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ABSTRACT

The Euclid near-infrared processing function (NIR PF) converts the raw observations acquired by the Near-Infrared Spectrometer and Photometer
(NISP) into calibrated images and source-level products. Following the first implementation delivered with the Euclid Quick Data Release 1 (Q1),
the NIR PF has been revised for the first major Euclid Data Release (DR1), with improvements to detector-level processing, calibration, image
reconstruction, and quality control. The DR1 processing includes observations covering more than 1900 deg® and has produced 71 659 calibrated
near-infrared (NIR) images. We assess the performance of the processing chain through extensive astrometric and photometric validation. The
astrometric solution reaches an average root-mean-square (RMS) of 10 mas, remaining below 20 mas for 99% of the dithers in all three NISP
bands. Temporal variations in the instrumental throughput are typically corrected to a level of 2 mmag RMS, while the relative photometric
accuracy reaches 0.9% for sources brighter than 19 mag in Yy, Ji;, and Hy, and the residual spatial variations of the photometric calibration across
the focal plane are at the level of approximately 10 mmag for the entire sample. Despite some remaining limitations, the DR1 NIR imaging
products are consistent with the required astrometric and photometric performance over the large area covered by this release.
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1. Introduction

The ESA Euclid space mission, launched on 1 July 2023, is con-
ducting a wide and deep survey of the extragalactic sky to inves-
tigate the nature of dark matter and dark energy and the evolu-
tion of the large-scale structure of the Universe (Euclid Collabo-
ration: Mellier et al. 2025). Euclid is equipped with two com-
plementary instruments: the visible imager (VIS, Euclid Col-
laboration: Cropper et al. 2025); and the Near-Infrared Spec-
trometer and Photometer (NISP, Euclid Collaboration: Jahnke
et al. 2025), which provides both near-infrared imaging and slit-
less spectroscopy. The NISP photometric channel covers the
wavelength range from 950-2021 nm through the three broad-
band filters Yy, J;, and H; (Euclid Collaboration: Schirmer et al.
2022), using 16 HAWAII-2RG (H2RG) near-infrared detectors
of 2048 x 2048 pixels each, with a pixel scale of 0’3 and a field
of view of 0.57 deg”.

The NIR PF is the Euclid Science Ground Segment (SGS)
block (Euclid Collaboration: Ruffenach et al. 2026) responsi-
ble for transforming the raw NISP photometric observations into
calibrated imaging products through a sequence of detector-level
corrections, calibration, and image-processing steps, ultimately
producing calibrated images and associated source-level prod-
ucts. The first implementation of the NIR PF was described in
the context of the Euclid Quick Data Release 1 (Q1; Euclid Col-
laboration: Polenta et al. 2026, hereafter NIRQ1), which pro-
vided NISP imaging over 63.1 deg® and served as the first large-
scale validation of the processing chain. Building on this ex-
perience, the NIR PF has been revised and extended for the
first major Euclid Data Release (DR1; Euclid Data Release 1
2026; Euclid Collaboration: Aussel et al. 2026). The DR1 pro-
cessing includes observations acquired between 1 October 2023

and 21 May 2025, covering a total area of more than 1900 deg®
across the Euclid Wide Survey (EWS) and the Euclid Deep Sur-
vey (EDS), as well as the COSMOS field and dedicated calibra-
tion fields (Euclid Collaboration: Scaramella et al. 2022; Euclid
Collaboration: Tereno et al. 2026). In total, the DR1 processing
produced 71 659 calibrated NIR images.

This paper presents the DR1 implementation of the NIR PF,
describing its updated processing algorithms, calibration strat-
egy, data products, and validation on the first year of Euclid sur-
vey observations. Specific aspects of the NIR data processing
and characterisation are presented in dedicated companion pa-
pers, focusing on the astrometric calibration in Euclid Collabo-
ration: Radovich et al. (2026), the point-spread function (PSF)
in Euclid Collaboration: da Silva et al. (2026), and persistence
effects in Euclid Collaboration: Kubik et al. (2026).

2. In-flight stability of the NISP Instrument

Overall, NISP has been operating very consistently since launch,
with no major evolution of instrumental properties except the
slow buildup of water ice on NISP’s detector surfaces (Euclid
Collaboration: Schirmer et al. 2023). The physical number of
unusable ‘bad’ pixels has not changed significantly since launch,
although their characterisation and flagging has been updated
(see Sect. 3.1.1, and compare Table A.1 for DR1 with table 1 in
NIRQI1 for Q1). The characterisation of charge persistence con-
tinues to be improved (Sect. 3.1.3 here, and Euclid Collabora-
tion: Kubik et al. 2026), but the overall persistence properties of
the detectors as a function of short- and long-term illumination
do not seem to evolve. Similarly, focal plane geometry (relative
positions and orientations of the detectors) derived from astro-
metric calibration is consistent with pre-launch metrology, thus
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indicating that the instrument itself is absolutely stable in this
respect.

Remarkably, since launch and through Solar maximum, the
flux of the light-emitting diodes (LEDs) in NISP’s calibration
lamp (NI-CU, Euclid Collaboration: Hormuth et al. 2025) have
been stable to within 0.1% at a given driver current. This order
of stability was guaranteed for periods of 1200 s only. Since the
LEDs illuminate the detectors directly without intervening op-
tics, this stability allows accurate long-term monitoring of de-
tector characteristics, such as the build-up of ice the detector
surfaces (Sect. 3.2.1). Using empirical coating models, the esti-
mated contamination rate of ~ 10 nm month™" is consistent with
pre-launch expectations (Euclid Collaboration: Schirmer et al.
2023, 2026b). Due to interference, the effective quantum effi-
ciency (QE) is variable as a function of time and wavelength
(sect. 7.7 in Euclid Collaboration: Schirmer et al. 2026a). For
DRI, the differential evolution between LEDs of different wave-
lengths was still limited, compensated on a per-band basis by
relative flux calibration (Sect. 4.2 here, and section 3.2.2. of
NIRQ1). In future data releases, these contamination effects will
be accounted for using time-dependent corrections of the QE
curves.

3. The NIR processing function

A detailed description of the NIR PF is presented in NIRQI1 in
the context of the Q1 data release. Here, we focus on the main
changes and improvements introduced in the current DR1 ver-
sion with respect to this initial implementation.

3.1. Common NIR-SIR pre-processing
3.1.1. Bad-pixel identification and masking

In the master bad-pixel mask (BPM), ‘disconnected’ pixels (see
section 3.1.3. of NIRQI for a description of bad pixel flavours)
were updated using the performance verification (PV) flat-fields
(PV-010, Euclid Collaboration: Schirmer et al. 2026a) taken
with LedId=B, Intensity=60, and PwmDutyCycle=28.7.
‘Hot’ pixels were updated using 500 PV photo darks (PV-012,
Euclid Collaboration: Schirmer et al. 2026a).

Permanently ‘saturated’ pixels were missing and are now in-
cluded in the BPM, flagged as INVALID. Saturated pixels are
identified across a set of dark current frames. The method in-
volves a running pair-wise comparison of the frames. For each
pair, the pixels that are simultaneously saturated in both frames
are identified, and their number is recorded. The pair yielding the
minimum number of commonly saturated pixels is then selected,
and the corresponding pixel population is taken as an estimate of
the permanently saturated pixels. The saturation limit is defined
as a threshold close to the A/D conversion limit, accounting for
both readout and numerical noise.

Another new category in the BPM are pixels forming cross-
shaped ‘flower’ patterns, where the central pixel misses the in-
dium interconnect between the HgCdTe detector layer and the
readout integrated circuit. The charge in this pixel is largely
lost, rendering it dark (‘flower centre’), while some signal leaks
into its adjacent pixels, which then appear brighter than nor-
mal (‘flower petals’). These types of defect are known as ‘open’
and ‘adjacent to open’ pixels in the James Webb Space Tele-
scope (JWST) data (Rauscher et al. 2014). We identify them us-
ing a Laplace filter on a sequence of 30 LED flat-field exposures.
A central pixel must be identified in at least two exposures, and
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is then flagged as FLOWER and INVALID, together with the four
adjacent pixels.

The BPM is not restricted to scientifically inoperable pixels.
To distinguish unusable from informational flavours, the bit 0 —
‘INVALID’ —is reserved for the unusable cases. Statistics for the
non-transient — that is static — bad-pixel types are summarised in
Table A.1. Overall, we identified a total of 239 878 INVALID bad
pixels corresponding to approximately 0.4% of the focal plane.
Per detector, we find between 5177 and 31700 bad pixels, with
a mean of 14 992.

3.1.2. Non-linearity correction

The non-linearity correction follows the procedure described in
Q1 (NIRQ1), where the per-pixel response is modelled as a
4th-degree polynomial mapping the measured non-linear flux
to a linearised estimate, calibrated against LED flat-field expo-
sures at multiple flux levels. For DR1, the calibration coefficients
have been updated using in-flight data from two calibration cam-
paigns: PV-018 (November 2023) and F-008 (February—October
2024), comprising 2136 exposures taken in MACC(4,16,4)
mode across six flux levels spanning 8 to 750e~ s~ (Euclid
Collaboration: Schirmer et al. 2026a). The highest flux setting
(951 e~ s7!') was excluded due to frequent outliers in the final
ramp group induced by saturation. The new DR1 non-linearity
coeflicients are in good agreement with the ground measure-
ments used for Q1, confirming detector stability through launch
and commissioning. The validity range of the correction and the
treatment of out-of-range pixels remain unchanged; extension
to a wider dynamic range is planned for Euclid Data Release
2 (DR2).

3.1.3. Persistence masking

In Q1 processing (NIRQ1), the persistence model was derived
from ground-characterisation data. This model included only
the fast-decay component over short timescales, but the non-
linear dependence of the persistence amplitude and decay in-
dex (defined below) on the previous illumination intensity was
taken into account. Persistence was considered only from spec-
troscopic to photometric exposures within the same dither (15-
minute history), while persistence in spectroscopic exposures
from preceding photometric exposures was not allowed for.

The pipeline was refactored for DR1, and the persistence
model updated using in-flight calibration data (Euclid Collab-
oration: Kubik et al. 2026). The adopted model is based on the
decay of persistence following a 60 ke™ illumination in the PV-
016 calibration data set (Euclid Collaboration: Schirmer et al.
2026a), parameterised as

Ip(S, 1) = aS(t — i) P, (1

where & and 3 denote the initial persistence current amplitude
and the decay index, respectively, after a signal S, and 7 is the
midpoint of the source exposure. The dependence of @ and /3 on
the prior illumination intensity is neglected.

Creation of the persistence image A persistence image is
computed using a dedicated pipeline for every science — or target
— exposure, by summing the time-integrated power-law decays
from the N preceding exposures,

N ~ - ~
i+ 1) =17
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Here, t; is the integration time of the target exposure, S; the
signal in the i-th preceding exposure, and #; the time between the
midpoints of that preceding exposure and the target exposure.

The working principles are as follows: (i) following a sat-
uration event, a pixel is masked for the full look-back time of
5h, as its true signal and therefore persistence are unknown; (ii)
persistence contributed by different exposures is approximately
additive, a simplification that facilitated pipeline implementation
(Kubik et al. 2024; Euclid Collaboration: Kubik et al. 2026); (iii)
the computation is signal-driven, that is persistence from photo-
ionisation and particle ionisation is assumed to behave identi-
cal, despite the true amount of charge generated by a particle is
masked by the on-board slope fit; (iv) the sky background is ig-
nored, as its persistence signal is assumed to be negligible and
mostly removed with background subtraction.

For DR1 processing, the temporal window for persistence
computation was set to 5 hours for both photometric and spectro-
scopic targets. In terms of exposure selection, both photometric
and spectroscopic exposures were included when constructing
persistence images for spectroscopic targets, while only spectro-
scopic exposures were considered for photometric targets.

Application of the persistence mask The application step uses
persistence images produced by the pipeline to identify and flag
persistence contamination in science exposures. For each target
and its corresponding persistence image, the persistence signal is
evaluated pixel by pixel. Pixels exceeding the relevant threshold
are flagged with the PERSIST and INVALID flags in the DQ layer.
For photometric targets a threshold of 2 ™ is used following the
current requirements (sect. 5.2 in Euclid Collaboration: Kubik
et al. 2026), while for spectroscopic data, the masking threshold
of 30e™ was optimised using purity and completeness of spec-
trometric redshifts (Euclid Collaboration: Le Brun et al. 2026).
The threshold is applied independently of the intensity of the sig-
nal in the target exposure for both photometric and spectroscopic
targets. The PERMODFATIL flag is raised for pixels where the per-
sistence estimate may be unreliable, for example, if a pixel in
the history exposures is saturated or affected by cosmic rays and
energetic particle hits, or if the persistence model coefficients
are undefined. The science exposure header is updated with the
threshold values used, along with summary statistics per detec-
tor, including the number of masked, corrected, failed, and in-
valid pixels.

For photometric targets, an Hough transform (HT; Hough
1962) line detection is applied to the target exposure to enhance
masking of persistence streaks. Pixels belonging to detected lin-
ear features are flagged with PERSIST in the DQ layer if they
have not already been flagged via thresholding of the persistence
image. For the implementation on Euclid images, a threshold is
first applied on the image, and the positions of surviving pix-
els are used for the calculation. To avoid flagging diffraction
spikes, which remain attached to their stars after thresholding,
connected components larger than 10000 pixels are removed
prior to the HT, while a minimum line length of 200 pixels ex-
cludes the shorter spikes of fainter stars. The probabilistic ver-
sion of the HT has been used here, specifically scikit-image’s
probabilistic_hough_line function, since this is the ver-
sion of the method that is capable of returning the end points
of the detected lines in addition to their location and orientation,
and is moreover much less computationally expensive. When ap-
plied within the NIR PF as a step following the power-law mask-
ing, the HT offers a geometric approach to search for any resid-
ual linear structures in the images that remained undetected. This
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Fig. 1. Comparison of persistence masking in Q1 and DRI in a
500 x 1000-pixel region. Masked pixels are shown in red. Persistence
from some spectra is unmasked in Q1 but masked in DR1 due to the
longer history considered when computing the persistence image. The
fraction of masked pixels is indicated in parentheses above each panel.

contributes an additional 2% of the number of pixels flagged by
the power-law model, which is an indication that the latter is suc-
cessful in masking the vast majority of persistence traces in the
images, leaving few remainders for the HT to detect.
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Fig. 2. Fraction of masked pixels in DR1 processing for the five detec-
tors with the highest persistence in SkyPatch 38 during a period of high
solar activity. For some detectors, the masking fraction exceeds 10%
due to the high flux of energetic particles and limitations of the persis-
tence model.

Persistence masking: Q1 versus DR1 Figure 1 highlights the
improvement in persistence masking in DR1 with respect to Q1
processing. Persistence from some spectra is unmasked in Ql1,
but correctly masked in DR1, due to the longer illumination his-
tory considered in the pipeline. However, DR1 processing some-
times masks too many pixels because the masking parameters
are very conservative (Euclid Collaboration: Kubik et al. 2026).
Figure 2 shows the fraction of pixels masked in DR1 processing
for SkyPatch 38, consisting of 43 observations in the EDF-North
(Euclid Collaboration: Scaramella et al. 2022) acquired during
a period of high solar activity. Several detectors exhibit mask-
ing above 10%. This is partly caused by the enhanced flux of
energetic particles during high solar activity, and partly by lim-
itations of the persistence model, which does not fully account
for dependencies on signal intensity, nor the different behaviour
of persistence generated by photo- and particle ionisation.
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While the model presented in Euclid Collaboration: Kubik
et al. (2026) and adopted in this work successfully identifies and
masks pixels affected by persistence, accurately predicting the
associated excess flux remains challenging. Consequently, a fur-
ther increase in the number of usable pixels may be achieved
by applying persistence corrections rather than relying on mask-
ing alone. Several alternative correction approaches are currently
being investigated to improve the accuracy of the correction and
assess their suitability for potential inclusion in the Euclid DR2
processing pipeline and subsequent data releases. A comprehen-
sive comparison of these approaches will be presented in Awad
et al. (in prep.).

3.2. Astrometric and photometric calibration of NISP images
3.2.1. Pixel-response non-uniformity (PRNU) correction

The Euclid DR1 processing corrects PRNU in all three bands
using filter-dependent master flats derived from LED exposures,
following NIRQI1. Each of the five LEDs, designated A to E,
in the NI-CU produces a near-monochromatic spectral energy
distribution (SED) and illuminates the focal-plane array (FPA)
directly at a small off-axis angle, without passing through a fil-
ter (Euclid Collaboration: Hormuth et al. 2025). The LEDs B,
C, and D provide the exposures used to derive the Y, J;;, and
H, master flats, respectively. For each LED, we calibrate 30 ex-
posures using the pre-processing steps in Sect. 3.1 and com-
bine them into a master flat. Section 3.2.1 and appendix A of
NIRQI1 describe the conversion from calibrated LED flats to
filter-dependent master flats using the QE map and filter trans-
mission curve.

We used one set of filter-dependent master flats through-
out DRI processing. To assess temporal changes, we examined
24 Hg master flats constructed from LED-D exposures between
March 2024 and April 2026. This monitoring sequence covers
part of the DR1 observing period and extends beyond it.

We denote the master flat for detector d at epoch ¢ and pixel
x by F4(x, 1), and use the same set of valid pixels, Q, at every
epoch. We isolate the small-scale component S 4(X, ) as

Fa(x, 1)
GolFa(x,0]”

where G, is a mask-aware Gaussian smoothing operator with
standard deviation oo = 64 pixels. This procedure effectively
suppresses large-scale variations while preserving local pixel-to-
pixel fluctuations. For a fixed mask, a detector-wide multiplica-
tive normalisation cancels between the numerator and denomi-
nator. Mask construction and smoothing checks are described in
Appendix B.1.
We characterise spatial variability using

Pg4(S) — P16(S)
e — @

where P, is the pth percentile over valid pixels. The median
static PRNU amplitude, o6g(S 4), across the 16 detectors changes
from 1.269% at the first epoch to 1.272% at the final epoch. The
change is 0.0029 percentage points, or 0.23% of the initial am-
plitude. This statistic measures the spatial structure within each
master flat; its stability does not imply that every pixel remains
unchanged.

We measure temporal variability using the logarithmic resid-
ual

Sax,1) = 3

oes(S) =

&)

Sa(x,t;
AlnSy(x;1;,t)) = IH[L])] .

Sa(x, 1)
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For small changes, this residual approximates the fractional
change in the small-scale component; percentages below denote
100 AInS 4. The early reference, S gealy, is the pixel-wise me-
dian of the first three epochs. We compare subsequent epochs
with this reference and consecutive epochs with one another.

To test whether the residuals grow with temporal separation
without selecting a fixed reference, we calculate a robust tempo-
ral structure function (SF) as

1 .
SK(r) = 7 mediang, jep, [06s(AInS 4)] 6)

where P, contains all detectors and distinct epoch pairs with i <
Jjand t; —t; in lag bin 7. We first calculate o3 over the valid pix-
els of each detector and then take the median over detector—pair
measurements. The 1/ V2 factor gives a single-epoch-equivalent
amplitude for independent, approximately Gaussian fluctuations
of comparable amplitude.

At the final epoch, the median reference-relative scatter
across detectors is 0.326%, with a range of 0.309-0.347%
(Fig. 3a). Across adjacent-epoch comparisons of all detec-
tors, the median scatter is 0.359%, with 16th—84th percentiles
of 0.356-0.364%; no focal-plane-wide discontinuity is seen
(Fig. 3b). The structure function rises from 0.2541% + 0.0002%
below 90 days to 0.2652% +0.0012% at 550-800 days (Fig. 3c).
These uncertainties are leave-one-epoch-out jackknife standard
errors. The rise remains positive when any epoch is omitted. The

short-lag value is consistent with 0.359%/ V2; the higher long-
lag value indicates a time-dependent contribution to the differ-
ences between delivered master flats, although without identify-
ing its origin.

We also compare pixel-wise median stacks of the final
three and first three epochs. Pooling all valid focal-plane pix-
els, this late-to-early residual has o3 = 0.264%, with scat-
ters of 0.246-0.291% across all detectors. Its absolute residu-
als have Pos(|AInS|) = 0.534% and Poo(JAInS|) = 0.734%
(Fig. B.1). The late-to-early residual map in Fig. B.1 shows
detector-boundary structures with positive residuals, compact
positive regions, and several extended features. The selected
compact positive regions have a median area-equivalent diam-
eter of 5.4 pixels and a median local contrast of 0.22%. Their
selection and the measurements of other residual structures are
described in Appendix B.2.

The residuals include statistical uncertainty in master-flat
construction and possible contributions from the calibration
source, persistence, and processing. We have not subtracted a
measurement-noise term. The reported scatters therefore mea-
sure repeatability of the delivered master flats, not intrinsic de-
tector evolution. Changing the smoothing scale to 32 or 128 pix-
els alters the final reference-relative scatter by less than 1% rel-
ative to the nominal result. The sub-percent temporal scatter is
consistent with a fixed small-scale PRNU correction for DR1.

3.2.2. Background estimation

For the background estimation step of the DR1 processing,
the GNUastro tool NoiseChisel v0.16 (Akhlaghi & Ichikawa
2015) has been used, replacing SourceExtractor (Bertin &
Arnouts 1996), which was initially part of the NIR preparation
of the Q1 data release (NIRQ1).

NoiseChisel estimates the background by first applying a
quantile threshold (set to 0.3 or 30th quantile) to create a bi-
nary map in which pixels above the threshold are marked as
foreground. The thresholded image then undergoes a series of



Euclid Collaboration: G. Polenta et al.: NIR processing and data products in DR1

—_ 1
X i
— 034 - ] 4
S v
= O 1
g g 1
= —
wn 1
= 0.32 —% ! 4
&l i
2 1
© 0.30 b . ! ! . L
Mar Sep Mar Sep Mar
2024 2024 2025 2025 2026
Observation epoch
T T T T T
S
~ 037 b
=
g 0.36 &
4
&
0.35 & I 1 | L
Mar Sep Mar Sep Mar
2024 2024 2025 2025 2026
Observation epoch
T T T
0.265 65 pairs b

53 pairs 90 pairs 26 pairs
42 pairs

0.255 E

400 600
Time lag (days)

0 200

Fig. 3. Small-scale flat-field stability. Top: The scatter relative to the
pixel-wise median of the first three epochs. The shaded interval marks
those reference epochs; only subsequent measurements are plotted.
Middle: Adjacent-epoch repeatability of the small-scale flat-field. Thin
grey curves represent individual detectors, blue curves show the median
across detectors, and shaded bands span the 16th—84th detector per-
centiles. Bottom: The structure function defined in Eq. (6). Error bars
are leave-one-epoch-out jackknife standard errors; labels give the num-
ber of distinct epoch pairs in each lag bin. All ordinates are percentages.

morphological operations, including erosion, opening to remove
isolated clumps, and dilation to recover faint source signal. This
produces a final source mask. After the pixels from this mask
are excluded, the image is tessellated into tiles (set to a size
of 10 x 10 pixels), and the background in each tile is computed
from the remaining sky pixels. The background estimates in each
tile are then interpolated across the image using a Manhattan-
distance-based nearest-neighbour scheme!, and smoothed with
a flat kernel set to a width of 3 pixels. This configuration was
found to provide the best compromise between preserving the
surface brightness of faint, extended sources, and minimising
residuals associated with bright objects. Additionally, and simi-
larly to what was done for the Q1 NIR processing, the estimated
background is not directly subtracted from the corresponding
scientific image, but is provided as a companion file.

A demonstration of the quality of the background subtrac-
tion is shown in Fig. 4, where the subtraction is performed us-
ing the SourceExtractor and NoiseChisel estimated back-
grounds in the middle and right panels respectively. The im-
provement is visible in the preservation of faint light and low
surface-brightness features surrounding the galaxy. Furthermore,

! See the GNUastro documentation on interpolation.

Table 1. Comparison of PSF and aperture photometry for Q1 and DRI1.

Band Slope RMS [mag]
Q1 DRI1 Q1 DRI1
Y: 0.0192 £ 0.0028  0.0040 = 0.0008 0.074 0.017
Je 0.0045 +£ 0.0010 0.0017 = 0.0005 0.026 0.011
H; 0.0024 = 0.0006 —0.0019 = 0.0004 0.018 0.010

the subtraction of the background reveals a faint striping pattern
within the images, which is attributed to 1/f noise in the de-
tector readout. This effect will be treated and integrated within
the background estimation scheme for the forthcoming release
(DR2), enabling a more homogeneous image background while
maximising the preservation of source brightness.

3.2.3. PSF modelling from data

For Ql, the NIR PF derived the PSF models on-the-fly during
the processing of each individual image (NIRQ1). While this
approach allowed the PSF to be estimated directly from the data
being processed, the limited number of suitable sources avail-
able in a single exposure constrained the accuracy that could be
achieved, particularly in reproducing the PSF wings. In some
cases, this also resulted in an unstable solution at the level of
individual detectors. For DR1, the PSF-modelling strategy has
been revised (Euclid Collaboration: da Silva et al. 2026), and
the PSF for individual images is now derived in advance using
a dedicated set of observations of the self-calibration field, com-
prising 76 dithers (Euclid Collaboration: Schirmer et al. 2026a).
The larger and more homogeneous data set provides a signifi-
cantly improved constraint on the PSF, resulting in more accu-
rate models and enhanced stability. The resulting PSF models
are stored in the Euclid Archive System (EAS) and retrieved at
run time by the NIR PF when processing the science images.

In the following, we provide a brief description of the new
PSF-modelling approach and present its main results, while re-
ferring the reader to the dedicated paper (Euclid Collaboration:
da Silva et al. 2026) for a detailed description of the method-
ology and its validation, including the analysis of possible PSF
spatial, colour, and temporal variations.

SourceExtractor (Bertin & Arnouts 1996) is used to de-
tect and select suitable point-like sources from individual im-
ages, while PSFEx (Bertin 2011) is employed to derive the corre-
sponding PSF models. The Q1 data were used to support the de-
velopment of the PSF-modelling and catalogue-extraction mod-
ules of the NIR PF, as well as to refine the PSF models in prepa-
ration for DR1.

The procedure of fitting the PSF profile, compared to other
methods used for flux estimation, such as aperture photome-
try, indicates that the PSF models under production for DR1
are better than those derived from Q1 data. In Euclid Collab-
oration: da Silva et al. (2026), a comparison was made be-
tween MAG_PSF and MAG_APER, both magnitudes provided by
SourceExtractor, as a function of MAG_APER for magnitudes
in the range 17-21. When going from Q1 to the DR1 data and
using an improved version of the PSF and catalogue extraction
modules (Sect. 3.2.5), the results, summarised in Table 1, show
a reduction in photometric residuals by a factor 2 to 5 for the
three filters, and improved consistency between the two types of
photometry across the magnitude range.

The PSF models based on the stacked frames were not
among the data products delivered in Q1, and no particular
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Fig. 4. Left: A 750 x 500-pixel section of a Fuclid NIR image in the J; band containing the barred spiral galaxy NGC 1483. Middle: The same
image after background subtraction using the background estimated by Source-Extractor. Right: The background-subtracted image using the
sky background estimated by NoiseChisel, showing the improved preservation of faint light surrounding the galaxy.

changes have been included for DR1. However, the same im-
provements implemented in the catalogue-extraction module for
single frames can be adopted for stacked frames. By perform-
ing a similar comparison as described above, preliminary results
do not suggest significant improvements in the distributions of
the residuals. Tuning of the PSFEx parameters is expected to im-
prove results further, and is planned for future releases.

3.2.4. Astrometric calibration

A detailed description and analysis of the results for the DR1
astrometric calibration is presented in Euclid Collaboration:
Radovich et al. (2026); here, we provide only a short summary.
As in Q1, the astrometric calibration in DR1 is based on SCAMP
(Bertin 2006). The astrometric solution is obtained by using the
PSF centres of sources detected by SourceExtractor, along
with reference positions from the Gaia DR3 catalogue, which
have been adjusted for proper motion to match the dither epoch
(Gaia Collaboration: Vallenari et al. 2023). A third-order poly-
nomial is fitted to each detector, minimising the sum of squared
positional differences between matched sources both from the
Gaia reference stars, and those detected in overlapping expo-
sures. The robustness of the matching process is enhanced by
employing an initial distortion (pre-solution), which is based on
observations from the self-calibration field. In DR1, only two
minor changes were made compared to Q1. (i) Before the astro-
metric calibration, an additional step was introduced to identify
exposures that pose problems for accurate astrometric calibra-
tion, such as failures in the Fine Guidance Sensor that result in
elongated source images or energetic particle showers that pro-
duce an extremely high number of spurious detections. (ii) To
transfer the pre-solution to each dither, it is essential to consider
the dither’s rotation on the sky. This is achieved by converting
the pre-solution into the simple image polynomial (SIP) formal-
ism (Shupe et al. 2005), and then back to PV adjusting the CD
matrix to account for the instrument rotation. In Q1, this transfor-
mation was achieved through polynomial fitting, while in DR1,
an analytic conversion is employed.

3.2.5. Catalogue production

In the DR1 version of the catalogue extraction step, we imple-
mented a multi-aperture photometry approach that provides flux
measurements using a set of concentric apertures with radii of
0.6,0.9,1.5,2.25, and 3" (corresponding to diameters of 4, 6, 10,
15, and 20 pixels). Multi-aperture photometry is important for
accurately characterising sources with different spatial extents.
Small apertures provide robust flux measurements for compact
sources while minimising background contamination, whereas
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larger apertures capture a larger fraction of the flux from ex-
tended sources and provide a more reliable estimate of their total
integrated brightness. The resulting flux growth curves also al-
low us to quantify flux losses in small apertures, estimate the
encircled energy fraction, and assess the source spatial profile
relative to the PSF. These measurements are therefore relevant
both for photometric calibration and for the characterisation of
source morphology.

We also tuned task parameters, resulting in a more effec-
tive rejection of spurious detections and improved PSF-fitting
photometry. The Q1 code version was optimised using simula-
tions and data from Euclid’s PV phase (Euclid Collaboration:
Schirmer et al. 2026a). While fixed-aperture photometry pro-
vided satisfactory results, the PSF-fitting photometry showed
systematic biases. One of the main issues was the use of a high
initial detection threshold, which led to an underestimation of the
source extent in the source map. SourceExtractor uses this
source map to define the region over which the PSF model is fit-
ted; consequently, underestimated source sizes resulted in biased
flux measurements (see sect. 3.2.6 in NIRQ1). In the DR1 ver-
sion, the initial detection threshold was lowered from 5 to 2, al-
lowing the algorithm to converge adaptively towards a more ap-
propriate threshold and hence improving the PSF-fitting results.
This improvement is illustrated by the comparison of the two
plots in Fig. 5, which shows the results obtained in the Y;; band.
A detailed description of the development and performance of
the PSF and catalogue extraction modules of the NIR pipeline,
including results for all three NISP bands, is presented in Euclid
Collaboration: da Silva et al. (2026).

Two additional selection criteria, FLUX_RADIUS > 0.65 and
FWHM_IMAGE > 0, were introduced to improve the rejection of
spurious detections by exploiting the signal-to-noise ratio and
measured size of the detected sources. In particular, since the
NIR source catalogues are also used to generate several calibra-
tion products, we adopted a conservative selection criterion re-
quiring the SourceExtractor quality flag to be null. This crite-
rion removes potentially problematic, yet valid, detections from
the source catalogue, including blended sources.

3.3. Resampling and stacking of NISP images

In this section, we describe the processing elements (PEs) in the
NIR PF that are designed to combine single-epoch images of the
same field and filter into a co-added frame. The corresponding
activity diagram is shown in Fig. 6. This represents a new addi-
tion to the pipeline, since these processing steps and the associ-
ated data products (DPs) were not included in the Q1 release.
The last PE is dedicated to the creation of the
output DPs, represented as yellow boxes in Fig. 6.
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In addition to the calibrated single-epoch image,
DpdNirCalibratedFrame, and its corresponding source
catalogue, DpdNirCalibratedFrameCatalog, already re-
leased for Q1 (NIRQ1), the NIR PF in DR1 produces two new
DPs: the stacked image, DpdNirStackedFrame; and its corre-
sponding source catalogue, DpdNirStackedFrameCatalog.
Detailed information on the definition of the NIR DPs for DR1
are reported in Appendix C.

3.3.1. Resampling

The main goal of the NIR_resampling module is to realign, ro-
tate, and resample onto a common grid the 16 detector images
from the dither exposures acquired in the same field and with the
same NISP-P filter. The astrometrically and photometrically cal-
ibrated images are first background-subtracted using the back-
ground estimates described in Sect. 3.2.2, and then processed
usmg SWarp (Bertin et al. 2002), which prOJects each detec-
tor image onto a common grld SWarp uses an inverse-mapping
technique: the output frame is scanned pixel by pixel, and the
position of each output pixel in the input frame is determined
through the inverse geometrical transformation. Since the result-
ing coordinates generally do not coincide with the input pixel
grid, the corresponding pixel value is estimated by interpolating
the values of neighbouring input pixels. This approach ensures
that every pixel in the output frame is assigned a value, avoiding
the gaps that may arise with forward-mapping techniques.

Table 2. Parameters in the SWarp configuration file (Bertin 2010) used
by the resampling module.

SWarp Parameter Value
FSCALE_KEYWORD set at runtime
FSCALASTRO_TYPE VARIABLE

OVERSAMPLING 5

RESAMPLING_TYPE LANCZO0S2
WEIGHT_TYPE MAP_VARIANCE
COMBINE_TYPE WEIGHTED

We tested nearest-neighbour, bilinear, and Lanczos-2, -3, and
-4 interpolation functions (Bertin 2010) by comparing the mag-
nitude and centroid differences of extracted sources before and
after resampling. Lanczos-2 provides a good compromise, yield-
ing a mean signed difference of less than 0.005 mag in magni-
tude and an RMS of 07015 in both RA and Dec, while intro-
ducing fewer artefacts around image discontinuities. For com-
parison, bilinear interpolation yielded a mean signed difference
of 0.010 mag and RMS residuals of 07020 in both RA and Dec.
Lanczos-3 performed slightly better in terms of accuracy, with
a mean signed difference of 0.003 mag and RMS residuals of
07010, but its larger 6 x 6-pixel kernel significantly increased
the number of flagged pixels. Resampling is performed with an
oversampling factor of 5, with fluxes rescaled according to the
local pixel-scale ratio, and the inverse variance maps of the in-
put dithers are used as weights. An additional flux scaling factor,
accounting for the exposure time and the inverse sensitivity as-
sociated with each NISP-P filter (Sect. 4.4), is computed during
resampling and applied when stacking the individual frames to
convert the fluxes to the adopted AB magnitude system.

The resampled images from each detector and dither expo-
sure are combined into a multi-extension FITS (MEF) file pre-
serving the three-layer structure — image (SCI), RMS, and data
quality (DQ) — of the input dithers (NIRQ1). Flags from the DQ
layer are also propagated. Since this functionality is not avail-
able in the official version of SWarp, we use a dedicated C++
version of the code. Overlapping adjacent pixels are combined
using the OR operator: if the flags are identical, the original flag
is retained; if they differ, the resulting flag is the bit-wise sum of
the two flag values. The resampled variance layer is obtained as
the inverse of the resampled weights.

3.3.2. Stacking

The astrometrically and photometrically calibrated dither expo-
sures for a given field and filter, previously resampled onto a
common grid, are combined into a single stacked image using
SWarp. As for the resampling, the stacking procedure is also
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controlled by a set of parameters defined in the configuration
file. The COMBINE_TYPE parameter specifies how the input im-
ages are combined. We tested several options and found that
the ‘weighted’ and ‘median’ methods provide the best results by
visual inspection. The parameter is currently set to ‘weighted’,
while WEIGHT_TYPE is set to ‘map_weight’. With this configu-
ration, for each output pixel, SWarp combines the corresponding
values from all input images, weighting them according to the
resampled weight maps.

The current version of the NIR_stacking module also sup-
ports the propagation of flags stored in the DQ layer. This func-
tionality is implemented using the C++ version of SWarp. Flags
from different dithers are combined using the OR operator as for
the resampling step. Flag propagation is controlled by a boolean
input port, which is currently set to ‘false’, but can be enabled if
needed.

The combined frames are stored in a three-layer (SCI, RMS,
and DQ) MEF file. The co-added RMS layer is computed as the
square root of the co-added variance, which is obtained as the
inverse of the co-added weights. For zero weights, the variance
is set to 10'®, which is significantly higher than the variance of
valid pixels, ensuring that they are effectively excluded from the
weighted stacking without introducing numerical issues. Since
flag propagation is currently disabled, the co-added DQ layer is
derived from the co-added weights by setting pixels with zero
weight to 1 and all other pixels to 0. Finally, the headers of the
MEEF files are populated with the keywords required by the Eu-
clid Common Data Model.

4. Results for Euclid Data Release 1
4.1. Accuracy of the astrometric calibration

The astrometric performance and the limitations identified dur-
ing the DRI processing are described in detail in Euclid Collab-
oration: Radovich et al. (2026). The achieved accuracy is well
within the requirement of 30 mas. When all detections in a given
dither are considered, the offsets with respect to Gaia are within
2 mas; the average RMS is 10 mas and remains below 20 mas for
99% of the dithers in all bands. Similar values are obtained when
considering overlaps across dithers in each band.

During DRI processing, the more conservative approach
adopted to flag pixels potentially affected by persistence some-
times resulted in a notable decrease in the number of sources
with matches in the Gaia catalogue, from approximately 30 per
detector to just a few. This effect was particularly noticeable for
detectors DET13 and DET14 (see Euclid Collaboration: Jahnke
et al. 2025 for the definition of the detector’s slot). Consequently,
this could lead to a local reduction in astrometric accuracy to
above 50 mas for those two detectors (see also Euclid Collabo-
ration: Schirmer et al. 2026a). While the issue was resolved, the
corresponding correction could not be implemented in DR1 and
will instead be applied in DR2. A comparative analysis with the
VIS catalogues indicates that this issue impacts approximately
3% and 0.3% of the total DR1 area, with RMS thresholds of
30 mas and 60 mas, respectively. Regions affected by this issue
can be identified by VMPZ-ID InfoMaps (Euclid Collaboration:
Odier et al. 2026), which are based on the RMS maps also de-
scribed in Euclid Collaboration: Radovich et al. (2026).

4.2. Stability of the NISP throughput

Similarly to QI, we take advantage of the monthly visits to
the self-calibration field to monitor the stability of the NISP
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throughput and adjust the photometric zero point to maintain
the relative calibration within the required 1.5% accuracy. In
addition to monitoring the white dwarf (WD) primary calibra-
tor WDJ175318.65+644502 (Sect. 4.4), we follow the procedure
described in section 5.2 of NIRQI to compute magnitude differ-
ences for each visit, adopting the self-calibration field observa-
tion from June 2024 as the reference epoch, which corresponds
to the observation immediately following the second decontam-
ination procedure (Euclid Collaboration: Schirmer et al. 2026b).
The results shown in Fig. 7 indicate variations of a few percent in
the NISP throughput in all three NIR filters. These variations are
consistent with the formation of ice on the detectors (Euclid Col-
laboration: Schirmer et al. 2026a). It is worth noting that, during
each self-calibration visit, the WD is observed on only a limited
number of detectors. Consequently, the error bars on the WD
zero points include a systematic uncertainty contribution arising
from residual detector-to-detector offsets.

To improve the consistency of flux measurements through-
out the DR1 period, we adopted a step-wise approach, selecting
a set of inverse sensitivity (IS) values that track the throughput
evolution derived from all sources in the self-calibration field,
as shown in Fig. 7. The resulting zero-point residuals are shown
in the right panel of Fig. 7, together with additional measure-
ments from the contamination monitoring programme that was
executed on the centre of the self-cal field during early sci-
ence operations (F-014, see table D.1 in Euclid Collaboration:
Schirmer et al. 2026a). Since F-014 observations are based on a
sequence of four dithers instead of 76, they are not suitable for
deriving calibration products, but provide a useful independent
data set for monitoring zero-point residuals. Figure 7 shows that
the adopted calibration products provide a temporal stability of
the NISP photometric relative calibration that complies with the
1.5% requirement. For most of the survey, the residuals remain
at the level of approximately 2 mmag. The main exception is the
period between November 2023 and March 2024, during which
no observations of the self-calibration field suitable for deriving
calibration products were performed. In DR2, a smooth interpo-
lation model will be used to describe the throughput evolution at
any time in the survey.

4.3. Accuracy of the relative photometric calibration

The same observations of the self-calibration field used to mon-
itor the overall NISP throughput are also exploited to assess the
accuracy of the NIR relative photometric calibration. For each
source, we extract individual photometric measurements from
all exposures of all self-cal visits, and compute the median flux
and the median absolute deviation (MAD). These statistics are
then analysed as a function of source magnitude to assess the
photometric repeatability and identify any magnitude-dependent
systematics.

The results are shown in Fig. 8 for the J;; band, and include
statistical and systematic residual effects from ice contamination
and unmasked persistence. At the bright end, where the mea-
surements are not dominated by shot noise, the scatter of the
repeated measurements corresponds to a relative flux calibration
uncertainty of 0.9%, compared to a requirement of 1.5%. Sim-
ilar results are obtained for the Y; and H; bands. It should be
noted that all self-calibration field visits are analysed together;
therefore, the measured scatter also accounts for any potential
time-dependent variations in the photometry.

The same data set can also be exploited to investigate po-
tential spatial systematics by analysing photometric residuals
as a function of detector position (x,y) within the FPA, using
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Hg. The dashed line shows the 1.5% requirement (maximum allowed
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catalogue-level magnitude measurements from individual obser-
vations of the self-calibration field. The residuals are defined
with respect to the mean magnitude of each source and projected
onto the focal plane according to their detector coordinates.

Two-dimensional maps of the residuals are constructed by
binning the measurements in detector coordinates and comput-
ing the median within each spatial bin. This approach mitigates
the impact of outliers and enables the identification of coherent
spatial structures across the detector.

The resulting residual maps are inspected for large-scale fea-
tures that may reveal instrumental effects not fully corrected by
the NIR PF or the adopted calibration products. The analysis
benefits from the high redundancy of the self-calibration field,
where repeated measurements of the same sources sample dif-
ferent regions of the detector. Results for the full data set, shown

in Fig. 9, indicate that residual spatial features are at the level of
0.01 mag or below.

When restricting the analysis to bright sources, however, the
spatial distribution of the residuals across the FPA reveals the
features shown in Fig. 10, which closely resemble the persis-
tence charge patterns shown in figure 4 of NIRQ1. This suggests
that the flux-dependency of persistence parameters discussed in
Euclid Collaboration: Kubik et al. (2026), and in particular the
different behaviour in the bright and faint regimes, may provide
an explanation for these features, as also noted in NIRQI1. In-
deed, in terms of source counts, bright objects provide only a
subdominant contribution to the large-scale flat-field estimation
compared to the full source population.

4.4. Accuracy of absolute photometric calibration

As discussed in NIRQI1, we adopt the faint spectrophotomet-
ric white dwarf WDJ175318.65+644502.15 (Gaia source 1D
1440758225532172032), whose flux is tied to Hubble Space
Telescope (HST) CALSPEC (Bohlin et al. 2014, 2017, 2020),
as the primary calibrator for the flux calibration of the Eu-
clid NISP imaging. During the DRI period, three other Euclid
spectro-photometric WDs were observed (Euclid Collaboration:
Schirmer et al. 2026a; Deustua et al., in prep.), two in the EDF-
North and one in EDF-South (Euclid Collaboration: Tereno et al.
2026; Euclid Collaboration: Scaramella et al. 2022). Figure 11
shows the positions of these three white dwarfs, together with
that of WDJ175318.65+644502.15, relative to the footprints of
the EWS and EDS, while Table 3 summarises their coordinates
and the NIR fluxes.

All three standards are tied to CALSPEC and have both
photometric and spectroscopic HST observations obtained with
WEFC3/IR and STIS under programmes 16702 (PI: Apple-
ton) and 17442 (Deustua). The hot WDs were originally se-
lected from the Gaia DR2 WD candidate catalogue (Gen-
tile Fusillo et al. 2019) by requiring a temperature of 7 >
11000K, in order to exclude potentially variable cool WDs
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Fig. 9. FPA distribution of photometric residuals for Y, Jg, and H; combining all observations of the self-calibration field during the DR1 period.
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Fig. 10. FPA distribution of photometric residuals for ¥; when consid-
ering only sources with 17 < Y < 19. Similar results are obtained for
Je and Hg.

(Deustua et al., in prep.). Long- and short-term monitoring
showed stability at the level of 1% or better. Observations of
WDJ175318.65+644502.15 with VIS at optical wavelengths
show that this particular standard in the self-cal field is proba-
bly more variable than initially thought; DR2 absolute flux cal-
ibration will be based on a sufficiently larger number of spec-
trophotometric standards (Euclid Collaboration: Schirmer et al.
2026a).

Following the analysis described in detail in NIRQ1, we de-
rive the absolute flux calibration factor, or IS, for these three
additional white dwarfs and compare their values with that ob-
tained for our primary calibrator, WDJ175318.65+644502.15.
To assess the accuracy and temporal stability of the calibra-
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Table 3. Spectrophotometric white dwarfs used for flux calibration and
validation.

ID RA Dec Hap
WDJ1753184644502 17:53:18.65 +64:45:02.15 18.36
WDIJ174911+643533  17:49:11.78 +64:35:33.54 18.26
WDJ181144+654916 18:11:44.96 +65:49:16.42 19.14
WDJ041345-473726 04:13:45.06 —-47:37:26.29 18.27

tion, we examine the IS values as a function of observation
time, thereby accounting for potential temporal variations in fil-
ter throughput and photometric zero points.

Figure 12 shows the IS measurements for all four WDs
in the three NISP bands. We restrict the time range to June
2024 through June 2025 to ensure sufficient temporal over-
lap among the comparison WDs. The primary calibrator,
WDJ175318.65+644502.15, is shown in green. For each WD,
the median IS value over the full time range is indicated by a
solid line, with the line colour matching that of the correspond-
ing data points. The shaded green region represents the 2 o~ scat-
ter around the median IS of the primary calibrator. The scat-
ter, o, is estimated using the scaled median absolute deviation
(SMAD), defined as SMAD = 1.4826 x MAD, where MAD is
the median absolute deviation. As shown in the figure, the me-
dian IS values of the other three WDs lie well within the 2 o
scatter of the primary calibrator. The dotted magenta line indi-
cates the mission-required 5% boundary.

5. Discussion

This paper has presented the NIR PF used to process the NISP
raw photometric exposures for DR1. The analysis of the re-
sulting calibrated single-epoch catalogues demonstrates that the
main requirements for astrometric and photometric calibration
are met. At the same time, a detailed validation of the images has
highlighted a number of residual effects and limitations. While
these do not compromise the robustness of the scientific results
obtained for the Euclid DR1 core science programmes, they may
be relevant for other scientific applications and analyses, such as
low surface-brightness and galaxy-cluster studies. Their charac-
terisation is therefore important for the proper interpretation of
the data and their broader scientific exploitation, as well as to
guide further improvements to the NIR data products in view of
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future releases, which will encompass larger datasets and require
increasingly stringent levels of accuracy.

— Persistence. Although persistence modelling has improved
significantly for DR1, it does not yet capture the full com-
plexity of the effect (Euclid Collaboration: Kubik et al.
2026), limiting the accuracy of procedures aimed at correct-
ing the associated excess flux (Awad et al., in prep.). There-
fore, a masking approach is preferred over attempting to
correct the persistence signal. Tracing a 5-hour illumination
history improves the ability to identify and mask residual
streaks from spectroscopic observations. However, in some
cases, this approach results in excessive masking. In partic-
ular: (i) in the presence of proton showers, energetic particle
hits could remain masked for an extended period, causing the
accumulation of masked regions and leading to the invalida-
tion of several images; (ii) for DET13 and DET 14, the mask-
ing results in the astrometric issues described in Sect. 4.1.
Although a solution has already been identified, it could not
be implemented for DR1. VMPZ-ID InfoMaps are therefore
provided to identify the affected regions.

— Background estimation. As shown in Fig. 4, while the
outskirts of extended sources are preserved, residual hor-
izontal stripes due to 1/f noise in the detector readout
are still present. This is a known effect also observed
in JWST/NIRCam data (Space Telescope Science Institute
2025) and will be addressed for DR2. We find that, when
stacking a large number of background frames, the result-
ing master background shows spatial patterns similar to those
seen in the persistence images and in the photometric resid-
uals of bright sources shown in Fig. 10. This indicates that
the large-scale flat derived from source fluxes does not com-
pletely remove the corresponding background structure, con-
sistent with the different levels of persistence contamination
in the bright and faint regimes. When the dithering pattern is
insufficient to average out these residual structures, they can
result in an excess of diffuse faint signal. Finally, since the

background is estimated independently for each detector, its
uniformity on larger, focal-plane scales is not guaranteed.

Relative and absolute photometric calibration. When consid-
ering the full sample of sources, the focal-plane distribution
of photometric residuals shows no evidence of spatial fea-
tures with a dispersion above the 0.01 mag level. However,
spatial structures become apparent when restricting the anal-
ysis to bright sources only. The absolute calibration is tied to
a single-epoch observation of WDJ175318.65+644502.15,
while the other secondary WDs observed by Euclid are used
for validation only and not used to improve the calibration
accuracy. Temporal variations in the throughput due to the
presence of ice are accounted for by adopting a set of IS
values in a step-wise approach. While the resulting resid-
vals remain within the Euclid requirements, this approach
leaves room for further improvement. Moreover, the pres-
ence of ice affects the 16 NISP detectors differently. This
is accounted for through the monthly estimation of detec-
tor offsets from self-calibration field observations, together
with the large-scale flat. Inter-detector variations are not cor-
rected, although the analysis presented in Sect. 3.2.1 sug-
gests that their impact is well below 1% over most of the
focal plane.

Unmodelled instrumental effects. These include spikes from
bright stars and snowballs, which are partially masked dur-
ing pre-processing, although no dedicated masking step is
currently implemented. Arcs from bright stars (see figure 21
in Euclid Collaboration: Jahnke et al. 2025) are not masked
in DR1. Current investigations show the arcs are generally
caused by bright stars within a particular area on the FPA.
From the DR1 data, preliminary work indicates that around
3% of images show these arcs, with the exact position and
shape dependent on the position of the bright star causing
them. The exact optical surfaces causing these arcs and a
model to describe them in order to provide masks, are un-
der investigation and planned for future releases.
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Fig. 12. Inverse sensitivity as a function of observation time. The
IS measurements of the four hot WDs, including the main calibrator
WDJ175318.65+644502.15, used for NISP absolute flux calibration are
shown within the time range of June 2024 through June 2025. The me-
dian value of IS measurements for the other three WDs are well within
the 2 o scatter range of the main calibrator. We describe in the text how
the scatter, o, is measured using SMAD.

The analysis presented in this paper has identified a number
of residual effects and limitations in the DR1 processing. Never-
theless, the results confirm that the DR1 NIR data products meet
the required levels of astrometric and photometric accuracy and
provide a robust basis for the scientific exploitation of the Euclid
data. The improvements being developed for DR2 are expected
to further mitigate these effects and improve the quality and con-
sistency of the NIR data products.
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Appendix A: Statistics for the non-transient BPM
Table A.1. NISP detector non-transient DQ flags in DR1.

DetID* Invalid pixels” Informational”

DISCONN ZEROQE SUPERQE BADBASE SAT FLOWER LOWQE HOT
11 450 747 290 27 15 3926 591 3601
12 3655 5399 7038 25 1 15582 953 10756
13 936 1261 551 74 54 6360 219 3661
14 849 1858 579 183 155 22047 597 12830
21 728 1275 16 171 115 7423 292 4714
22 2971 3510 1313 2127 92 9881 331 8029
23 1811 1992 2373 75 51 7105 605 3961
24 490 698 302 15 10 4270 216 2160
31 1721 2054 992 72 36 6870 725 7747
32 3399 895 307 76 128 25274 420 5816
33 768 1288 644 95 89 7837 402 7671
34 1388 2072 249 105 11 6113 390 5764
41 3220 1858 339 63 17 18604 584 2818
42 663 847 404 62 4800 143 390 4086
43 955 1129 401 17 3 2672 278 1997
44 6016 7420 558 707 33 5588 1542 11652

Notes. @ Detector slot position in the NISP FPA; see figure A.1 in Euclid Collaboration: Jahnke et al. (2025). ® Pixel flag column names
correspond to metadata keywords in the DQ layer within each data product.

The statistics of the non-transient DQ flags identified for the
NISP detectors in DR1 are reported in Table A.1.

Appendix B: Additional validation of the
small-scale flat-field stability

B.1. Masks, temporal sampling, and statistical checks

The monitoring sequence in Sect. 3.2.1 contains one H; mas-
ter flat per month from March 2024 to April 2026, except for
November 2024 and November 2025, for which no product is
available. Temporal separations are calculated from the observ-
ing dates; the missing months are not interpolated.

For each detector, the common temporal mask retains pixels
that are finite, positive, have zero data-quality (DQ) value, and
lie outside the vignetting mask at every epoch. We dilate the ex-
cluded regions by 3 pixels before constructing the small-scale
maps. The zero-DQ requirement excludes all flagged pixels, in-
cluding informational flags, and is therefore stricter than exclud-
ing only the INVALID bit described in Sect. 3.1.1. The retained
fraction has a median of 96.25% across detectors and a range of
90.62-98.81%. These measurements describe the pixels retained
at every epoch; they do not measure changes in the population
of newly flagged pixels.

In the numerical calculation, we divide each master flat by
its median over the common mask before smoothing. The mask-
aware Gaussian operator smooths the valid-pixel-weighted im-
age and the validity weights separately and divides the two re-
sults. Because the mask is fixed, the detector-median normalisa-
tion cancels in the ratio that defines S ;. Equation (3) is therefore
equivalent to the implemented calculation.

The reference-relative residual is AInSgeay(X,1) =
In[S 4(X,1)/S 4eary(x)]. The first three epochs enter S jeq1y and
are not independent of it. Their residuals are retained in the di-
agnostic heatmap but omitted from the reference-relative time-
series plot. The adjacent-epoch statistic uses consecutive avail-
able products, including the longer intervals across the missing

months. The late-to-early comparison uses two disjoint three-
epoch median stacks.

The structure function uses all 276 distinct epoch pairs, with
42,53, 90, 65, and 26 pairs in the lag bins 0-90, 90-180, 180-
365, 365-550, and 550-800 days, respectively. Each pair con-
tributes one measurement per detector. Pairs sharing an epoch
are not independent. For the jackknife calculation, we omit each
epoch in turn, remove every pair containing that epoch, and re-
calculate the lag-bin medians. The resulting jackknife standard
errors describe sensitivity to the sampled epochs, not the un-
known contributions of the calibration source or processing.

Detector medians and pooled focal-plane statistics are calcu-
lated separately. For example, the range 0.246—0.291% describes
the 16 detector-level late-to-early scatters, whereas 0.264% is
calculated from the pooled pixel distribution. The latter distri-
bution also supplies the percentile annotations in Fig. B.1; its
median residual is 0.009%.

The main residual mosaic and its statistics use the same com-
mon mask, with no additional edge exclusion. As a separate
check, excluding the outer 64 pixels of each detector changes
the pooled late-to-early o from 0.2640% to 0.2620%, a rela-
tive difference of 0.76%. Thus, these edge regions do not dom-
inate the pooled scatter. Changing the Gaussian standard devi-
ation for the smoothing from 64 to 32 or 128 pixels changes
the final reference-relative scatter by less than 1% relative to the
nominal result. The morphology of narrow boundary haloes re-
mains scale dependent, so the stability of the global statistic does
not establish the origin of individual boundary structures.

B.2. Measurements of residual structures

All measurements in this section use the late-to-early logarith-
mic residual on the native detector grid, before the display rota-
tions and 8 x 8 binning in Fig. B.1. Positive and negative com-
ponents are identified separately. A local contrast is the median
residual within a selected region minus the median residual in
its surrounding control region. These contrasts describe struc-
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Fig. B.1. Late-to-early small-scale logarithmic residual, comparing pixel-wise median stacks of the final three and first three epochs. Left: The
focal-plane mosaic, binned 8 x 8 for display only. The colour scale is symmetric about zero, detector residual medians are retained, and pixels
excluded by the common temporal mask are shown in neutral grey. No additional detector-edge exclusion is applied. Right: distribution and

annotated statistics of all unbinned valid focal-plane pixels.

tures in the delivered master flats and are not assigned a physical
origin.

Detector boundaries and extended features. For each of the
four edges of each detector, we form a profile of the median
residual as a function of distance from the edge. We compare
the median of this profile over distances 0-7 pixels with its
median over an interior control interval of 32-63 pixels, with
both intervals chosen according to the adopted binning and
Gaussian smoothing scales. A positive edge excess is selected
when the difference exceeds both 0.05% and three times the
o of the control-profile values. This criterion selects 27 of
the 64 edges, distributed over ten detectors. Among these se-
lected edges, the median edge-minus-control contrast is 0.087%,
with 16th—84th percentiles of 0.066—0.114%. These are empiri-
cal profile-selection thresholds, not false-alarm probabilities.

The negative feature on detector 42 intersects a detector
edge. Its selected footprint spans 74 x 291 native pixels and has a
median local contrast of —0.499%. The dimensions describe the
observed, edge-truncated footprint, not the full extent of the fea-
ture. Detector 43 contains a vertical positive band, and detector
13 contains a broad negative ellipse with a positive surround (see
Fig. B.1). Given the amplitude of the detected features and the
small fraction of pixels involved across the three regions, their
impact on the overall quality of the NIR images is negligible.
In terms of their local impact, the measured contrasts are well
within the 1.5% relative calibration accuracy requirement.

Compact positive regions. We construct a detection map by
subtracting the late-to-early residual smoothed with a Gaussian
of o = 12 pixels from the same residual smoothed with o = 1.5
pixels. Both convolutions are normalised by their valid-pixel
support. For each detector, we estimate the median and a ro-
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bust scale from control pixels at least 24 pixels from detector
edges and 8 pixels from invalid regions. The scale is the median
absolute deviation multiplied by 1.4826, with iterative clipping
at 4.5 times that scale. This detection scale differs from the o
used for the stability measurements. It includes correlated resid-
ual structure and is not a measurement of master-flat noise.

We identify connected positive regions above the control
median by at least 2.5 times the detection scale, retaining re-
gions that contain a pixel at least 5 times that scale above the
median. Connectivity includes the eight neighbouring pixels.
The compact-region selection requires at least nine valid pix-
els, a second-moment ellipse axis ratio no greater than 3, and
a minor-axis length of at least 1 pixel. Regions with a major-
axis or bounding-box extent of 80 pixels or more are classi-
fied separately as elongated structures. We exclude footprints
that touch a detector edge or invalid pixel, overlap the targeted
positive surround on detector 13, or lie within 2 pixels of an
opposite-sign component with an unsmoothed negative residual
below —0.25%. These feature-selection restrictions do not alter
the common mask used for the global stability measurements or
the main mosaic.

For a selected footprint with area A in native-pixel units, we
define the area-equivalent diameter as

Deq =2+/A/m.

We measure the local contrast on the original, unsmoothed resid-
ual using the selected footprint and a surrounding control annu-
lus formed by binary dilations of 5 and 18 pixels. Invalid pixels
and other detected components are excluded from the control an-
nulus. Detection smoothing therefore determines the footprint,
but not the residual values used to measure its contrast.

The nominal selection contains 639 compact positive regions
across all 16 detectors. Their area-equivalent diameters have a
median of 5.4 pixels, with 16th—84th percentiles of 4.2-7.6 pix-
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els. Their local contrasts have a median of 0.22%, with 16th—
84th percentiles of 0.09-0.33%. These intervals describe the se-
lected population, not uncertainties on its medians. The diam-
eters describe thresholded footprints and depend on the detec-
tion smoothing and selection thresholds; they are not intrinsic
detector-defect sizes. Most selected regions are smaller than the
8-pixel display bins in Fig. B.1; their sizes are measured from
the native arrays, not from that mosaic.

B.3. Detector-wide changes in master-flat normalisation

We measure detector-wide changes separately from the small-
scale residuals. Let Fyeary(x) be the pixel-wise median of the
first three master flats before detector-median normalisation. We
define

ma(r) = medianyeq, ln[m] . (B.2)

ﬂ,eaxly(x)

At the final epoch, the median of 100m,(¢) across detectors
is —0.008%, with a range from —0.100% on detector 33 to
+0.039% on detector 22 (Fig. B.2). These quantities describe
detector-wide scale changes in the delivered master flats, not
an isolated measurement of detector sensitivity. A purely multi-
plicative detector-wide change cancels in Eq. (3) and is therefore
absent from the small-scale metric.

Figure B.3 shows both the reference-relative small-scale
scatter and the detector-wide scale change for each detector
and epoch. The low reference-relative scatters in the first three
columns result from including those epochs in the reference
stack. They must not be interpreted as evidence for a transition
at the fourth epoch. The blank columns mark the two months
without a master-flat product.

Appendix C: Description of NIR DPs

All DPs, defined in the Euclid Common Data Model as XML
files, include two main metadata elements: DataStorage,
which provides information on the associated MEF file, and
QualityParams, which contains statistics extracted from the
MEF file to assess the quality of the DP and validate its pro-
duction.

C.1. Calibrated single-epoch exposures

The DpdNirCalibratedFrame provides fully astrometrically
and photometrically calibrated individual exposures; its struc-
ture is described in NIRQ1. In DR1, the DP structure has been
extended with the new PsfSingleStorage element, in addition
to the DataStorage, BackgroundStorage, and PsfStorage
elements already present in Q1:

— DataStorage — references the MEF file containing the cali-
brated image data;

— BackgroundStorage — references the MEF file containing
the background measured as described in Sect. 3.2.2;

— PsfStorage — references two FITS files, one containing
the PSF model and one containing the PSF image, obtained
from observations of the self-calibration field as described in
Sect. 3.2.3 and Euclid Collaboration: da Silva et al. (2026);

— PsfSingleStorage — references the PSF model and image
derived from the calibrated image itself.

C.2. Calibrated single-epoch catalogues

The DpdNirCalibratedFrameCatalog is the source cata-
logue extracted from the calibrated single-epoch exposure
(Sect. 3.2.5). Its global metadata structure therefore mirrors that
of the DpdNirCalibratedFrame.

The MEF file is structured into 17 header data units (HDUs):
a primary HDU and 16 detector-specific HDUs, each containing
a catalogue table with a wide range of parameters for the de-
tected sources, including fluxes and magnitudes estimated from
multi-aperture photometry, PSF fitting, and SourceExtractor
MAG_AUTO. It is important to note that aperture corrections are
not applied at this stage. While magnitudes are provided in the
AB system, fluxes are still reported in units of e™.

C.3. Stacked exposures

The DpdNirStackedFrame is the result of the resampling and
stacking process described in Sect. 3.3, combining 4 (76) single-
epoch images for EWS (self-calibration field) observations. Its
MEF file consists of a single SCI HDU covering the entire
stacked science image, together with the corresponding RMS and
Data Quality DQ extensions. Further details on the resampling
and stacking process are provided in Sect. 3.3.

The DP metadata elements collect all information describ-
ing the stacked observation, including the Filter, the WCS key-
words used to locate the image on the sky, the ZeroPoint
containing the effective photometric image zero point, and the
DateRange indicating the time interval covered by the observa-
tions contributing to the stacked image.

The MEF files are referenced by the same DataStorage,
PsfStorage, and PsfSingleStorage elements used for the
single-epoch images. The BackgroundStorage element is not
present, since the background is subtracted from the images dur-
ing the stacking process (see Sect. 3.3). All photometric cali-
bration factors are applied during the process, and therefore the
stacked image is in units of uly.

As for the calibrated single-epoch frame, the
QualityParams metadata element contains a set of statis-
tics for the three MEF files described above. In this case,
however, the internal structure is simpler than that of the single-
epoch image, since it contains a single layer corresponding to
the entire focal plane.

C.4. Catalogues from NIR stacks

The catalogue extracted from the stacked image is stored in
the DpdNirStackedFrameCatalog DP. Its metadata structure
is similar to that of the stacked image, with the DataStorage
element referencing a MEF file structured into two HDUs: a pri-
mary HDU and a second HDU containing a catalogue table with
the parameters of all detected sources in the stacked image.

As for the single-epoch catalogue, aperture correction is not
applied to either fluxes or magnitudes. Magnitudes are provided
in the AB system, while fluxes are reported in uJy.
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Fig. B.2. Detector-wide logarithmic changes in the master flats before median normalisation. Thin grey curves show individual detectors, while
the blue curve and shaded band show the median and 16th—84th percentiles across detectors. Detectors 33 and 22 have the largest negative and
positive changes at the final epoch and are highlighted. The ordinate is 100 m,(?) in percent, with m,(¢) defined in Eq. (B.2). A detector-wide
multiplicative change cancels from the small-scale metric.
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Fig. B.3. Detector-by-epoch diagnostics, with epochs in chronological order and detectors ordered by identifier. Left: Reference-relative scatter
063(AInS 4eary). The dashed line marks the end of the first-three-epoch reference interval. Residuals within that interval share data with the refer-
ence and are not comparable to those of subsequent epochs. Right: Detector-wide logarithmic change, 100 m,(?). Both panels are in percentages
and have separate colour scales. Blank columns mark November 2024 and November 2025, for which no product is available.
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