially extended sources, the MIRI
pupil is uniformly illuminated and the fringe properties aver-
age out, varying mainly with wavelength. The effectiveness of
applying a 2D static fringe flat, derived from a spatially extended
source (uniform pupil illumination), to correct the fringes of an
unresolved point source (non-uniform pupil illumination) is lim-
ited by the underlying physics in question, and can substantially
change the pristine shape of the fringes and hence the shape of
real spectral lines.

The JWST data reduction pipeline! contains two methods
to remove fringes from MRS spectra (a first description of
the pipeline can be found in Labiano et al. 2016): a fringe
flat derived from spatially extended sources (Mueller et al.,
in prep.) and a residual fringe correction that iteratively finds
and removes remaining periodic features in the spectrum that
match the expected fringe frequencies based on the geomet-
ric and refractive properties of the detectors (Kavanagh et al.,
in prep.). Spatially extended sources in the context of MRS cali-
bration included (1) an 800 K black-body source used during the
MIRI Flight Model (FM) test campaign, (2) the MRS internal
calibration source (hot tungsten wire filament with a grey-body
temperature of 800 K), and (3) the Cat’s Eye nebula NGC6543
observed during the JWST commissioning phase. Due to the
beam from the internal calibration source being significantly
more collimated than the 800K black-body source placed exter-
nal to MIRI, resulting in a larger fringe amplitude and detectable
phase offsets, the data from the internal calibration source could
not be used to derive fringe flats. For this reason a combina-
tion of fringe flats based on the 800K black-body source and
the Cat’s Eye nebula are used for the in-flight calibration refer-
ence files, as is discussed later in this paper. Taken together, the
fringe flats based on spatially extended sources and the residual
fringe correction have been shown to reduce fringe contrast to
below 6% across the MRS wavelength range (Kavanagh et al.,
in prep.). However, a significant portion of MIRI science pro-
grammes require an uncertainty on the continuum below 1%
(S/N of 300 for a 30 detection). Due to the empirical nature

! https://jwst-pipeline.readthedocs.io/en/latest/
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of the residual fringe correction, it cannot recover the intrinsic
detector absolute spectral response function (ASRF).

There are three overarching issues remaining after commis-
sioning relevant to the work presented here. Firstly, for sources
with dense molecular bands, either the bands may be identified
as fringes by the residual fringe correction algorithm, or they
may cause the algorithm to fail to identify fringes; resulting in
either the removal of real features in the process or the failure
to remove fringes, respectively. As such, we seek to derive a tai-
lored point source fringe flat (PSFF; this acronym was chosen to
impress the link between the instrumental PSF and the fringes)
from a spectrally ‘boring’ source: a predominantly featureless
flux calibration standard placed in the exact same position on the
detector as a science target of interest.

Secondly, the in-flight MRS spectrophotometric response
solution contains all the noise and systematics from the flight
model (FM) test campaign. Due to various problems with the
test set-up, for example imperfections in the extended fringe flats
used and the presence of a water feature (for more details see
Argyriou 2021, and Sect. 2.5 in this paper), systematics were
introduced into the spectrophotometric calibration files. During
commissioning, the MRS ASRF was derived by applying a 1D
correction to the 2D spectrophotometric response on the detec-
tor image plane derived during the FM test campaign. The 1D
correction was derived by extracting the point source integrated
spectrum of HD 163466 using the ground RSREF, estimating the
spectral continuum, and dividing the spectral flux density of the
estimated continuum by the values expected based on a theoret-
ical model of the continuum of HD 163466 (Bohlin et al. 2017,
2020). As a result, some of the systematic uncertainties linked
to the ground RSRF are still present in the MRS reference files
used to calibrate MRS in-flight data. In this paper we show how
to derive a point source optimised MRS ASRF from raw data.

Thirdly, the pointing of the instrument, even with target
acquisition, has an accuracy of ~30 mas. Due to changes in
the sampling of the PSF with changes in pointing, the depth
and phase of the fringes will change. We show that, ultimately,
this will be the limiting factor for the effectiveness of the PSFF
corrections derived here.

With the new PSFF and ASRF solutions at hand, we used the
MRS spectra of HD 37122 and HD 159222 as our two test cases.
The K giant star HD 37122 was observed during commission-
ing as part of the target acquisition test; and the solar analogue
G dwarf HD 159222 was one of the targets used to examine the
MRS spectrophotometric sensitivity and stability, alongside the
previously mentioned A star HD 163466 (Gordon et al. 2022).

To quantify how well the different methods perform, and to
discuss the implications on the science, we performed cross-
correlations to compare the K giant spectra to the synthetic
molecular spectra of CO, Si0O, and OH, all of which are expected
to be detectable (Decin et al. 2003; Sloan et al. 2015); and CO
with the G dwarf, which should be present in a star of this
spectral type (Heras et al. 2002; Ardila et al. 2010).

In Sect. 2, we describe the MRS in-flight observations used
in this paper, how the PSFF solutions are derived, and the dif-
ferent methods of reducing the in-flight data. In addition, we
show how the MRS ASRF solution is derived, including the
correction of a spectral leak feature at 12.2 um. In Sect. 3, we
show the fringe-and-ASRF calibrated spectra of the K giant and
G dwarf, along with the implications on the cross-correlation
results. The effects on the science of sources rich in molecular
bands is discussed in Sect. 4. Finally, we present our conclusions
in Sect. 5.
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Gasman, D, et al.: A&A proofs, manuscript no. aa45633-22

Table 1. Properties and programme information of the three stars

examined in this work.

ID HD 37122M HD 159222@ HD 163466 ®
RA 05 30 00.7691 17 32 00.9923 17 52 25.3741
Dec —69 58 31.871 +34 16 16.131 +60 23 46.94
Spectral type K2II C Gl1vV A7Vm
Tt (K) ~4000 5790 ~9000
K mag 5.13 5.05 6.34
APT PID 1029 1050 1050
PI A. Glasse B. Vandenbussche

June 6, 2022

first visit
Date May 22-23, 2022 \rst visit June 8-9, 2022

June 13, 2022
(repeat visit)

4 (positive)
4 (negative)
12/7 (112 A, B)

4 (positive)
4 (negative)

Dithers ® 4 (negative)

i i 1 172

(Gmup s; ":eg;?m"s 15/6 (1/2C) 42; 2 Esj 4; 5012
per sub-ban 30/3 (3/4)

249.754

263.62

Time per dither [s] 263.629 222 2 22 280.279

255.304 ’

1050 background

Dithers 2 (negative)
Groups/integrations 50/2
Time per dither [s] 560.558

Notes. (PGaia Collaboration (2016, 2021); Fabricius et al. (2021);
@Gray et al. (2003). Groups per integration show sub-band and/or
channel when a different set-up was used for different bands. @https:
//jwst-docs.stsci.edu/jwst-mid-infrared-instrument/
miri-operations/miri-dithering/miri-mrs-dithering

2. Methods
2.1. Data used

Table 1 gives the information for each of the observing programs
carried out during commissioning for the targets used in this
paper. This includes the program identification numbers (PIDs)
from the Astronomer Proposal Tool (APT)?.

The two most suitable publicly available calibration stars for
the analysis in this paper observed during commissioning are
HD 37122 and HD 159222. HD 37122 is a K2III C star located in
the Large Magellanic Cloud (LMC) and observed as part of the
Surveying the Agents of a Galaxy’s Evolution (SAGE) survey
(Meixner et al. 2006). K stars have been used as spectropho-
tometric calibrators in the past, for example for Spitzer (Houck
et al. 2004) by comparing them to spectral templates (Cohen
et al. 2003) and synthetic spectra (Decin et al. 2004). However,
Sloan et al. (2015) suggest that our current inability to predict the
strength of molecular bands in K giants makes them less suited
for calibration purposes due to the wealth of molecular bands
including CO, SiO, and OH. Instead, HD 37122 was used to test
the target acquisition of MIRI MRS, due to its brightness in the
mid-infrared. HD 159222 has been considered a representative

2 https://www.stsci.edu/scientific-community/software/
astronomers-proposal-tool-apt

solar analogue, in terms of age and spectrophotometric prop-
erties (Soubiran & Triaud 2004; Mahdi et al. 2016); however,
Porto de Mello et al. (2014) find that it has a higher tempera-
ture and higher metal abundances, and is overall more evolved
than the Sun. Due to the lack of strong features at the longer
wavelengths, it allows a direct comparison of the different fringe
removal methods, without convoluted results due to molecular
features. It was observed twice, with a week between observa-
tions (indicated by ‘repeat visit’ in Table 1), in order to test the
spectrophotometric repeatability.

For the derivation of the PSFF reference files, a relatively
featureless star is used, the A star HD 163466, which was
observed to derive the spectrophotometric correction factors dur-
ing commissioning (Gordon et al. 2022). Additionally, it was one
of the standard stars used for the calibration of Spitzer (Reach
et al. 2005; Engelbracht et al. 2007; Sloan et al. 2015). A single
dedicated background observation associated with PID 1050 was
performed to use with HD 163466.

The synthetic spectra showing the transitions of CO, SiO,
and OH used in this paper are based on hydrostatic models taken
from the COMARCS grid for cool stars (Aringer et al. 2016). In
the case of HD 37122 we used a computation with T = 4000 K
and log(g (cm s72) = 1.54. For HD 159222, the corresponding
values are T = 5800 K and log(g (cms~2) = 4.40. Both models
have solar abundances and one solar mass. The microturbulent
velocity was set to 2.5 km s~!. We note that these properties were
chosen to obtain spectra similar to those of the two selected stars.
No fit of the MRS or any other observed data has been made.
The molecular spectra were calculated from the original model
structures by including only the line opacities of the correspond-
ing species in the radiative transfer. For CO the data are from Li
et al. (2015), for SiO from ExoMol (Barton et al. 2013), and for
OH from HITEMP (Rothman et al. 2010). The original resolu-
tion of R = 200000 was reduced by a convolution to match the
MRS observations.

2.2. Fringe flats and residual fringe correction

The extended fringe flats contain the normalised fringe pattern
for each MRS spectral band across the detector image plane. The
JWST pipeline divides the signal on the detector image plane
by the extended fringe flats. Above 10 um, the extended fringe
flats were derived based on observations of the Cat’s eye neb-
ula (NGC 6543, APT PID 1047). The spatial structure of the
nebula does not impact the derivation of the fringe flat as long
as there is useful signal; the fringe properties themselves do not
depend on the intensity of the source. The presence of spectral
features does affect the definition of the spectral baseline, and
thus the fringe properties. Spectral lines were masked out where
possible (i.e. not included in the fitting), however, the trade-off
is that fewer samples are available to use in the derivation of the
fringe flat, increasing the sinusoidal model fit uncertainty; the
detailed information can be found in Mueller et al. (in prep.). At
shorter wavelengths where the S/N of NGC 6543 was insuffi-
cient, no update to the extended fringe flats was derived during
commissioning, and hence they are based on the FM ground test
campaign solutions. Due to the beating of two frequencies pro-
duced in different layers of the MRS detectors (Argyriou et al.
2020a) the fringe flats are least accurate in the 10 to 13 pum
region. In addition, a third fringe component occurs in the MRS
dichroic filters, evident as a very low amplitude high frequency
fringes above 11.5 pum, which the extended fringe flat does
not incorporate.
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Fig. 1. Change in fringe pattern with X-pixel offset from PSF peak (left),
and selected area (X-pixel range of 314-335, Y-pixel range of 340-650)
of the PSFF fringe flat detector image (right). The data in the left panel
are offset (with respect to each other) in the y-direction by 0.4, and the
black vertical lines are the location of two fringe peaks at X-offset=1.
The extended fringe flat is plotted as a grey dotted line. The change in
phase is visible in both the left and right panels, while the change in
depth is most visible on the left. The MRS’s IFU uses an image slicer
to separate the different parts of the field of view. In this figure, only a
single slice is shown.

The extended fringe flat correction reduces the contrast of
the fringes, but residuals will remain as described in Sect. 1.
The residual_fringe method in the pipeline uses an empiri-
cal sine model fitting method to further reduce the contrast of the
fringing, under the assumption that the residual fringes are small
in amplitude following correction by the extended fringe flat. To
prevent the removal of spectral features in the fitting process, an
automated spectral feature finding algorithm is used. The algo-
rithm computes a periodogram from a spectrum and looks for
prominent frequencies to remove in a range based on the under-
standing of the geometric and refractive properties of the MRS
detectors. As in Kester et al. (2003), a Bayesian evidence loop
is then used to identify the optimum number of sinusoids to
include in the fit in order to prevent overfitting (Kavanagh et al.,
in prep.). This algorithm can be applied directly after the JWST
pipeline fringe step, in 2D, and/or after spectral extraction, in
ID. For this work we apply both the 2D correction at the end
of the calspec2 module of the pipeline, and the post-pipeline
residual fringe correction (i.e. on the 1D extracted spectrum) in
order to be consistent with how the vast majority of MIRI science
teams are reducing the MRS data.

2.3. PSFF: Fringe flat tailored to unresolved (point) sources

The source used for the purpose of deriving the PSFF reference
files is the A star HD 163466. To produce a PSFF for the unre-
solved source HD 163466, spectral features were removed from
the data using sigma_clip in Astropy (Astropy Collaboration
2013, 2018) with oo = 3, after which the continuum was removed
per detector column using a running mean. Any clipped sections
are set to a value of 1. The resulting fringe pattern in the spectral
direction, as a function of pixel-offset with respect to the PSF
peak, is shown in the left panel of Fig. 1. As a comparison, the
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extended fringe flat from commissioning is shown as a grey dot-
ted line. A section of the resulting 2D PSFF fringe flat is shown
in the right panel of Fig. 1, where the point source pattern is
visible as a streak of zebra stripes.

We have already discussed that the fringe pattern of an unre-
solved source depends on how the incoming wavefront from the
MIRI pupil, on the detector, is sampled by the detector pixels.
The quality of an empirically derived fringe flat for an unre-
solved source is limited by our ability to reproduce the sub-pixel
pointing between calibrator (e.g. HD 163466) and the science
target of interest. The left panel in Fig. 1 shows a part of the
PSFF fringe flat at the centre of the PSF for different detector
columns (offsets in X-pixel direction, PSF centre with offset=0),
and demonstrates that the depth and phase both change depend-
ing on the part of the PSF that is sampled. In the right panel
in the 2D PSFF fringe flat, this phase shift is clearly visible as
a diagonal zebra pattern. In the case where the MIRI pupil is
illuminated uniformly (extended source illumination) the zebra
stripes are approximately horizontal (Argyriou et al. 2020b).

As shown in the right panel of Fig. 1, the part of the detec-
tor observing background is flat and noisy in the derived PSFF.
In parallel, the parts of the detector on which the source is dis-
persed show the zebra pattern corresponding to fringe peaks and
troughs. These peaks and troughs, due to dividing by the con-
tinuum, are now expressed in fringe depth as a fraction of the
assumed continuum.

In this work, the PSFF is only applied to the G dwarf, and
not the K giant. The K giant data were taken earlier in com-
missioning, prior to an update to the instrument’s astrometric
calibration. This causes the pointing to be inconsistent with the
current pattern, and the offset to be larger than a pixel. How-
ever, due to the presence of dense molecular bands, it is a perfect
test case for the removal of molecular features by the residual
fringe correction.

2.4. Spectral extraction

The data from each observing programme were reduced using
the JWST calibration pipeline v1.8.3; the outlier rejection in step
3 was skipped because this step has been found to give spurious
results due to the spatially undersampled PSF. One-dimensional
spectra were extracted from the MRS 3D spectral cubes created
using a 3D drizzling algorithm (Law et al., in prep.). The default
1D extraction of the JWST pipeline was skipped. Instead, we
extracted the spectra from the cubes manually, using a growing
circular aperture centred on the PSF of 2.51/D at each wave-
length (radii from 0.470to 2.757 arcsec). Due to instances of the
centroid of the PSF being offset from the location expected by
the JWST pipeline, the aperture can be placed off-source. Skip-
ping the step ensures that this is not an issue. A growing circular
annulus was defined to subtract the background. The photometric
extraction is illustrated in Fig. 2. To compute the 1D integrated
point source spectrum, the signal within the aperture is summed,
and the median signal in the annulus, scaled by the aperture area,
is subtracted. An aperture correction factor is applied to account
for the flux not included in the aperture and for the fraction of
the PSF present inside the annulus. These values are consistent
with those presented in Argyriou et al. (in prep.).

2.5. Spectrophotometric calibration and the PSFF

Before we can discuss the performance of the different fringe
corrections, we must first discuss the spectrophotometric cali-
bration solution as it is influenced by the fringe flat applied.



Gasman, D, et al.: A&A proofs, manuscript no. aa45633-22

Fig. 2. Example showing a cube image of band 1A image with a circular
aperture and annulus overplotted.

2.5.1. MRS ground-based response solution systematics

As we mention above, the commissioning spectrophotomet-
ric calibration files are plagued by systematics introduced by
ground testing. In Argyriou (2021) the systematic uncertainties
linked to the ground RSRF solutions are discussed. We pro-
vide a summary here, along with the corresponding section in
Argyriou (2021) in brackets. The MRS RSRF was derived using
a 800 K black-body source that produced a spatially homo-
geneous extended illumination pattern on the detectors. Based
on these observations, a set of 2D static extended fringe flats
was derived and these flats were used as the reference fringe
correction for all subsequent datasets collected over the mul-
tiple JWST/MIRI test campaigns that followed (Sects. 6.2 and
7.1.3). In order to derive the MRS RSRF, assumptions were
made about the spectral flux density of the calibration source
(starting from Planck’s law), the geometry of the illumination by
the MIRI Telescope Simulator (MTS) reaching the MIRI pupil,
and the reflectivity curves of the MTS surfaces (Sect. 7.1.1). A
water feature was present at 8 um, which was folded into the
MRS RSRF (Sect. 7.1.3). Electronic ghosts introduced part of
the flux measured in detector column c to detector column ¢ + 4
(Sect. 2.4.2).

In order to extract a point source spectrum with the correct
values of spectral flux density (in units of jansky), a precise
and accurate spectrophotometric response solution (hereafter
PHOTOM) is required. As mentioned previously, the ground-
based solution used to derive the commissioning PHOTOM
contains many artefacts, which we aim to remove by re-deriving
the solution in-flight.

2.5.2. MRS ground-based extended fringe flats versus
the PSFF

Assuming the detector electronic effects are well calibrated
in the JWST calwebb_detectorl module of the pipeline
(Morrison et al., in prep.), a subtle yet fundamental aspect of
applying a set of PHOTOM files is that the best results are pro-
duced when observing a star with (a) the same number of dithers
as the absolute flux standard that was used to derive PHOTOM,
(b) the same aperture size and aperture correction, and (c) the
same fringe correction. Applying a different fringe correction
means that a new set of PHOTOM files needs to be derived as
the fringes and PHOTOM are linked.

The extended fringe flats incorporated in the JWST pipeline
assume that the peaks of the fringes are the true signal; an exam-
ple is shown in Fig. 3, where a transmission value of 1 is set at the
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Fig. 3. Depth of the extended commissioning fringe flat in band 1A.
The values on the y-axis are the correction factors by which the data are
divided in the pipeline.

location of the fringe peaks. The uncalibrated data are divided
by this extended fringe flat, bringing the entire spectrum ‘up’ at
the fringe peaks, assuming this to be the ‘true’ flux. The PSFF
derived in Sect. 2.3 assumes the running mean of the fringe inter-
ferometric profile to be true, and hence it will not be compatible
with the existing JWST pipeline reference files. Changing the
format to be the same as the commissioning pipeline fringe flats
is non-trivial as the fringes shift in phase and become a sum
of multiple frequency components in channels 3 and 4. There-
fore, the simple image shown in Fig. 3 becomes increasingly
more complex.

Figure 4 demonstrates the issues discussed. We show four
different spectra in 11 of the 12 MRS spectral bands (1A to
4B, excluding 4C due to low S/N). The ‘photon conversion
efficiency’ shows the MIRI FM ground testing derived photon
conversion efficiency values normalised per band. At 8 um an
artefact from the MIRI MTS is visible. The ‘No PHOTOM’
spectra show the extracted spectrum of the G dwarf HD 159222
after reducing the data with a PSFF and without applying the
photom step in the JWST pipeline. The shape and most of the
features correspond to those of the ground spectral response,
excluding the 8 um artefact, which is no longer present in
the data. The ‘Commissioning PHOTOM’ spectra are those
extracted when applying the PSFF, as well as the commission-
ing version of the PHOTOM reference files. Fringes in band
2C are introduced by the photom step; in this case the fringes
are present in the PHOTOM calibration reference file. Impor-
tantly, the change in the choice of fringe flat (pipeline vs new
PSFF), with different assumptions about the true signal, results
in the PHOTOM files not being applicable, which in turns results
in the spectra showing a prominent curvature in each spectral
band. The ‘PSFF PHOTOM’ spectra are extracted after applying
the PSFF together with the re-derived PHOTOM reference files
based on HD 163466.

2.5.3. Detector-based background modelling

Below we describe how we re-derived the PHOTOM reference
files based on HD 163466, after self-calibrating by applying the
new PSFF fringe flat files derived from HD 163466 itself. Due
to the 2D response of the detector, which is incorporated into the
spatially extended background signal, the annulus background
subtraction will not be accurate here. The aim is therefore to
remove the influence of the 2D response in the background on
the detector image plane prior to the spectrophotometric cal-
ibration by using the dedicated background observations (see
Table 1). To minimise the contribution of noise from the dedi-
cated background observations linked to HD 163466, a smooth
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Fig. 4. Comparison between the different ways of reducing the data of HD 159222 with the PSFF fringe flat. The curves are (from bottom to top)
the photon conversion efficiency of the MIRI MRS detectors; the reduction without spectrophotometric calibration (PHOTOM) applied; the results
after applying the commissioning PHOTOM; and the new dedicated PHOTOM. Band 4C is omitted due to low signal. The red box indicates the

spectral leak.

2D polynomial is fitted to each dispersed slice of signal on the
detector. Since the background has already been subtracted in
this case, the spectra are extracted without an annulus. We use
different aperture correction factors to account for this. This
method was only applied to channels 1-3. For most parts of the
wavelength range, the use of the dedicated backgrounds works
well. However, the spatial and spectral structure of the stronger
thermal background in channel 4 does not match between the
dedicated background and the target observation. Due to the
large resulting (structured) residuals, a different technique is
required to subtract the background.

2.5.4. Dither-based background subtraction

To mitigate the issues with using the dedicated background in
channel 4, the large drop in quantum efficiency in channel 4
is exploited. By subtracting individual dithers from each other,
the background can be decoupled and removed from the sig-
nal on the source; this technique is similar to chop-nodding for
ground-based infrared telescopes. In MIRI/MRS observations,
the purpose of dithering is to better sample the PSF, which is
undersampled by design (a four-point dither is recommended).
We illustrate the dither-based background subtraction procedure
in Fig. 5. Since the signal is not as strong in channel 4 for the
A star, the PSF wings are not detected and the resulting nega-
tive PSFs do not significantly overlap with the signal. We note
that this cannot be done for targets that are bright at the longer
wavelengths as the overlap of the PSF wings becomes more sig-
nificant here. However, to fully mitigate the effect of the negative
PSFs, the spectra in channel 4 are extracted with a 1.254/D aper-
ture instead of 2.51/D. Additionally, it should be noted that due
to the low signal in channel 4, the resulting spectra are noisy and
the reference files not as robust as for the other channels. This
method is only applied for the PSFF case; all other spectra are
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Fig. 5. Illustration of the four-point dither subtraction to remove the
background. Two pairs of the largest separated dithers (dither 1-2, dither
2-1; and dither 3-4, dither 4-3), are subtracted from one another to
remove the background. This leaves a clean positive PSF and a negative
one. Due to the size of the PSF in channel 4, the negative and positive
signal overlap, and therefore a smaller aperture is used to extract the
spectrum.

extracted using the standard aperture-annulus method described
in Sect. 2.4.
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Fig. 6. Illustration of derivation process of the new PHOTOM. This
example shows band 2C. The spectrum was normalised with respect to
its maximum, and is unit-less. A spline is fitted through the chosen con-
tinuum points on the spectrum. This spline is then divided by the model
spectrum to find the correction factors. The result from multiplying the
uncalibrated spectrum by these factors (indicated by the arrow) is shown
in orange, and matches the model.

2.5.5. Deriving a pointing-dependent ASRF

By defining a spline through hand-selected points on the contin-
uum of HD 163466, the spline-fitted continuum is divided by a
model spectrum of the continuum of HD 163466 Bohlin et al.
(2017, 2020). The precision of PHOTOM is therefore limited
by the defined continuum and precision of the assumed model.
The resulting wavelength-dependent factors are used as the new
PHOTOM correction applied on the G dwarf. This process is
illustrated in Fig. 6. We can safely assume that the systematics in
the continuum of the PHOTOM-uncalibrated spectrum are due
to the MRS optical chain transmission and the detector response,
as presented in Fig. 4. The response systematics in the ‘no
PHOTOM’ and ‘photon conversion efficiency’ spectra match
quite well, aside from the water feature at 8§ pm (an artefact from
the FM ground test campaign).

2.5.6. Correcting the MRS spectral leak

A spectral leak is present in the data of HD 163466, and in
fact in all MRS data. In the case of HD 163466 this impacts
the PHOTOM solution, and hence it is even more important to
address it. The transmission profile of the MRS dichroics causes
a spectral leakage of the m=2 grating order being superimposed
on the m=1 grating order. Quantitatively, 2.5% of the spectral
flux density at 6.1 pum (see system transmission based on lab
data of dichroic transmission curves in Fig. 7) is added to the
12.2 um wavelengths (band 3A; for further details, see Argyriou
2021, Sect. 7.3). Due to the presence of the leak in the reference
star, also visible in Fig. 4, the increase in flux is folded into the
commissioning PHOTOM reference file in band 3A, resulting in
an underestimated correction factor around this wavelength. To
remove this feature from the newly derived PHOTOM files, we
find the fraction of flux from band 1B that is present in 3A using
the transmission of the optical path shown in Fig. 7.

Since we know that the flux per band is equal to the signal S
times the correction factors P, the fluxes F are

Fig(dig) = S18(41B) - P1e(41B),

F3a(A43a) = S3a(434) - P3a(43a), M

System transmission

=
9
w

5 6 7 8 9 10 11
Wavelength [um]
Fig. 7. Transmission of the MRS optical path to sub-band 3A. A leak is
seen around 6.1 pum, indicated by the red box.

and inversely

Fig(1
Pig(41p) = %,
B(diB @
_ F3a(A3a)
P3p(A3p) = Saallon)’

The flux in the leak L is related to the transmission T'sys as

Lig(A18) = F1(41B) - Tsys(A18) = S18(41B) - P1B(A1B) * Tsys(A1B).
3

Since the spectral leak in the A star results in a positive bump
in the spectrum, the PHOTOM factors are underestimated by a
factor

p _[Lig(A18)]1(434)
3Acor =T
S3a(A34)
_ [S18(A1B) - P1B(A1B) - Tsys(A1B)1(A34)
S3a(A34) ’

which are added to the PHOTOM factors found from fitting the
spline to the continuum:

“

P3anew = P3aold + P3acorr- (5)

In addition to removing the spectral leak artefact from the ref-
erence files, the leak from the target itself must also be removed
from the spectrum. Following the relations mentioned above, the
extra flux is removed using

F3a new(A3a) = F3a01a(43a) — [Lip(A18)](A34). (6)

The new spectrum is shown at the top of Fig. 4. We note that
the system transmission profile shown in Fig. 7 had to be shifted
by ~0.02 um. The lab conditions were likely not representative
of in-flight conditions, causing this change.

3. Results
3.1. Propagated noise from the PSFF fringe flat

Since no filtering was performed to create the PSFF, noise is
propagated to the G dwarf spectrum when applying the cor-
rection. In order to examine the extent of this effect, we find
the standard deviation of the noise around the continuum. The
smaller the standard deviation, the less noisy the spectrum is.
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Table 2. Standard deviation of the noise after removing the continuum.

Band o (ff +rfc/PSFF)

2A 0.0082/0.0086
2B 0.0068/0.0071
2C 0.0076/0.0076
3A 0.0075/0.0064
3B 0.0066/0.0057
3C 0.0070/0.0069

Notes. The values correspond to the two pipeline approaches, the
extended fringe flat including the residual fringe correction (left) and
the PSFF fringe flat (right).

Due to a known issue with the MRS pointing repeatability
(Argyriou et al., in prep., and references therein), there is an off-
set between the observations of the G and A stars in channel 1
on the detector. Because of this offset the PSF is sampled differ-
ently. This results in a change in the resulting fringe pattern (see
Sect. 2.3), and therefore the correction is not expected to work
as well. While a pointing offset would compromise the fringe
correction in all channels, the requirement is especially stringent
in channel 1 due to undersampling of the PSF. The PHOENIX
model (Bohlin et al. 2017, 2020) shows a dense forest of features
in this wavelength range, making it difficult to distinguish noise
from real features. We therefore examine the noise in channel 2
and onward.

The properties of the noise are presented in Table 2. In terms
of noise the performance of the PSFF is comparable to that of
the pipeline fringe flat (based on a spatially homogeneous and
extended source) plus the a residual fringe correction.

3.2. Performance of fringe removal

When the fringes are removed by the extended fringe flat and
residual fringe correction, no components linked to the detector
geometric and refractive properties should remain, and no new
frequencies should be added. From the estimated residual fringe
contrast we can find how the different reduction methods com-
pare. This contrast is approximated based on twice the amplitude
of a sinusoid fit to the band, divided by the spectral baseline. The
results of this process are presented in Fig. 8.

We already noted the pointing issues in channel 1, and this is
confirmed by the larger fringe residual after applying the PSFF.
When looking at the longer wavelength bands, where we expect
arelatively good correction, it is evident that the performance is
similar to the extended fringe flat plus residual fringe correction,
reaching sub-percent level residuals for the G dwarf. Therefore,
the PSFF method results in comparable fringe residuals.

On the other hand, the K giant clearly shows larger contrasts,
even after applying the residual fringe correction, particularly
in bands 1A and 2A/B. This shows that these results are not
only pointing-specific, but also target-specific. The K giant is
dense in features, as we demonstrate in Sect. 3.3, and the resid-
ual fringe correction may either not affect certain sections, or
potentially remove or reduce the strength of molecular bands.
This can be a risk if the periodicities of the molecular bands and
the fringes overlap. Additionally, this results in a larger ampli-
tude of the fitted sinusoid, and therefore a larger estimated fringe
residual, as visible in the K giant. Looking at the amplitude
of the molecular bands in Fig. 11, depending on the molecule,
this could easily be 10%, or even larger. We take a closer look
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Fig. 8. Fringe contrast after the different corrections presented in this
work. The curves are colour-coded (see inset): ‘ff” stands for extended
fringe flat, ‘rfc’ for extended fringe flat+residual fringe correction
applied, and ‘psff’ denotes the PSFF. The contrasts in channel 1 are

shaded since the pointing repeatability issue results in larger residuals
in the PSFF case.

at this issue by discussing the periodograms of the stellar and
synthetic spectra.

In Fig. 9, we present the periodograms generated using
LombScargle of astropy (Astropy Collaboration 2013, 2018).
The periodograms of the K giant spectrum after applying only
the pipeline fringe flat and after applying the additional resid-
ual fringe correction, are shown alongside the periodogram of
the CO synthetic spectrum. Comparing the profiles, it can be
concluded that the CO signal in the spectrum has been directly
affected by the residual fringe correction in the cases of bands
1A and 1B, but not 1C. The largest peaks removed by the
algorithm are indicated by the red arrows. These overlap with
strong peaks in the periodogram of CO in bands 1A and 1B.
These peaks are present in the spectrum with only the extended
fringe flat applied, and removed after applying the residual
fringe correction. In 1C, a detector fringe seems to be removed
instead. Therefore, in addition to performing similarly in terms
of fringe residuals, using the PSFF mitigates the risk of removing
molecular features.

This exercise can be done for all examined MRS bands where
the molecular species show prominent features, and rather than
showing the periodograms separately, we take the difference
between before and after applying the residual fringe correc-
tion to demonstrate where the largest differences occur. If this
change overlaps with a peak in the molecular periodogram, it is
likely that real features are affected rather than solely the detector
fringes. The results are included in Fig. A.1.

3.3. Detectability of molecular features

The resulting normalised spectra for both the G dwarf and the
K giant are presented in Fig. 10. The top panel of Fig. 10 shows
the K giant, the bottom panel the G dwarf. Figures 11 and 12
include closer comparisons for the K giant of the continuum-
divided stellar spectra and the synthetic spectra of CO, SiO,
and OH.

While previously more detailed statistics regarding the cor-
rections were discussed, these spectra in Fig. 10 demonstrate the
global effects of the different methods on the spectra directly. In
band 2C the commissioning PHOTOM files introduced fringes,
which are subsequently removed by the residual fringe correc-
tion. The aim is to fix this issue during Cycle 1. Additionally, the
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Fig. 9. Periodograms of the synthetic CO spectrum and the K giant
spectrum per MRS band, before and after residual fringe correction.
The curves are colour-coded (see insets): ‘ff” stands for extended fringe
flat and ‘rfc’ for extended fringe flat+residual fringe correction. The fre-
quency range shown is the range where the residual_£fringe pipeline
algorithm searches for frequencies to remove. The red arrows indicate
the largest peaks that are removed by the algorithm.

spectra agree much better for the PSFF method compared to the
pipeline output, where small jumps are present between bands.

In the last section, the risk of the residual fringe correction
removing or altering features was mentioned. A direct example
of this effect is visible in the top panel of Fig. 11, where the
highlighted areas indicate the features are altered and match the
CO synthetic spectrum less well. However, the positive impact is
also visible. For the K giant this is best demonstrated in the third
panel of Fig. 11, where the large fringes initially masked OH fea-
tures. At the shorter wavelengths, particularly in the spectrum of
the K giant, the signal seems noisy. This is due to the presence
of CO, as shown in Fig. 11. In addition to the CO bands, the SiO
dip around 8 um is clearly visible in Fig. 10. While the Spitzer
IRS spectrum already shows the drop in flux around 5-6 pm due
to CO, the dip from SiO around 8-10 um, and the OH features
longward of 14 um, the detailed views of the MRS spectrum
in Fig. 11 demonstrate how well we are now able to observe
the structure in the spectrum of the K giant, which matches the
synthetic spectra very well.

On the other hand, the G dwarf is less rich in features, due
to its higher effective temperature, evident in the flat CO spec-
trum in Fig. 12. The features of SiO and OH are not confidently
detected in this temperature range (see Fig. 10). While similar
improvements are observed between the extended fringe flat and
addition of the residual fringe correction, in the topmost spec-
trum of the bottom panel of Fig. 10, only the PSFF was applied
to the data. The previous sections discussed that the statistics
demonstrate that the correction performs well, but here the visual
effect on the spectrum is shown. It is evident that, with just one
fringe correction, a clean spectrum is achieved. However, the
caveat related to the pointing offset in channel 1 is also visi-
ble as residual fringing, especially in the top panel of Fig. 12.
To show an area where vast improvements are seen, the bottom
panel is included, where the single correction greatly reduces the
fringe contrast.

In order to better quantify improvements in the data reduction
and strength of the features in the spectra, we perform cross-
correlations with the synthetic spectra discussed in Sect. 2.1
and find the resulting S/N of the detection. First, the spectra
are binned to the same resolution as the observations, using
SpectRes (Carnall 2017). The continuum of both the syn-
thetic spectra and the observations is removed using a running
mean, such that only the structure of the molecular bands
is correlated. The cross-correlation is done with the standard
numpy . correlate function. We find the S/N similarly to Petrus
et al. (2021) and Patapis et al. (2022): the maximum correlation
factor is divided by the noise estimated from the standard devia-
tion of a Gaussian fitted to a histogram of the correlation results.
An example of this is illustrated in Fig. 13. We use the data
from an entire sub-band, but only the bands where the molec-
ular features cover the entire band. However, we note that since
the fringes in the spectrum are not random in nature, the Gaus-
sian approximation of the noise may not be entirely accurate in
cases where large fringe residuals remain.

The S/N values are summarised in Table 3, where the results
are only shown when a molecule covers the entire band, and
significant S/N is found in at least one of the different data
reduction versions. The location of the cross-correlation factor
peaks is consistent between the different bands, and centred. In
some bands the pipeline fringe flats leave large residuals, and
the cross-correlations are not able to find the molecular signal
in the spectrum. For example, in the extreme case of band 2C
of the K giant HD 37122 the S/N of the OH detection drasti-
cally increases after running the residual fringe step. However,
the results of both reductions are similar, showing that generally
the presence of some residual fringes does not prevent the detec-
tion of these relatively strong features. In the K giant all three of
the molecules are detected, with S/N values near 10 or higher.

Interestingly, in some cases the S/N is reduced after apply-
ing the residual fringe correction. This is most significant in the
CO detections in bands 1A and 1B, and OH in 3A. In Sect. 3.2,
it was demonstrated that some part of the periodogram of CO
overlapped with the expected fringe frequencies. Peaks in the
same location as those of CO were removed by the residual
fringe correction in 1A and 1B while remaining untouched in 1C,
indicating that the nature of the CO features was altered by the
algorithm in these cases. It is therefore possible that the reduced
S/N is due to this change, and indeed the observed spectrum
seems to match less well the synthetic spectrum in Fig. 11, where
some affected areas are highlighted by a hatched pattern (e.g.
before 6.15 um, where a bump is removed from the spectrum
between the extended fringe flat and residual fringe correction).
These results also show why the S/N is increased in other cases;
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Fig. 10. Spectra for HD 37122 (top) and HD 159222 (bottom), after applying only the extended fringe flat, extended fringe flat and residual fringe
correction, or the point source specific correction labelled “PSFF”). The y-axis is in Rayleigh-Jeans units, resulting in a flat tail of the stellar
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respectively. The Spitzer spectra are taken from Sloan et al. (2015, top panel) and the CASSIS database (Lebouteiller et al. 2011; bottom panel).
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Table 3. Signal-to-noise ratios of the cross-correlations between the synthetic molecular spectra and the different spectral bands.

K giant (HD 37122)
1A 1B 1C 2A 2B 2C 3A 3B 3C
CO 19.6/19.1 15.7/13.6  69/7.8 - - - - - -
Si0 - - - 8.8/9.4 10.9/11.3 3.7/52 - - -
OH - - - - - 3.7/10.9 8.5/79 10.9/10.1 11.5/11.5
G dwarf (HD 159222)
CO 14.2/13.7/13.4 9.0/7.5/40 - - - - - - -
OH - - - - - - - - -

Notes. The first number corresponds to the data without the residual fringe correction, while the second includes the extra residual fringe correction
step. The third value in the G dwarf rows denotes the cross-correlation from the point source fringe flat. Entries flagged with a dash indicate that
there are no significant features in this band or that no significant S/N was found.
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Fig. 13. Example of cross-correlation histogram of OH in band 2C. To
find the S/N, the peak cross correlation value (CCF) is divided by the
estimated standard deviation of the noise (10).

in bands 1C and 2A—C in Fig. A.1 the largest difference between
the two corrections occurs in locations where no strong molec-
ular peaks are found. While the effect in the demonstrated cases
is relatively small (detection was not prevented by the residual
fringe correction) the impact and limitations of the algorithm
must be considered when examining spectra.

In the G dwarf a significant S/N is found for CO only in bands
1A and 1B. Due to the higher stellar effective temperature, the
CO features are weaker, and quickly disappear into the noise.
Due to the performance of the PSFF in channel 1, a decrease in
S/N is observed compared to the other two reduction methods.
The same issue is seen here as in the K giant, where the S/N
decreases between extended fringe flat and residual fringe cor-
rection. This is also visible in the match between the synthetic
spectrum and the different spectra in Fig. 12.

4. Discussion

We found the PSFF to work most effectively in channels 2
and 3, and less well in channel 1 (due to the MRS pointing
non-repeatability), with relatively high remaining fringe con-
trast especially in bands 1B and 1C (see Fig. 8). Channel 1 has
the most stringent requirement on accuracy of target acquisition
for the PSFF due to the MRS PSF being spatially undersam-
pled by design. It remains to be seen to what extent we will be
able to improve our ability to use empirical PSFFs in channel 1,
where the pointing offset resulted in percent-level residuals,
rather than sub-percent (see Fig. 8). Calibration observations
sampling a sub-pixel raster scan would be the most straightfor-
ward approach to get representative fringe flat. Currently, there

is not enough data to constrain how large the pointing offset may
be for the method to work correctly, though the data from the
different dithers of the G dwarf in Fig. 14 suggest that the largest
increase in error occurs for an offset of 20-33 mas. Neverthe-
less, using target acquisition is necessary to apply this method.
Especially when considering features potentially being removed
by the residual fringe correction, or altered as shown here, the
PSFF should still be the preferred method for fringe removal in
the future in channels 2, 3, and 4, and potentially in channel 1
once a larger sample of pointing-specific PSFFs is available.

In addition to the risk of the period of the real spectral fea-
tures overlapping with those of the detector fringes, filtering out
a sinusoid can still indirectly change other parts of the spec-
trum. This, and the above-mentioned problem where the residual
fringe algorithm directly changes parts of a molecular feature, is
likely not stringent for most applications, but can become impor-
tant when searching for fainter features. Additionally, feature-
rich spectra may not be corrected well by the residual fringe
correction, in which case the PSFF is the preferred method.

Care must be taken when deriving a PSFF. We touch upon
the difficulties and consequences of this process in Sect. 2.5. For
a perfect correction any spectral lines must be removed, and the
reference data must be filtered to reduce noise, which would oth-
erwise be propagated into the spectrum. Although in Sect. 3.1
we did not find any significant increases in the noise levels, it is
still advised to find a way to remove the noise. We did not do this
here, but we aim to improve our methods for future work.

Finally, the commissioning PHOTOM files have some issues,
for example re-introducing fringes in band 2C (see Sect. 2.5).
In future versions, these issues will be worked out by deriving
the reference files from scratch in-flight. By doing so, features
introduced in the PHOTOM files long ago will no longer be
present. We already presented a method here to do this specif-
ically for point sources in a particular dither pattern, but we must
fully probe the 2D response of the detector to be able to apply
the new PHOTOM files to all other targets. Ideally, this would
be done with fully extended uniform illumination of the detec-
tors, where the flux is known. However, no such target exists in
space, and our best calibrators are hot stars with continuum close
to a black body. Therefore, to characterise the 2D response of
the detectors, a large dataset is required where the star is raster
scanned on many locations on the detector. Finally, one down-
side of using stellar spectra is their relatively low flux farther
in the mid-infrared. The lack of signal in channel 4 results in a
noisy reference spectrum, or zero flux in these ranges, making
the process of calibrating them more difficult.
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Fig. 14. Fringe residuals on the detector of the G dwarf data after applying the PSFF correction for the different sub-bands of channel 1 and 2
shown as the profile (left) and the fringe contrast (right). The offset in the right panel is measured compared to the location of the A star. The larger

this offset, the larger the fringe residual.

5. Conclusions

In this paper we have shown the importance of a suitable
fringe correction for unresolved sources. The pipeline approach
(extended fringe flat + residual fringe correction) removes most
of the fringe signal and allows the detection of molecular species.
While the method is suitable for most applications, there is a
risk of periodic features similar to the expected fringe pattern
being weakened or removed by the residual fringe algorithm.
Especially for point sources, the PSFF has the potential to out-
perform the pipeline approach and provide a higher fidelity
correction when required, limited by the reproducibility of the
pointing. This approach does not rely on fitting and removing
periodic features, making it an inherently safer approach when
analysing spectra with highly periodic features.

Intricately linked to the fringes is the spectrophotometric
calibration. We demonstrated that a clean on-sky calibration is
possible for point sources. This method will be extrapolated to
a larger dataset to probe and characterise the 2D response of
the detectors in order to create clean files applicable to spatially
extended targets observed with the MRS.

Finally, we examined the impact of different fringe correc-
tion methods on the detectability of CO, SiO, and OH in the
spectra of the K giant HD 37122; and CO in the G dwarf
HD 159222. The molecular bands are resolved after effectively
removing the fringes. However, we did note a change in the
molecular features due to parts of the frequency spectrum being
removed by the residual fringe correction. Though this change
is subtle and will not impact most science cases, it is some-
thing to look out for when running the algorithm. There are
several cases where the PSFF does become highly beneficial.
Especially for molecules with periodic features (e.g. hydrocar-
bons), the residual fringe correction may change the shape or
remove them altogether. Additionally, the improved spectropho-
tometric calibration does not require stitching of bands, allowing
for better certainty on the continuum, relevant for determining
the composition of dust and/or ices. Though its effectiveness
is currently limited by the accuracy of the pointing, a library
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of PSFF fringe flats with small offsets can largely mitigate this
issue. The methods presented in this paper have already success-
fully been applied by Grant et al. (2023), and show promising
results in ongoing molecular studies.
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Appendix A: Comparison of periodograms

In this Appendix the additional periodograms of the K giant
spectra and the molecular synthetic spectra are shown in Fig.
A.1. Rather than presenting the periodograms of the spectrum
including only the extended fringe flat and the extended fringe
flat plus residual fringe correction separately, the difference
between the two is represented by the black line. Each panel
shows a different band, and the different coloured lines corre-
spond to the periodograms of the molecules. Since the black line
shows the difference between the two corrections, the influence
of the residual fringe correction on the periodicity of the spec-
trum can be seen directly. The top row of the figure is analogous
to Fig. 9. When the largest difference (i.e. the strongest peak)
overlaps with a strong peak of the molecular periodogram, it is
likely that the features were altered in the spectra.

This effect is seen in bands 1A and 1B, as was already men-
tioned prior in Sect. 8, while this is not the case in 1C. In channel
2 none of the molecular periodograms show strong peaks in the
altered frequencies, and are therefore likely not affected. In the
longer wavelength channels, here channel 3, the search space is
much wider, since a longer period beating on top of the shorter
period fringe has to be corrected for. This makes the effect more
difficult to see.

Additionally, it is especially evident in channel 3 that not only
are frequencies removed, resulting in a positive difference, there
are also frequencies added at a similar power to those removed.
This demonstrates that filtering out a sinusoid has more complex
consequences for the spectrum than just removing a fringe.
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Fig. A.1. Difference between the periodograms of the K giant spectra before and after residual fringe correction per band, compared to the
synthetic CO spectrum. The curves are colour-coded (see insets): ‘ff” stands for extended fringe flat and ‘rfc’ for extended fringe flat+residual
fringe correction. The section shown is the section where the algorithm searches for strong frequencies to remove.
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