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ABSTRACT

The images collected in photometric mode by the Near-Infrared Spectrometer and Photometer (NISP) instrument of the Euclid satellite are used
to model the point-spread function (PSF) of a selection of sources detected in single and combined frames. We used Q1 and DR1 data to improve
the development of the PSF module of the near-infrared processing function (NIR PF) and to refine the models currently provided. We explored a
few methods normally used to evaluate the quality of the derived models and discuss possible variations related to the position of the sources in
the focal plane and to the wavelength and time of the observations. The procedure of fitting the PSF profile, compared to other methods used for
flux estimation, such as aperture photometry, indicates that updated models are better than those provided by Q1 images. The current results are
in agreement with several key requirements defined for the mission, but there is still room for further improvements, which we plan to investigate
and implement in future releases.

Key words. Cosmology: observations – Surveys – Techniques: image processing – Techniques: photometric – Space vehicles: instruments –
Instrumentation: detectors

1. Introduction

The Euclid mission (Euclid Collaboration: Mellier et al. 2025)
of the European Space Agency started the nominal observations
on 14 February 2024. It has already provided us with data from
the Euclid Quick Release Q1 (2025), which covers 63.1 deg2

of the sky (Euclid Collaboration: Aussel et al. 2026a). Data
products for the Euclid Data Release 1 (DR1, 2026) are now
available and comprise about 1900 deg2 (Euclid Collaboration:
Aussel et al. 2026b). The observations include data acquired
with the two Euclid instruments: the visible imager (VIS, Euclid
Collaboration: Cropper et al. 2025) and the Near-Infrared Spec-
trometer and Photometer (NISP, Euclid Collaboration: Jahnke
et al. 2025). The NISP instrument was designed to perform
slitless spectroscopy and to collect images in three photometric
passbands in the near-infrared (NIR): YE, JE, and HE (Euclid
Collaboration: Schirmer et al. 2022), reaching a median depth of
mAB = 24.4 mag for 5σ point-like sources (Euclid Collaboration:
Scaramella et al. 2022).

To achieve scientific goals, Euclid needs to measure the
shapes and colours of galaxies with high precision (Laureijs et al.
2011), which in turn requires precise models of the point-spread
function (PSF) across the entire field of view (FoV). The primary
purpose of the VIS instrument is to measure weak gravitational
lensing, also known as cosmic shear. While VIS measures
shapes, NISP measures the brightness of galaxies in the infrared
bands (photometry) and spreads their light into spectra (slitless
spectroscopy). To map the three-dimensional distribution of the
Universe, we need to know how far away these galaxies are.
This is done by measuring their flux across different wavelength
bands to estimate their photometric redshift (photo-z). If the PSF
is poorly modelled, the measurement of how much light falls into

a specific pixel will be wrong, skewing the colour measurements
and resulting in incorrect distance estimates.

The observation strategy of the mission consists of taking
a sequence of pointings, each comprising multiple exposures
following a predefined dithering pattern (Euclid Collaboration:
Scaramella et al. 2022). In the Euclid Wide Survey (EWS),
the pointings include a set of four dithered exposures in each
spectroscopic and photometric channel, while deep fields and
calibration fields require repeated visits and a much larger num-
ber of exposures. The single-dither exposures are processed by
dedicated pipelines, which apply pre-processing steps, perform
astrometric and photometric calibrations, resample and combine
single exposures in stacked images, extract catalogues, and
model the PSF profile1 of point-like sources extracted from
individual and stacked frames.

Instead of using traditional optical charge-coupled devices,
Euclid NIR data was acquired with HgCdTe H2RG complemen-
tary metal-oxide-semiconductor (CMOS) detectors, arranged
in a matrix of 4×4 in the focal plane array (FPA). In this
architecture, an infrared-sensitive semiconductor layer is bonded
directly to a readout integrated circuit, enabling independent,
non-destructive sampling of each pixel (see Kubik et al. 2016,
for more details). Given the diffraction limit of the 1.2 m primary
mirror and a pixel scale of ∼ 0 .′′3 across the three photometric
passbands, the sampling falls below the Nyquist criterion, re-
sulting in an undersampled PSF (see also Euclid Collaboration:
Jahnke et al. 2025, for an overview of the PSF generated by the

1 Here, the PSF profile or PSF shape is the two-dimensional brightness
pattern (or one-dimensional cross-section) of a single point source after
passing through an optical system, defining its sharpness, symmetry,
and degree of blurring.
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NISP instrument). Consequently, a dedicated code is required to
accurately model and process these undersampled profiles.

Here we describe the NIR_PointSpreadFunction module
of the near-infrared processing function (NIR PF, Euclid Col-
laboration: Polenta et al. 2026b,a) developed to model the PSF
profile of point-like sources observed by NISP under under-
sampled conditions. Using data collected during Q1 and DR1
observations, we discuss recent improvements in the code and
demonstrate its performance through photometric measurements
based on PSF models derived from single-dither exposures and
stacked images.

This paper is structured as follows. In Sect. 2 we present the
observation data used and some key requirements for optimal
mission performance. In Sect. 3, we describe the NIR PSF
module and the procedure adopted to derive the PSF models. In
Sect. 4, we present the models obtained on the basis of individual
exposures and stacked frames, explore their application to fitting
the PSF profile, discuss possible refinements, and evaluate the
dependencies on position, wavelength, and time. A brief sum-
mary and some final remarks are provided in Sect. 5. Finally,
in the Appendices from A to E we present additional tables and
plots that illustrate complementary results.

2. Observation data and mission requirements

2.1. Data description and processing

In the work presented in the current paper, we first used Q1
data processed with the initial versions of the code, which were
previously developed based on simulated images and on the first
data collected during the performance verification (PV) phase.
The code has been improved since then, and the available PSF
models for DR1 have been refined.

Beginning with level 1 (LE1) data, the raw images observed
with the NISP instrument in photometric mode (NISP-P) are
then handled by the NIR PF up to the production of level 2
(LE2) data. As described in Euclid Collaboration: Polenta et al.
(2026b,a), the NIR PF comprises several dedicated pipelines,
designed to process data from LE1 to LE2 or to produce specific
calibration data required to process observed images. Here, we
focus on the NIR scientific and PSF calibration pipelines.

NIR scientific pipeline The first modules of this pipeline,
or pre-processing steps, account for instrument and detector
effects. Next, single-dither exposures are astrometrically and
photometrically calibrated, followed by catalogue extraction.
This second step includes the first derivation of the PSF models
performed on the basis of individual exposures. The four single
exposures of wide-field observations are later resampled onto a
common grid and combined into a single stacked image. Finally,
the pipeline performs a second derivation of the PSF models and
a second catalogue extraction, this time based on stacked frames.

NIR PSF calibration pipeline In this configuration, only the
pre-processing steps are executed before deriving the PSF
models, which is performed on individual exposures using
observations of a dedicated self-calibration field (SCF). The
other tasks (astrometric and photometric calibration, catalogue
extraction, resampling, stacking, and the derivation of PSF
models using stacked frames) are not executed.

To produce the results discussed in the following sections,
we used data from different calibration observation blocks,

which consist of selected areas of the sky dedicated to perform-
ing specific calibrations (Euclid Collaboration: Schirmer et al.
2026). For images and catalogues from single-dither exposures,
we used: SCF (CALBLOCK-F-001) to create image stamps,
derive PSF models, perform PSF fitting and report some results
from the data quality control (DQC) pipeline (Appendix E); and
photo-z calibration fields (CALBLOCK-F-005) to report further
results from the DQC pipeline. For images and catalogues
from stacked frames, we used data from an observation of
CALBLOCK-F-005 to create image stamps, derive PSF models,
and perform PSF fitting. Table A.1 shows some information on
the DR1 data products used, which are publicly available at
the European Space Astronomy Centre (ESAC), in the Euclid
science archive at the ESAC Science Data Centre (ESDC)2.

2.2. Photometric requirements and goals

Based on the context and data outlined in the previous sections,
several key conditions must be met to achieve optimal technical
and scientific performance. To define these baseline require-
ments, we draw directly from the guidelines established by the
mission requirements document (Euclid Collaboration: Euclid
Project Team 2015) and by the NIR PF requirements document
(Euclid Collaboration: Polenta et al. 2020), both internal to
the Euclid mission. While the former focuses primarily on a
general set of mission objectives, the latter emphasises the flow-
down of these upper-level requirements to the software modules
of the NIR pipelines. Combining the insights from both, we
have identified the mandatory requirements and desirable goals
related to our work, which are detailed below.

(i) The radii encircling 50% (rEE50) and 80% (rEE80) of
energy shall be < 0 .′′4 and < 0 .′′7, respectively, for all wave-
lengths below 1486 nm.

(ii) The PSF centroid of the sources shall be determined to better
than 0.1 NISP pixels.

(iii) The relative and absolute photometric error of the calibrated
images shall be < 1.5% and < 5% (goal), respectively.

(iv) The NIR PF shall provide PSF models as a function of
position on the FoV, wavelength, and time.

3. Point-spread function derivation

3.1. The NIR PSF module

The NIR_PointSpreadFunction is one of the tasks of the NIR
PF executed by the scientific and calibration pipelines. This
module was designed to derive PSF models either inside the
16 NISP detectors of single-dither exposures or inside a stacked
frame. For individual frames, it follows the pre-processing steps
of the two pipelines, and, in the case of the scientific pipeline, it
is followed by the astrometric calibration and other subsequent
steps. For the stacked frame, the PSF task is executed after the
combination of photometrically calibrated exposures, properly
resampled on a common grid.

The NIR PSF software can be executed in two different
modes, in Mission Database (MDB) mode or in Inflight mode.
As explained below, the MDB mode is applicable only for
single-dither exposures, whereas the Inflight mode is appropriate
for all NIR frames, single or stacked.

2 https://eas.esac.esa.int/sas/
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3.1.1. PSF modelling in MDB mode

In MDB mode, the software takes as input a library of PSF
models stored in the MDB. These models, derived by the NISP
instrument team through physical-optical calculations, account
for dependencies on focal plane position and wavelength. Since
the models correspond to the light reaching individual detectors,
the MDB mode is not applicable to stacked frames, which
combine the properties of individual images. A total of 2160 PSF
shapes were derived on a coarse grid of focal plane positions
(five per each of the 16 detectors) and wavelengths (optical
monochromatic shapes at nine wavelengths over each of the
three NISP-P passbands). Although the MDB mode is not used
to produce and deliver the PSF models, this option can be
activated if needed, for instance, to perform tests or to help with
the implementation of new functionalities in the code.

Considering that an idealised point source of light is changed
when passing through the instrument optics and reaching the
detector, some broadening effects must be taken into account
when predicting the shape of point-like sources in the images
based on the library of PSF profiles available in the MDB. The
most significant effects typically seen in HgCdTe and CMOS
devices are (i) pixelisation, related to the discretisation of the
signal over the detector pixels, (ii) intrapixel sensitivity (IPS),
which modifies the incoming light depending on where the
photons reach the pixels in a sub-pixel scale (e.g. Kavaldjiev
& Ninkov 2001), and (iii) interpixel capacitance (IPC), which
allows the charge of a pixel to be partially transferred to neigh-
bouring pixels (e.g. Le Graët et al. 2022; Euclid Collaboration:
Jahnke et al. 2025). IPS and IPC are actually second-order effects
compared to pixelisation. There might be other second-order
broadening effects, such as the brighter-fatter effect (BFE), but
they required further investigation.

To reduce the effects of pixelisation, the MDB PSF models
are oversampled by a factor of 6 (pixel size of 3 µm) compared
to the NISP detectors (pixel size of 18 µm)3. To account for
broadening effects, the software then performs a convolution of
the original MDB models with two different functions. The first
function simulates the IPS as a non-uniform pixel response. For
this, we adopted a parabolic sensitivity function. The second
function is a 3×3 pixel matrix, which is intended to model the
IPC coupling. Appendix B shows more details on the adopted
IPS and IPC kernels.

Once the execution of the software finishes, a FITS file is cre-
ated containing 16 extensions, one for each detector, for a single
position within the detectors, and for a single monochromatic
wavelength. The position and wavelength of the output models
are set in a configuration file, passed as input to the code.

3.1.2. PSF modelling in Inflight mode

In Inflight mode, the software derives the PSF models directly
from single-dither exposures or from stacked frames. This is the
standard mode used for survey data processing. In the case of the
NIR scientific pipeline, the models are used mainly for validation
purposes, as discussed in Sect. 4.5. Instead, the dedicated NIR
PSF calibration pipeline is used to derive PSF models from
SCF data, allowing us to draw on a considerably larger sample
of sources, as outlined in the Appendix C. In this case, the
models are passed as input to the NIR astrometric calibration
task to compute the centroids of the extracted sources and to the
3 Hereafter, we refer to the pixels of the NISP detectors as “detector
pixels” and to the size S×S of the oversampled PSF models as “S/6×S/6
detector pixels”.

photometric calibration task to calculate the aperture corrections,
which in turn are used to compute photometric zero points. We
refer to Euclid Collaboration: Polenta et al. (2026b,a) for more
details on the NIR data-processing steps.

The NIR PSF task requires the utilisation of two external
packages that are part of the AstrOmatic software4. First, the
SourceExtractor package (Bertin & Arnouts 1996) is used to
extract source catalogues from the observed images. Then, the
PSF profile modelling is performed using the PSFEx package
(Bertin 2011). The extracted catalogues are passed as input to
PSFEx, which performs source selection by limiting the sample
to unflagged detections likely to be point sources.

The extraction of sources by SourceExtractor is dictated
by some parameters set in a configuration file. Among the
parameters, it is worth mentioning those related to the size
limit of the sources to be extracted, DETECT_MINAREA and
DETECT_MAXAREA, and those related to the detection threshold,
DETECT_THRESH and ANALYSIS_THRESH. Moreover, it is im-
portant to ensure that the parameters GAIN, SATUR_LEVEL, and
PHOT_APERTURES are set to the correct values, since they will
affect the number of detections and the profile-fitting procedure.
The values set in the NIR PSF task for these and other parameters
of SourceExtractor are listed in Table A.3. A description of
all the parameters discussed in the present work is available in
Table A.4.

In the NIR pipelines, the flagging of detected sources is
based on two independent approaches. First, pixels associated
with a given detection might be flagged by the initial steps
as saturated, of poor quality, contaminated, or hit by spurious
sources such as cosmic rays. This information is propagated
through the pipelines and stored in the data quality layer of the
multi-extension FITS files created by each task. Then, when
SourceExtractor is executed, the code takes this flagging
information into account and, in addition, might flag some of the
detections for other different reasons (truncated objects, blends,
etc.). In the current work, sources flagged by the NIR pipelines
as INVALID or flagged by SourceExtractor for some reason
are all excluded from the catalogues used in our analysis.

With PSFEx, we can (i) define the size and sampling of the
derived models; (ii) account for the variation of the PSF profile
across the FPA; and (iii) set the level of detail of the models.
Similarly to the MDB models, we adopt an oversampling factor
of 6 with respect to the pixel size of the NISP detectors, which
is higher than the critical (Nyquist) sampling. When running the
scientific pipeline (for both single dithers and stacked frames),
we set the size of the PSF models to 61/6 detector pixels
(∼ 3′′). This is 5 times the full width at half maximum (FWHM)
measured in the HE filter, which is typically smaller than 2
detector pixels (∼ 0 .′′6). When using the PSF calibration pipeline
(only for single dithers) to produce more detailed models, the
size of the models is set to 141/6 detector pixels (∼ 7′′), which
is more than 10 times the FWHM in the HE filter, and large
enough to include the most prominent diffraction patterns (rings
and spikes)5. Regarding the variation of the PSF across the FPA,
the models are set to be constant within each detector and within
the stacked frame (PSFVAR_DEGREES= 0), but variable among
different detectors. We refer to Sect. 4.5 for more details on the
variation of the derived models.

4 https://www.astromatic.net/software/
5 Hereafter, we refer to the models derived with the NIR scientific
pipeline as “simplified PSF models”, and to the models derived with
the NIR PSF calibration pipeline as “extended PSF models”.
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Some important parameters of PSFEx, also defined by means
of a configuration file, are the following: with PSF_SIZE and
PSF_SAMPLING we define the size and sampling of the models;
SAMPLE_FWHMRANGE, SAMPLE_MINSN, and SAMPLE_MAXELLIP
are used to select bright enough point-like sources; BASIS_TYPE
refers to the basis vectors and is currently set to use the Gauss–
Laguerre basis functions; BASIS_SCALE affects the width of the
PSF profile, and BASIS_NUMBER defines the level of detail in the
reconstruction of the core and wings. Another relevant parameter
is named VIGNET, provided by SourceExtractor. It defines
the size of the image stamps, centred on each detected source,
used by PSFEx to derive the PSF models. BASIS_NUMBER and
BASIS_SCALE are particularly important since they represent
key parameters in the PSF modelling process. They depend on
wavelength and require some tuning to set the optimal values
(see the Appendix C for a detailed description of the tuning
procedure that we adopted).

4. Results and discussion

4.1. Derived PSF models

The top panels of Fig. 1 show examples of extended PSF models
derived on the basis of single-dither exposures from SCF data
observed in the NISP-P YE, JE, and HE passbands. As discussed
in the Appendix C, these models are data products of the PSF
calibration pipeline and are calculated using a large number of
sources. The PSF models clearly reproduce typical diffraction
patterns (rings and spikes) commonly seen in astronomical
images, especially in the profile of bright stars. Moreover, some
of the primary optical aberrations, such as the coma (asymmetric
tail) and the trefoil (three-lobed footprint), are also observed.
For non-saturated stars, these patterns are so weak that they
are almost indistinguishable from background noise. However,
by combining the stamp of several stars, weak features become
clearly discernible, revealing structures that are undetectable in
one single source. The bottom panels of the same figure show,
for each passband, an image stamp calculated as the median
profile of point-like sources. As expected, the data exhibit the
identical structural signatures seen in the PSF models. Point-
like sources were selected according to the FWHM ranges and
the minimum signal-to-noise ratio (S/N) listed in Table A.2, and
also considering sources with ellipticity < 0.05. Moreover, only
sources with centroid position close to the centre of the pixel
(fraction of the x- and y-axes positions < 0.1 pixel) were used to
minimise sub-pixel spatial variations.

The top panels of Fig. 2 show the x-axis cross section
of the same PSF models and image stamps shown in Fig. 1.
For comparison, the cross section of the original MDB models
(from the library of PSF models) and the models derived in
MDB mode (original models convolved with the IPC and IPS
kernels) are also plotted. Although the profiles of the convolved
MDB models are affected by pixelisation, IPC, and IPS, these
effects alone (as currently defined) are not enough to accurately
reproduce the profile of the PSF models or the image stamps. In
the NIR pipelines, the IPC and IPS are represented by simplified
kernels, kept constant across the FoV. However, both exhibit
distinct spatial variations and dynamically scale with underlying
physical parameters (temperature, signal strength, wavelength,
or illumination angle), particularly in near-infrared HgCdTe and
CMOS detectors (Donlon et al. 2017; Le Graët et al. 2022;
Zhong et al. 2021). Further investigation is surely needed, also
to quantify additional sources of broadening, such as the BFE

(Plazas et al. 2018), that might affect the shape of the derived
PSF models.

For a complete overview, Fig. D.1 shows two-dimensional
representations of the PSF models derived for each detector in
each NISP-P passband. For clarity of visualisation, these are
cropped portions (51/6×51/6 detector pixels) of the full-frame
PSF models, which are shown in Fig. 1 for Detector ID 11.

Examples of PSF models derived on the basis of stacked
frames are shown in the top panels of Fig. 3. These models
are data products of the NIR scientific pipeline, executed using
four single-dither exposures of EWS observations. The panels
show the peak-normalised profiles from zero to one. However,
some of the pixels have negative values, which are artefacts
introduced by the resampling functions used by PSFEx to create
models with finer sampling. The negative values are >−0.0015
and >−0.0008 for the YE and HE bands, respectively, and their
presence does not affect the use of these models in applications
such as PSF-fitting photometry. The bottom panels of this figure
show the image stamps calculated as the median profile of point-
like sources detected in the stacked frame. These stamps are
the same size (25×25 detector pixels) as the PSF models and
the image stamps shown in Fig. 1. By contrast, stacked PSF
models are currently created with a smaller size (61/6×61/6
detector pixels), which is indicated by the square plotted over the
image stamps. Based on the results obtained when using models
produced by the PSF calibration pipeline, we conclude that it is
better to use larger PSF sizes to allow more accurate modelling
of the real profile.

The top panels of Fig. 4 compare the x-axis cross section
of the stacked PSF models and image stamps with the models
derived from single-dither exposures. The agreement between
the model and the stamp profiles is excellent for the three NISP-P
passbands. As expected, the PSF profiles derived from stacked
frames are clearly wider than those from individual exposures.

4.2. Encircled energy curves

Two of the requirements stated in Sect. 2.2 are strictly related to
the energy encircled within a given circle centred on the profile
of point sources. Once the PSF models are derived, the fraction
of encircled energy (EE) as a function of radius is obtained by
an azimuthally averaged curve constructed from the peak to the
borders of the PSF profile. The values of rEE50 and rEE80 are
then calculated in the three NISP-P passbands for single and
stacked frames, as illustrated in the bottom panels of Fig. 2
(single-dither case) and Fig. 4 (stacked case). Stacked frames,
since they are a combination of multiple dithered exposures, are
expected to have broader profiles compared to single exposures.
This demonstrated is evidenced by both the PSF profiles and the
encircled energy curves shown in these figures.

Table 1 lists our estimate of rEE50 and rEE80 for the 16
NISP detectors and for the stacked frame shown as examples in
Figs. 2 and 4. For different detectors and passbands in the single-
dither exposure case, rEE50 ranges from 0 .′′22 to 0 .′′28 and
rEE80 ranges from 0 .′′27 to 0 .′′30. The encircled energy curves
for different detectors are nearly coincident, clearly indicating
that these variations are driven primarily by the passband, while
remaining relatively insensitive to the choice of detector. For the
stacked frame case, rEE50 and rEE80 range from 0 .′′38 to 0 .′′56
and from 0 .′′41 to 0 .′′50, respectively, depending on the passband.
All these values are well below the thresholds mentioned in
Sect. 2.2, undoubtedly satisfying the first requirement.

As discussed in Euclid Collaboration: Jahnke et al. (2025),
the encircled energy curves calculated from PSF profiles, as
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Fig. 1. Examples of NISP-P extended PSF models (top panels) and image stamps (bottom panels) for single-dither exposures of the SCF
(Observation IDs 519 and 6185). The number of sources used in the reconstruction of the PSF profile is 3131 for YE, 2936 for JE, and 2991
for HE, and the number of basis vectors, Nmax, are listed in Table A.2. The image stamps are a median of 47, 68, and 182 point-like sources for YE,
JE, and HE passbands, respectively. The sampling of the PSF models and image stamps are 0 .′′05 and 0 .′′3, respectively.
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Fig. 2. One-dimensional representations of the PSF models and image stamps shown in Fig. 1. Top panels: x-axis cross sections comparing the
PSF profiles for Detector ID 11 derived in MDB and Inflight modes with the median profile of point-like sources. Bottom panels: fraction of
encircled energy as a function of the distance to the peak of the PSF profiles for the 16 NISP detectors (represented by independent curves). The
vertical dashed-dotted lines indicate the mean radii encircling 50% (rEE50) and 80% (rEE80) of the total flux contained in each model. Both the
original library of MDB PSF models (dotted lines) and those convolved with the IPC and IPS kernels (dashed lines) are shown for comparison.
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Fig. 3. Same as in Fig. 1, but showing examples of NISP-P PSF models (top panels) and image stamps (bottom panels) for stacked frames of the
EWS (Observation ID 2955). The number of sources used in the reconstruction of the PSF profile is 810, 863, and 614 while the image stamps are a
median of 151, 136, and 116 point-like sources for YE, JE, and HE passbands, respectively. The yellow dotted lines indicate the size of stacked PSF
models shown the in top panels (61/6×61/6 detector pixels) compared with those derived by the PSF calibration pipeline from single exposures
(141/6×141/6 detector pixels). The magenta solid lines encircle pixels for which the PSF models have slightly negative values (>−0.0015).
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Fig. 4. Same as in Fig. 2, but plotting one-dimensional representations of the PSF models and image stamps shown in Fig. 3 for the stacked-frame
case. The Inflight PSF models shown in Fig. 2 and derived from single-dither exposures are overplotted for comparison. The top panels refer to
the PSF models for Detector ID 11 while the bottom panels illustrate the encircled energy curves for the 16 NISP detectors.
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Table 1. PSF parameters for the 16 NISP detectors estimated using the PSF models derived in the three NISP-P passbands from the single-dither
exposure and stacked-frame cases.

rEE50 [arcsec] rEE80 [arcsec] FWHM [arcsec] Aperture correction

Det. ID YE JE HE YE JE HE YE JE HE YE JE HE

11 0.224 0.246 0.281 0.378 0.444 0.557 0.355 0.358 0.372 1.059 1.069 1.081
21 0.225 0.245 0.281 0.382 0.443 0.560 0.355 0.356 0.373 1.057 1.070 1.082
31 0.224 0.242 0.278 0.382 0.441 0.558 0.353 0.352 0.367 1.057 1.070 1.084
41 0.224 0.245 0.281 0.382 0.445 0.561 0.354 0.356 0.374 1.058 1.070 1.084
12 0.225 0.246 0.280 0.383 0.448 0.556 0.355 0.354 0.370 1.059 1.070 1.083
22 0.225 0.243 0.280 0.386 0.441 0.559 0.355 0.355 0.368 1.060 1.070 1.082
32 0.224 0.241 0.278 0.386 0.440 0.560 0.351 0.352 0.365 1.061 1.070 1.084
42 0.220 0.241 0.276 0.375 0.441 0.555 0.349 0.350 0.364 1.058 1.069 1.083
13 0.224 0.244 0.277 0.384 0.445 0.552 0.353 0.353 0.366 1.061 1.067 1.083
23 0.225 0.245 0.279 0.383 0.445 0.554 0.355 0.356 0.369 1.059 1.070 1.083
33 0.225 0.243 0.278 0.387 0.446 0.559 0.352 0.352 0.366 1.060 1.071 1.085
43 0.222 0.242 0.277 0.381 0.444 0.555 0.351 0.351 0.365 1.058 1.070 1.083
14 0.224 0.242 0.277 0.385 0.440 0.554 0.351 0.353 0.365 1.062 1.068 1.081
24 0.224 0.245 0.281 0.382 0.447 0.558 0.354 0.355 0.373 1.058 1.072 1.084
34 0.223 0.246 0.280 0.379 0.448 0.557 0.352 0.355 0.373 1.059 1.070 1.084
44 0.223 0.243 0.279 0.383 0.445 0.560 0.352 0.352 0.368 1.059 1.069 1.084

Stacked 0.268 0.281 0.300 0.405 0.438 0.496 0.465 0.488 0.511 1.023 1.027 1.014

Notes. The table lists the radii encircling 50% and 80% of the energy (cols. 2–7), the FWHM (cols. 8–10) calculated as an average of the values
measured in the x and y directions, and the aperture corrections (cols. 11–13) estimated for a circular aperture with diameter of six detector pixels.
The measurements are based on the PSF models shown in Figs. 1, 2, and D.1 for the single exposure, and in Figs. 3 and 4 for the stacked frame.

those derived in this work, are slightly wider than the PSF
derived from the wavefront reconstruction. Again, this is an
expected behaviour, considering the assumption of overly sim-
plified optical models and the several broadening effects that
affect the incoming light (pixelisation, IPC, IPS, pointing jitter,
etc.) from just before reaching the telescope up to readout
(we note that some simulations we performed revealed that the
IPS also changes the PSF profile but makes it slightly narrow
instead). The bottom panels of Fig. 2 compare the original
library of MDB PSF models with the original profiles convolved
with the IPC and IPS kernels, derived in MDB mode, and with
models derived for single-dither exposures in Inflight mode.

The PSF models derived from stacked frames are still not
optimised and require some improvements. In the bottom panel
of Fig. 4, the fraction of encircled energy reaches the level 100%
at a radius of about 1′′ for the HE filter, but at a much larger
radius for the YE and JE filters. This behaviour is unexpected,
as seen in the real image stamps shown in the bottom panels of
Fig. 3. The first diffraction rings of the PSF profile are observed
to be brighter for HE than for JE, and even fainter for YE, an effect
not reproduced by the models illustrated in the top panels of the
same figure. A new tuning of the input parameters may help to
improve the reproduction of the PSF diffraction patterns and to
avoid unwanted artefacts such as the negative values discussed
in the previous section.

4.3. PSF-fitting and aperture photometry

Although the derived PSF models perform well within the mis-
sion requirements on the fractions of encircled energy, relying
solely on these top-level metrics may hide fine details regarding
the profile’s exact shape. A more robust quality assessment
involves evaluating how these models impact the photometric
accuracy itself. This is often accomplished by fitting the derived
PSF models to the profile of observed sources. The fitting of

the PSF profile can be performed by SourceExtractor, which
receives as input a file containing the PSF models (one for each
detector) and provides as output additional columns, namely the
MAG_PSF parameter and the corresponding errors MAGERR_PSF.

During the development phase of the mission, when only
simulated data were available, we compared the MAG_PSF pho-
tometry with the magnitude of the sources in a simulated
catalogue used as reference. During true observations, this PSF-
derived photometry must be validated against an independent
photometric indicator. While cross-referencing with external
Gaia photometry was considered, it introduced a significantly
larger scatter. Consequently, we chose fixed-aperture photometry
as our reference baseline because it provides a tighter, more
reliable comparison for point-like sources. For this, we adopted
the MAG_APER photometry also provided by SourceExtractor.

The PHOT_APERTURES parameter of SourceExtractor sets
the diameter of the circular area used for aperture photometry
measurements. In the input configuration file, we initially set it
at six detector pixels (1 .′′8), which is almost 5 times larger than
the FWHM in the HE filter listed in Table 1. Even if this aperture
comprises the central peak and the main diffraction patterns of
the PSF profile, it encloses about 94%, 93%, and 92% of the
total flux measured for the YE, JE, and HE passbands, respectively,
inside the stamps of 141/6×141/6 detector pixels. Therefore, to
account for these flux losses, we need to apply a correction to
the fluxes measured using this method. Table 1 also lists the
aperture corrections estimated from the PSF models derived for
the three NIR filters, which are applied to each NISP detector
during absolute photometric calibration (Euclid Collaboration:
Polenta et al. 2026b).

It is worth noting that the 141/6×141/6 detector pixel stamps
do not contain the true flux expected to be measured for point-
like sources. A small fraction of the signal, as part of the long
diffraction spikes typical of the NISP-P observations (Euclid
Collaboration: Jahnke et al. 2025), is still lost. From the PSF
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Fig. 5. Comparison of PSF-fitting and aperture photometry for Q1 and DR1 versions of code and PSF models (using HE band data from Observation
ID 2955). Top left panel: results from Q1 release. Top right panel: same model as in the left panel, but with updated code. Bottom panels: updated
code with extended PSF models derived from SCF data (Observation IDs 2174 and 519 processed in January and April 2025, respectively).
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Fig. 6. Same as in Fig. 5, but comparing the Q1 (left panels) and DR1 (right panels) versions of code and PSF models for the YE (top panels) and
JE (bottom panels) passbands.

models obtained in MDB mode, which have much larger stamps
(512/6×512/6 detector pixels), we estimate that about 1% (for
YE), 1.8% (for JE), and 2.1% (for HE) of the true flux remain
outside the stamps of 141/6×141/6 detector pixels. However, we
prefer not to use larger stamps to minimise contamination from
neighbouring sources.

A by-product of the PSF-fitting procedure is the x and y
coordinates of the sources available in the SourceExtractor
output catalogues. As part of the NIR validation plan and
software test specifications, we developed a method to examine
the performance of the PSF modelling task of the NIR pipelines.
In this approach, we use the derived PSF models to perform
PSF fitting on simulated images, for which we know the exact
position of the sources. The results show that the differences

between the PSF-fitting and simulated positions remain far
below 0.1 detector pixels (the mean and standard deviation are
smaller than 0.003 and 0.03 detector pixels, respectively, for
both coordinates), therefore satisfying the second requirement
specified in Sect. 2.2.

4.3.1. Fixed-aperture photometry

As described in Euclid Collaboration: Polenta et al. (2026b,a),
one of the products of the NIR scientific pipeline are the
catalogues created by the NIR_CatalogExtraction task for
each astrometrically and photometrically calibrated image. In
this task, the creation of the catalogue currently includes
two steps. First, a source detection is performed using the
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Fig. 7. Same as in Fig. 5, but comparing the Q1 (left panels) and DR1 (right panels) versions of code and PSF models based on the stacked
catalogues obtained for the three NISP-P bands.

SourceExtractor code based on a source map produced from
the reconstruction of a second derivative image. Then, in a
second execution of the code, this source map is passed as a
constraint to SourceExtractor along with the scientific image
to perform PSF-fitting and aperture photometry. In the upcoming
paragraphs, we discuss some improvements achieved with the
implementation of a new version of the catalogue extraction code
together with the utilisation of the extended models derived by
the PSF calibration pipeline.

Figure 5 illustrates, in four comparative panels, the pho-
tometric improvements resulting from the refinements in the
modelling and fitting of the PSF. The top left panel corresponds
to the baseline photometry of Q1 data and reflects the state of the
catalogue and the PSF models prior to any enhancements. The
top right panel shows the same data after incorporating updates
to the catalogue extraction code, which improved both source
detection and initial flux estimation. We note that, in this and the
other figures discussed in this section, only point-source objects
are plotted, which were selected according to the FWHM values
listed in Table A.2.

The Q1 code version was originally tested and optimised
using data from simulations and from the PV phase. Although
fixed and automatic aperture photometry methods performed
adequately, PSF fitting showed systematic issues. A key lim-
itation was the use of an excessively high initial detection
threshold, which led to an underestimate of the size of the
sources on the source map. This had a limited impact on fixed
and automatic aperture photometry (where extraction sizes are
explicitly defined in the configuration file), but it significantly

affected the PSF-fitting procedure. SourceExtractor, which
uses the input source map to determine the region over which
the PSF model is fitted, underestimated source sizes, resulting in
biased or truncated fits.

In the new version of the NIR pipelines, the initial detection
threshold has been reduced, allowing the algorithm to adaptively
converge on a more accurate threshold. Additional parameters
were introduced to filter out spurious detections, whose number
could increase due to the lowering of the threshold. These
changes led to a significant improvement in the PSF-fitting
results, as is evident when comparing the two top panels of
Fig. 5, which present the results obtained in the HE band. Once
a stable version of the code was achieved, it became possible
to better isolate the effects of refinement of the PSF models. The
lower panels of the same figure highlight the advantages of using
extended PSF models derived from DR1 SCF data (processed in
January and April 2025) compared to the simplified models used
in Q1 data.

Similar enhancements found in the HE band were also
obtained for YE and JE, as seen in Fig. 6. The left panels show a
comparison between PSF-fitting and aperture photometry using
the Q1 version of both catalogues and PSF models, whereas the
right panels show the results for a combination of new catalogues
and new PSF models available for DR1. These comparisons
demonstrate a progressive reduction of the photometric residuals
and improved consistency across the magnitude range, confirm-
ing the benefits of both code-level enhancements and a more
robust PSF modelling strategy.

Article number, page 9



A&A proofs: manuscript no. output

Regarding the stacked catalogues, the results currently ob-
tained from the PSF fitting are quite different in comparison with
the single-dither case. Although the changes implemented in
the NIR_CatalogExtraction code also affect the construction
of such catalogues, the PSF models derived from the stacked
images, as previously discussed, do not have particular changes
or improvements for DR1. Starting from the premise that the
NIR stacked catalogues and images were not released as part of
Q1, they were nonetheless processed using the same version of
the pipelines employed for that release. Since these stacked data
products are delivered as part of DR1 and therefore processed
using the new version of the code, we are able to perform some
preliminary comparisons.

As we had already noticed regarding the catalogues extracted
from single-dither exposures, the changes made to the code
allow us to obtain a PSF fit for many more sources and much
fainter ones, as confirmed by Fig. 7 for catalogues extracted
from stacked images. For the three NISP-P passbands, when
going from Q1 to DR1 results, we cannot see any significant
improvement in the distribution of residuals between the PSF-
fitting and aperture photometry, which were instead present in
the case of the single-dither catalogues. This is because the PSF
fitting performed for the stacked image was already better than
those for single exposures in Q1, since it was performed on
the basis of a flatter background and a lower noise, allowing
for a more “clean” fitting operation. We expect that the use of
optimised PSF models, as the extended models derived for single
dithers, will allow some improvement in the distribution of
residuals and, therefore, provide even more accurate photometry
from PSF fitting also in the case of the stacked catalogues.

The introduction of a lower initial detection threshold has
significantly improved the PSF-fitting results. However, this
makes us prone to the presence of spurious sources. Although
partially removed, spurious detections are still a problem for
the NIR PF, for both single-exposure and stacked catalogues.
From the first tests of the NIR pipelines for DR1, we have
been performing a detailed analysis of these spurious detections,
investigating their cause (persistence residues, noise, saturated
sources or cosmic rays not completely flagged, or detections on
the diffraction spikes of bright sources) and their characteristics,
so that they can be properly identified and flagged in future
releases of the NIR catalogues. A better characterisation and
removal of spurious sources will also allow us to obtain PSF
models that are even more accurate, since they will be derived
on the basis of only the good sources present in the images.

4.3.2. PSF-fitting versus fixed-aperture photometry offset

In the plots shown in Figs. 5 and 6, although the scatter is signif-
icantly reduced for the three NISP-P filters, the offset between
the PSF-fitting and aperture photometry actually increases when
the new versions of code and PSF models are used. This is
in part related to the PSF models themselves, particularly to
the normalisation of their profiles. The PSFEx code applies a
normalisation factor to the derived models, which depends on
a reference flux passed as input. By default, the code adopts
the FLUX_APER photometry as a reference (or equivalently, the
MAG_APER photometry). Therefore, although we expect no offset
between MAG_PSF and MAG_APER under ideal conditions, an
offset was actually observed.

When investigating additional causes of this offset, we no-
ticed that the observed differences have a dependence on the
centroid position of the source profiles on sub-pixel scales.
For sources with a centroid close to the centre of a pixel,

the differences between PSF-fitting and aperture photometry
are close to zero. However, when going from the centre to
the edges of a pixel, the differences increase in the sense that
MAG_PSF becomes underestimated (i.e. the sources are brighter
than expected) compared to MAG_APER. This effect is clearly
seen in Fig. D.2, which shows how the magnitude changes for
sources observed in different dither exposures (i.e. in different
sub-pixel positions). For all the sources observed in a minimal
of ten dither exposures, we plot the differences between the
magnitude of each source and the median value calculated for the
same source. The left panel shows the differences for MAG_APER,
which are on average close to zero and do not have significant
variations. The right panel shows the differences for MAG_PSF,
clearly indicating that sources with a centroid close to the edges
of a pixel are systematically brighter.

The origin of the effect illustrated in the right panel of
Fig. D.2 is likely related to the PSF-fitting procedure, which
is sensitive to how the PSF profile is sampled on the detec-
tor under undersampled conditions. Moreover, this behaviour
is amplified by the IPC and the IPS. Together, these effects
modify the shape of point-like sources, thus impacting the fitting
of the PSF profile. In the left panel, the results from fixed-
aperture photometry demonstrate that the relative photometric
error for MAG_APER is far below the third requirement described
in Sect. 2.2 (the change in magnitude of the same source remains
within 0.005 mag, which corresponds to about 0.5% in flux). A
comparison of MAG_APER with Gaia photometry indicates that
the goal of achieving an absolute photometric error of 5% is also
satisfied (currently, the differences remain within 2%, 3%, 5%
for YE, JE, and HE, respectively).

Eliminating the differences observed between MAG_PSF and
MAG_APER would require the application of a post-processing
correction to the measured magnitudes or a change in the PSF-
fitting procedure. Both of these solutions lie outside the scope of
the present paper, which focusses on presenting results obtained
from DR1 data. An appropriate solution is being investigated and
is expected to be implemented in a future release of the Euclid
data. Before a suitable solution is available, we recommend
applying a correction to the MAG_PSF values derived for point-
like sources to account for the observed offset and therefore to
be in accordance with the mission requirements and goals.

4.3.3. Multi-aperture photometry

In the Q1 version of the NIR_CatalogExtraction task, we
provided a single-aperture photometry estimate with radius 0 .′′9
(aperture with a diameter of 6 detector pixels). In the new
version adopted for DR1, we implemented a multi-aperture
photometry approach that allows flux measurements using a set
of concentric apertures with radii 0 .′′6, 0 .′′9, 1 .′′5, 2 .′′25, and 3′′
(apertures with diameters of 4, 6, 10, 15, 20 detector pixels). This
enhancement enables the reconstruction of the flux growth curve
and, consequently, the encircled energy diagram. By analysing
the flux as a function of aperture radii (instead of diameter, to
be consistent with the encircled energy plots), we gain more
detailed insight into the spatial distribution of the source light
profile, which can be compared with the distribution obtained
from the PSF model itself.

Figure 8 shows the encircled energy curves derived for a
sample of sources extracted from calibrated images for the three
NISP-P passbands. Each lighter line represents the normalised
cumulative flux profile for an individual source, while the darker
line represents the median curve with the five points at which
it is calculated superimposed. Horizontal grey dashed lines
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Fig. 8. Encircled energy curves for a sample of point-like sources (from Detector ID 11 and stacked frames, Observation ID 2955), derived from
multi-aperture photometry using diameters of 0 .′′6, 0 .′′9, 1 .′′5, 2 .′′25, and 3′′. The coloured lines represent individual sources, while the black ones
indicate the median curves.

indicate the encircled energy levels at 50% and 80%. The median
curves intersect the level of 50% and 80% of the energy at
the radii listed in Table 2. This plot illustrates the effectiveness
of the multi-aperture strategy in capturing the range of light
concentration profiles across the dataset.

The same analysis was carried out on stacked catalogues,
and the results are very similar to the case of single exposures.
Figure 8 also shows the median curves in the three NISP-P filters
for individual and stacked catalogues. These curves behave as
expected among different bands, remaining lower for HE and
reaching larger radii at 50% and 80% than for JE and YE.
However, for the same filter, the curves show only minimal
differences between single and stacked cases, in contrast to
those shown in Fig. 4 obtained directly from the PSF profiles.
We defined the multi-aperture radii to allow us to sample the
growing energy until its completeness and also to distinguish
compact objects from extended galaxies. Therefore, we avoided
the use of too small apertures of the size of a single pixel
(∼ 0 .′′3) or smaller, which means that the sampling does not
accurately trace the encircled energy profile for small radii. This
also explains the larger radii listed in Table 2 compared to the
values in Table 1, considering that both rEE50 and rEE80 are
smaller than the minimum aperture radius of 0 .′′6. For radii larger
than 0 .′′6, the difference between single and stacked cases in the
encircled energy curves plotted in Fig. 4 might be related to the
fact that the PSF profiles of the sources in the stacked frame are
not yet optimised. They are based on a limited number of sources
and a small number of basis vectors, which makes it difficult to
model the diffraction rings and spikes of the PSF profile.

4.4. Spread model

Another parameter provided by SourceExtractor and used as
a morphological classifier is named SPREAD_MODEL. To estimate
its value at the position of a given source, the code compares the
best fit of the PSF model passed as input with the best fit of a
slightly broader PSF model, simulating a large galaxy, explicitly

SPREAD_MODEL =
L1 − L2
√

V1 + V2
, (1)

where L1 and L2 are the likelihood of the input and broader
PSF models, respectively, and V1 and V2 are the variances of

Table 2. Encircled energy radii from multi-aperture photometry for a
single-dither exposure and for a stacked frame (Observation ID 2955).

rEE50 [arcsec] rEE80 [arcsec]

YE JE HE YE JE HE

Det. ID 11 0.336 0.346 0.370 0.538 0.554 0.591
Stacked 0.335 0.345 0.370 0.536 0.552 0.591

Notes. These measurements are based on the median encircled energy
curves shown in Fig. 8.

these models, used as a normalisation factor. Sources having
SPREAD_MODEL close to zero are probably stars or compact
galaxies. Extended galaxies would have positive values, whereas
detections with narrow profiles, such as cosmic rays or detector
artefacts, would have negative values.

For true point-like sources, the value of SPREAD_MODEL
should be independent of their flux or their signal-to-noise ratio.
Checking the relation between SPREAD_MODEL and SNR_WIN
(also provided by SourceExtractor) is therefore a powerful
diagnostic not only for spotting spurious detections and per-
forming a star/galaxy classification, but also for assessing the
quality of the input PSF model. Such plots are shown in Fig. 9
for sources extracted from the 16 detectors of single-dither
exposures taken in the YE, JE, and HE passbands. According to
these figures, compact sources would be distributed along the
vertical area where |SPREAD_MODEL|< 0.002–0.003, while the
concentration of the points where SPREAD_MODEL> 0.002–0.003
would be associated with extended galaxies. The region of points
with negative values is sparsely populated because most of these
sources were previously flagged as cosmic rays or flagged for
other reasons and, therefore, removed from the catalogues.

From a more detailed inspection of Fig. 9, we see that the
point-like sources do not perfectly follow the expected vertical
distribution around SPREAD_MODEL= 0, especially for the YE

and HE filters. For JE, even if the median value calculated for
these sources is close to zero, the distribution is not sufficiently
symmetric. This is a clear indication that the derived PSF models
still have some room for improvement. The models shown and
discussed in the current work are based on a single visit of the
SCF, from which data were processed using a certain version of
the NIR processing tasks. The NIR pipelines are under contin-
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Fig. 9. Signal-to-noise ratio SNR_WIN as a function of the morphological classifier SPREAD_MODEL, both derived by the SourceExtractor code.
The panels show sources extracted from the 16 detectors of single-dither exposures (Observation ID 6185). The solid red line indicates the median
calculated for sources with SPREAD_MODEL < 0.002.
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Fig. 10. Half-light diameter as a function of fixed-aperture photometry
for single-dither exposures (Observation ID 6185). The panels show the
median and the running mean for the 16 detectors (sampling width of
1 mag) calculated for points within the two dashed grey lines.

uous evolution, with the aim of better dealing with the flagging
of spurious detections, the correction of small- and large-scale
detector response and illumination, or the masking of unwanted

detector effects, such as the persistence signal (e.g. Euclid
Collaboration: Kubik et al. 2026). All these improvements might
help to increase the number of reliable sources available for
accurately modelling the PSF profile. A new tuning of the PSFEx
parameters is also required, based on the data processed more
recently. In addition, a post-processing of the data would help as
well, since it offers the possibility to combine data from different
visits of the SCF, or data collected using different filters, thus
accounting for possible wavelength dependence of the models.

The lack of a vertical distribution of the point-like sources
plotted in Fig. 9 may also be related to the BFE, in which the
width of the PSF profile is observed to be larger for brighter
sources. This is more clearly seen in Fig. 10 for the three NISP-P
passbands, even for YE and JE despite the larger scatter of the
points. The three panels show the running mean of the half-light
diameter as a function of magnitude, individually calculated for
the 16 detectors, where the half-light radius is the FLUX_RADIUS
parameter provided by SourceExtractor. The running mean
is a convolution of the data with a fixed width Gaussian function
(σ= 1 mag), where the central value of the Gaussian varies
in different magnitude bins. In the current version of the NIR
PF, the BFE is not corrected as is done in the VIS PF (Euclid
Collaboration: McCracken et al. 2026). If not corrected, bright
sources may have the flux slightly overestimated.

4.5. PSF variation and validation

In the general scenario, we expect that the shape of the NISP-P
PSF will depend on the position within the focal plane, the wave-
length, and the time of observations. As stated in Sect. 3.1.2, we
set the PSFEx parameters to produce models that are variable
among the detectors but remain constant within each. This is
because, when searching for the PSF model that could best
represent the source profiles in each detector, we found no
significant improvement in the models if derived with a certain
dependence on position within the detectors.

The variation of the PSF profiles from detector to detector
is small but detectable, as seen from the encircled energy curves
plotted in the bottom panels of Fig. 2. The differences are slightly
larger, and therefore clearly seen when comparing the models
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Fig. 11. Comparison between extended PSF models derived using data from Observation IDs 2174 and 519 processed in January and April 2025,
respectively. Left panels: differences in encircled energy (pp = percentage points) as a function of the distance to the peak of the PSF profile. Right
panels: Differences in MAG_PSF photometry derived from PSF profile fitting.

produced from data observed at different times, i.e., at different
visits of the SCF. This is what is shown in the left panels of
Fig. 11 for the 16 detectors of each NISP-P passband, where we
compare the encircled energy curves of the PSF models derived
using data processed in January and April 2025 (Table A.1).
The right panels of the same figure highlight the differences
between the two visits by comparing the PSF-fitting photometry
generated by SourceExtractor. To achieve this comparison,
the code was executed on the same dither exposure but using as
input the two distinct models.

Regarding the dependence on time of the PSF profiles, any
change in shape is monitored by checking the encircled energy
radii at 50% and 80%, the FWHM in both x and y directions, and
the corresponding ellipticity e, which we defined as

e = 1 −
FWHMminor

FWHMmajor
, (2)

where FWHMminor and FWHMmajor are the minimum and maxi-
mum values of FWHM estimated in the x and y directions in the
focal plane, respectively. For this purpose, instead of using the
extended models provided by the PSF calibration pipeline, we
adopted the models with 61/6×61/6 detector pixels derived from
individual exposures using the NIR scientific pipeline. Although
not accurately representing the diffraction patterns seen in the
source profile of the true observations, these simplified models
are good enough to provide a reliable estimate of the encircled
energy radii and the FWHM. Moreover, with these models, we

can also have access to the number of sources used in the recon-
struction of the PSF profile. Therefore, since these parameters
are calculated for each detector and for each dither exposure,
they can be used to keep track of the quality and variation of
the PSF model over time. Indeed, this is the aim of the DQC
pipeline (Appendix E) that is used by the NIR Organisation Unit
(OU-NIR) to validate the NISP-P observations.

Figure E.1 shows how the ellipticity changes across the array
of detectors for different NISP-P passbands, i.e., it shows the
dependence of the ellipticity on the position in the FoV and on
wavelength. The histograms include ellipticity values (estimated
either from the PSF models or from point-like sources) for a
set of EWS observations of three Patch IDs (Table A.1) that
spanned more than 180 days. This means that these distributions
also provide evidence for the temporal stability of the ellipticity,
which remains within 0.05 for most of the PSF models and
sources of the three filters. This is an example of how the fourth
requirement in Sect. 2.2 is verified and validated by OU-NIR.

5. Summary and final remarks

In the present work, we have described the procedure adopted
to model the PSF profile of point-like sources detected in NISP
images observed in the photometric mode. Starting from models
derived on the basis of Q1 data, we introduce the improvements
that have been implemented in the PSF task of the NIR PF
currently used for DR1. The key findings and conclusions of this
paper are listed below.
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(i) The PSF models derived in Inflight mode from single-dither
exposures clearly reproduce some diffraction patterns and
optical aberrations commonly seen in astronomical images,
such as rings, spikes, coma, and trefoil. For stacked frames,
the PSF models are currently created with a smaller size and
need to be updated for future data releases.

(ii) For single-dither exposures, the radii that enclose 50% and
80% of the energy (Table 1), as estimated from the PSF
models derived in the YE, JE, and HE passbands, are safely
within the requirements presented in Sect. 2.2. These radii
are also consistent with the experimental findings discussed
in Euclid Collaboration: Jahnke et al. (2025), in which the
values of rEE50 and rEE80 are compared with a diffraction-
limited image delivered by the optics of the NISP instrument.
For stacked frames, the PSF profiles are a bit broader, which
is expected considering that they are a combination of mul-
tiple dithered exposures. As discussed in Sect. 4.2, the PSF
models derived from stacked images are still not optimal,
and some refinement is required. Nevertheless, the values of
rEE50 and rEE80 from stacked PSF models also comfortably
satisfy the requirements in each NISP-P passband.

(iii) We adopted a PSF profile-fitting procedure compared to
fixed- and automatic-aperture photometry to evaluate the
quality of the derived PSF models. A new version of the
catalogue extraction code combined with more detailed PSF
models reduced the scatter in the comparison of PSF-fitting
and aperture photometry. An offset is still present, which
requires the application of a post-processing correction to the
magnitudes or a modification of the PSF-fitting procedure.
The mission requirement related to the centroid positions
estimated during the PSF fitting is comfortably satisfied. As
a provisional measure to account for the observed offset,
we recommend applying a correction to the MAG_PSF values
based on the results from fixed-aperture photometry.

(iv) The SPREAD_MODEL morphological classifier provided by
SourceExtractor also indicates that the models currently
derived using the PSF calibration pipeline can be further
improved. A new tuning of the PSFEx parameters is re-
quired, using data processed with the most recent version
of the NIR pipelines. A correction of the BFE (e.g. Euclid
Collaboration: McCracken et al. 2026) added to a post-
processing of the data, based on multiple visits to the SCF
and the combination of different filters, could also contribute
to improving the current results.

(v) The DR1 PSF models are constant within each detector
but variable among different detectors. Larger differences
are seen when comparing the profile of models obtained
from the data observed at different times. In compliance
with mission requirements, the changes in position on the
FoV, wavelength, and time of the encircled energy curves,
FWHM, ellipticity, and number of sources are continuously
evaluated by the NIR PF to monitor the variation and quality
of the derived models. Figure E.1 shows how the distribution
of ellipticity (estimated from PSF models or from point-
like sources) changes with wavelength and with different
positions in the FoV. Histograms were created using EWS
observations of three Patch IDs (Table A.1) that spanned
more than 180 days. Therefore, they also provide evidence
for the temporal stability of the ellipticity.

Several improvements to the NIR pipelines are planned for
upcoming data releases. These include a new tuning of PSFEx
parameters, particularly for PSF models derived from stacked
images, alongside the modelling and correction of sub-pixel

magnitude shifts. Additionally, the impact of the BFE on the NIR
photometry should be investigated. Lastly, accounting for the
wavelength dependence of the PSF profile by employing distinct
models across different spectral types remains a recommended
direction for future work.
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Appendix A: Complementary tables

This section includes additional tables that provide more detailed
information on the data and parameters used in this study.
Table A.1 specifies which PSF models, images, and catalogues
were used to present the current results for single and stacked
cases. Table A.2 lists the PSFEx parameters provided by the
tuning procedure. Table A.3 lists the SourceExtractor param-
eters that are different from the default values. Finally, Table A.4
gives a description of the configuration parameters and the
catalogue keywords discussed throughout the paper.10

Appendix B: IPS and IPC kernels

The NIR scientific pipeline executed in MDB mode requires as
input the IPS and IPC kernels to be convolved with the library
of MDB PSF models (Sect. 3.1.1). The IPS kernel was defined
using R distributions from the SciPy library6. We adopted
a function with a parabolic shape (c= 4) to construct a 6×6
grid of sub-pixels, which is normalised in such a way as to
have mean= 1. The standard deviation is about 0.0325 and the
function drop is about 8.5%. These values were set on the basis
of some tests that compared the PSF profiles derived from the20

images with the MDB PSF profiles after the convolution. The
IPC kernel was estimated by the NISP instrument team and
stored in a file as a grid of 3×3 detector pixels. Figure B.1 shows
the adopted kernels with the IPS response function (left) and the
IPC coupling matrix (right).

Appendix C: Tuning of PSFEx parameters

The shape of the derived PSF models is particularly sensitive to
some of the PSFEx parameters. Some of them are kept fixed,
whereas others require a tuning in order to set their optimal
values. The PSF profile is modelled as a linear combination of30

basis vectors, also known as polar shapelets (Massey & Refregier
2005). The corresponding coefficients are estimated by fitting
the image of every selected source with the PSF model through
a global minimisation of χ2. The width of the PSF profile and
the number of basis vectors are iteratively changed, and the
reconstruction of the PSF core and wings is continuously eval-
uated. The authors calculate the χ2 values from the difference
between the derived models and an observed image. In the case
of NISP images, given the strong undersampling of the PSF
(Euclid Collaboration: Jahnke et al. 2025), the reconstruction40

process must rely on a large number of undersampled image
stamps at different positions on the FPA. Therefore, to evaluate
the goodness of the derived PSF models, we adopted a different
approach in which we compared the profile fitting and aperture
photometry provided by SourceExtractor. During the tuning
process, our aim is to minimise the scatter and slope of MAG_PSF
minus MAG_APER as a function of MAG_APER (Fig. C.1) by
changing the values of BASIS_SCALE (to set the width of the PSF
profile) and BASIS_NUMBER (to set the number of basis vectors).

The slope of the linear regression in the plot of MAG_PSF50

versus MAG_APER is particularly affected by the value of the
PSF_ACCURACY parameter, which is used to set the expected
accuracy of the stamp pixels. Therefore, during tuning, we
preferred to keep PSF_ACCURACY as a free parameter until no
slope was observed. Moreover, this parameter also has an impact
on the offset between MAG_PSF and MAG_APER photometry, since

6 https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.rdist.html

it affects the normalisation of the PSF models, which in turn are
used during the profile-fitting procedure (see Sect. 4.3 for a more
detailed discussion regarding the offset).

Table A.2 lists the parameters of PSFEx adopted to derive 60

the PSF models in the NIR scientific pipeline (for single-
dither exposures and stacked frames) and in the PSF calibration
pipeline (for single-dither exposures). PSF_SAMPLING is set to
1/6 to account for the oversampling of the derived models, while
PSF_SIZE is set to produce 61/6×61/6 and 141/6×141/6 detector
pixel stamps for the scientific and calibration pipelines, respec-
tively. Together with BASIS_NUMBER, this table also shows the
number of basis vectors used by PSFEx to model the PSF profile,
which is calculated using

Nmax =
(nmax + 1) (nmax + 2)

2
, (C.1)

where nmax is the BASIS_NUMBER parameter. The larger Nmax, 70

the larger the level of detail of the models derived. However, we
note that modelling the PSF profile using a large number of basis
vectors requires a large number of sources. This is the reason
why BASIS_NUMBER, or Nmax, has large values in Table A.2
only for the PSF calibration pipeline, which is executed using
data from SCF observations. In this case, about 50 sources are
normally available for each detector and for each of the 76 dither
exposures, resulting in thousands of available sources observed
at different positions on the focal plane. For comparison, in the
case of the NIR scientific pipeline, normally executed using data 80

from EWS observations, the number of good (unflagged) point-
like sources from the four dither exposures together is rarely
greater than 100.

The selection of point-like sources is performed using the
ranges in SAMPLE_FWHMRANGE and is based on the distribution
of the FLUX_RADIUS parameter. This is defined as the radius
that encompasses a certain fraction of the total flux. To obtain the
half-light radius that contains half of the total flux, we need to set
PHOT_FLUXFRAC= 0.5. The left panels of Fig. C.1 show, for the
three NISP-P passbands, the distributions of 2×FLUX_RADIUS, 90

which is a good estimate for SAMPLE_FWHMRANGE. A first es-
timate of these ranges was adopted to derive the PSF models
in the NIR scientific pipeline, and they were later revised to
be used in the PSF calibration pipeline. For the stacked case,
we also used similar histograms to set those ranges, which
are based on sources extracted from the stacked frames. The
SAMPLE_MAXELLIP parameter is also used to select point-like
objects. It is set to 0.05 for single exposures, while we kept the
default value of 0.2 for stacked frames, helping to exclude very
elliptical sources. 100

Regarding the flagging of spurious detections, PSFEx uses
the parameters SAMPLE_FLAGMASK and SAMPLE_IMAFLAGMASK,
which are set to bitmasks 0×00fe and 0×0001, respectively.
The former is used to exclude sources internally flagged by
SourceExtractor (truncated objects, blends, etc.), whereas
the latter accounts for the exclusion of detections flagged as
INVALID by the NIR pipelines.

Finally, it is worth mentioning that the central positions
of the sources used for PSF modelling are set through the
keyword CENTER_KEYS. For this, we adopted the parameters 110

XWIN_IMAGE and YWIN_IMAGE, which provide a more precise
estimate of the source centroids compared to the default values.
For other parameters used by PSFEx that are not listed in
Table A.2, or are not mentioned in the text, we adopted the values
predefined internally by the code.
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Appendix D: Extended PSF models and their
application to PSF-fitting photometry

Additional diagnostic plots are provided here to illustrate further
results from the PSF-fitting photometry. Figure D.1 shows two-
dimensional representations of the NISP-P PSF models derived120

for each detector of a dither exposure from SCF data observed
in the three passbands. Figure D.2 illustrates how the magnitude
changes for sources observed in different dither exposures, i.e.,
having centroids in different sub-pixel positions. The figure com-
pares the results for MAG_APER, which remains quite constant
across the surface of the pixel, with MAG_PSF, for which the
differences increase when going from the centre to the edges of
a pixel. This means that MAG_PSF becomes underestimated (i.e.
the sources are brighter than expected) compared to MAG_APER,
which might explain the offset discussed in Sect. 4.3.2 and also130

seen in the left panels of Fig. C.1.

Appendix E: The NIR DQC pipeline

As mentioned in Sect. 4.5, the validation of the images acquired
in photometric mode by the NISP instrument is performed using
the NIR DQC pipeline. Several parameters, such as FWHM,
ellipticity, and encircled energy radii, can be extracted from
the data products to examine their variation over position,
wavelength, and time. Figure E.1 is an example that shows
the distribution of the ellipticity in different NISP detectors for
the three passbands. In each panel, the histograms compare the140

ellipticity estimated using two different approaches: in one case,
the ellipticity is calculated from the simplified PSF models by
measuring the semi-minor and semi-major axes of the profile; in
the other case, the ellipticity is provided by SourceExtractor,
which internally measures the profiles of the extracted sources
(only point-like sources are considered).

Article number, page 20



Euclid Collaboration: R. da Silva et al.: NISP-P point-spread function modelling pipelines for DR1

Table A.1. DR1 observations used in the present paper.

Calblock ID Processing date Patch ID Observation ID Data product

CALBLOCK-F-001 2025-01-24 41 2174 extended PSF models
CALBLOCK-F-001 2025-02-04 131 6185 single-dither exposures and catalogues
CALBLOCK-F-001 2025-04-12 8 519 extended PSF models
CALBLOCK-F-001 2025-11-09 255 10614 single-dither catalogues

CALBLOCK-F-005 2025-04-23 56 2955 stacked frames and catalogues
CALBLOCK-F-005 2025-04-23 56 2955...2971 single-dither exposures
CALBLOCK-F-005 2025-04-23 98 4876...4983 single-dither exposures
CALBLOCK-F-005 2025-04-25 129 6125...6141 single-dither exposures

Notes. Some observations were not included in our analysis because they were not available in the Euclid science archive. The extended PSF
models were derived using the PSF calibration pipeline applied to SCF observations.

Table A.2. Parameters in the PSFEx configuration file used by the PSF task in the NIR scientific and PSF calibration pipelines.

NIR scientific pipeline NIR PSF calibration pipeline

Single exposure Stacked frame Single exposure

PSFEx parameter YE JE HE YE JE HE YE JE HE

BASIS_NUMBER (Nmax) 5 (21) 9 (55) 5 (21) 9 (55) 9 (55) 7 (36) 36 (703) 40 (861) 40 (861)
BASIS_SCALE 1.40 1.38 1.70 2.10 2.05 2.10 1.35 1.40 1.57
PSF_ACCURACY 0.09 0.14 0.12 0.01 0.01 0.01 0.20 0.20 0.17
SAMPLE_FWHMRANGE 1.45,1.85 1.55,1.95 1.75,2.05 1.65,1.90 1.75,2.05 1.95,2.20 1.45,1.70 1.55,1.80 1.82,1.98
SAMPLE_MINSN 50 40 30 30 30 30 30 30 40

Notes. During the tuning procedure, BASIS_NUMBER, BASIS_SCALE, and PSF_ACCURACY are free parameters while the other two are kept
fixed. Nmax is related to BASIS_NUMBER according to Eq. (C.1) and represents the number of basis vectors used to model the PSF profile.
SAMPLE_FWHMRANGE must be written as string, with the values in pixels separated by a comma. A description of these parameters is available
in Table A.4.

Table A.3. Parameters in the SourceExtractor configuration file used by the PSF task in the NIR pipelines.

SourceExtractor parameter Value Unit

CATALOG_TYPE FITS_LDAC
DETECT_MINAREA 4 pixel
DETECT_MAXAREA 0 (unlimited) pixel
DETECT_THRESH 3 σ
ANALYSIS_THRESH 1.5 σ
RESCALE_WEIGHTS N
WEIGHT_GAIN N
BACK_TYPE AUTO
BACKPHOTO_TYPE LOCAL
PHOT_APERTURES 6 pixel
SATUR_LEVEL 64511 ADU
SATUR_KEY NONE
GAIN 2 e−ADU−1

GAIN_KEY NONE

Notes. These values are valid for the three NISP-P passbands. For the parameters not listed in this table, the default values are adopted. A
description of these parameters is available in Table A.4.
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Table A.4. Description of the SourceExtractor and PSFEx parameters discussed in the present work.

Parameter Definition

ANALYSIS_THRESH Surface brightness threshold used for source detection and classification
BACK_TYPE Type of subtracted background: internal map (AUTO) or user-supplied value (MANUAL)
BACKPHOTO_TYPE Type of computed background: from the internal map (GLOBAL) or recomputed around each object (LOCAL)
CATALOG_TYPE Format of output catalogue (ASCII, ASCII_HEAD, FITS_LDAC, etc.)
DETECT_MAXAREA Maximum number of pixels above threshold triggering detection
DETECT_MINAREA Minimum number of pixels above threshold triggering detection
DETECT_THRESH Detection threshold
GAIN Detector conversion factor [e-/ADU]
GAIN_KEY Keyword for detector conversion factor [e-/ADU]
PHOT_APERTURES Diameter(s) for aperture photometry [pixel]
PHOT_FLUXFRAC Flux fraction(s) used for FLUX_RADIUS
RESCALE_WEIGHTS Set if input weights/variances should be rescaled (Y/N)
SATUR_KEY Keyword for saturation level [ADU]
SATUR_LEVEL Value above which a pixel is considered saturated [ADU]
WEIGHT_GAIN Set if gain should be modulated with weights (Y/N)

BASIS_NUMBER Number of basis vectors used to model the PSF profile
BASIS_SCALE The β parameter of the Gauss-Laguerre function
CENTER_KEYS Catalogue parameters for source pre-centring
PSF_ACCURACY Expected accuracy of the pixel values
PSF_SAMPLING Sampling step of the PSF models [pixel]
PSF_SIZE Image size of the PSF models
PSFVAR_DEGREES Degree of the polynomial function used to model the PSF variations across the FoV
SAMPLE_FLAGMASK Bit mask applied to the SourceExtractor FLAGS parameter
SAMPLE_FWHMRANGE Allowed FWHM range [pixel]
SAMPLE_IMAFLAGMASK Bit mask applied to the SourceExtractor IMAFLAGS_ISO parameter
SAMPLE_MAXELLIP Maximum ellipticity for a source to be used
SAMPLE_MINSN Minimum signal-to-noise ratio for a source to be used

FLAGS Internal extraction flags
IMAFLAGS_ISO External image flags
MAG_APER Fixed-aperture magnitude vector [mag]
MAG_PSF Magnitude from PSF-fitting [mag]
MAGERR_PSF RMS magnitude error from PSF-fitting [mag]
FLUX_APER Flux vector within fixed circular aperture(s) [count]
FLUX_RADIUS Radius containing the fraction of light set by PHOT_FLUXFRAC [pixel]
SNR_WIN Gaussian-weighted signal-to-noise ratio
SPREAD_MODEL Spread parameter from model-fitting
VIGNET Size of the image stamps [pixel]
XWIN_IMAGE Windowed position estimate along the x-axis [pixel]
YWIN_IMAGE Windowed position estimate along the y-axis [pixel]

Notes. The first two set of rows refer to parameters set in the SourceExtractora and PSFExb configuration files, respectively. The last set of rows
represent the name of the columns in the SourceExtractor output catalogue.

a User’s manual available at https://astromatic.github.io/sextractor/
b User’s manual available at http://psfex.readthedocs.io/
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Fig. B.1. IPS (left) and IPC (right) kernels
adopted when executing the NIR scientific
pipeline in MDB mode. The values on the left
panel indicate the sub-pixel response function
(mean= 1) while those on the right represent
the fraction of the signal that reaches the
central and adjacent pixels (sum= 1).
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Fig. C.1. Comparison between PSF-fitting and aperture photometry for the three NISP-P passbands (Observation ID 6185). Left column:
Distribution of the half-light diameter, indicating the ranges (between the dashed lines) of point-like sources used by PSFEx for PSF modelling.
Right column: Difference between MAG_PSF and MAG_APER, for point-like sources only, colour-coded according to the half-light diameter. The
mean difference and the slope of the linear regression (black line) for magnitudes between 17 and 21 are also shown.
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Fig. D.1. Two-dimensional representations of NISP-P extended PSF models derived from SCF data (Observation ID 6185) for each of the 16 NISP
detectors. The different panels are for the YE (left), JE (middle), and HE (right) passbands. These are cut-outs (51/6×51/6 detector pixels) of the
same models shown in Fig. 1 (top panels) for Detector ID 11 but also showing the other detectors.
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Fig. E.1. Distribution of the ellipticity in the 16 NISP detectors for the YE (left), JE (middle), and HE (right) passbands. The histograms compare the
ellipticity calculated from the simplified PSF models (filled histograms, Patch IDs 56, 98, and 129) with the values measured by SourceExtractor
from point-like sources (unfilled histograms, Observation ID 6185).
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