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ABSTRACT

This paper presents the methodology and results of the astrometric calibration applied to the Euclid Near-Infrared (NIR) images in the Euclid Data
Release 1, focusing on the techniques used to model and correct instrumental distortions, as well as the assessment of calibration quality. This
work details the calibration pipeline, including quality control tests, and the evaluation of astrometric residuals against the Gaia DR3 catalogue
and internal consistency metrics based on data encompassing more than one year of Euclid operation: the achieved accuracy is 30 mas for 97% of
the total area, thus exceeding the requirements for Data Release 1. For the remaining 3%, accuracy declines due to a persistence correction issue:
a method to correct the issue is presented. Furthermore, we discuss the stability of the solution over time, its dependence on source properties and
instrument configuration, and outline the improvements planned for future Euclid data releases to enhance the astrometric calibration accuracy
and efficiency.
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1. Introduction

Accurate astrometric calibration is essential for the success of
the Euclid mission (Euclid Collaboration: Mellier et al. 2025),
which enables the precise mapping of celestial sources across
its detectors. The astrometric calibration process ensures the
reliable alignment of observed images with external reference
catalogues, such as Gaia DR3 (Gaia Collaboration: Vallenari
et al. 2023), and maintains internal consistency among multiple
dithered images. Euclid’s Near-Infrared Spectrometer and Pho-
tometer (NISP: Euclid Collaboration: Jahnke et al. 2025) fea-
tures three imaging channels: YE, JE, and HE. An array of 16
HAWAII-2RG (H2RG) detectors, each with 2048x2048 pixels
and a plate scale of 0 .′′3 pixel−1, provides a field of view of
0.57 deg2. We recall that within Euclid, a dithering sequence
operating mode is termed a single observation, and the individ-
ual exposures (dithers) of each observation are archived under
an Observation ID (OBSID hereafter). In the wide survey, each
OBSID consists of four dithers; the self-calibration field consists
of 76 dithers (Euclid Collaboration: Mellier et al. 2025; Euclid
Collaboration: Polenta et al. 2026b). In DR1 (Euclid Data Re-
lease 1 2026), NISP calibrated images and associated catalogues
are available for both single dithers and stacked products (Euclid
Collaboration: Polenta et al. 2026a).

For the initial data releases (DR1 and DR2), the astrometric
calibration requirement is set as a root mean square (RMS) of
200 mas for both RA and Dec, compared to the external refer-
ence (absolute astrometry), and 100 mas for the positions of the
same sources observed within a dither sequence (relative astrom-
etry). The ultimate aim of the final release (DR3) is to achieve
an RMS of 30 mas on each axis for both relative and absolute
astrometry, corresponding to 0.1 pixels. An additional require-
ment pertains to geometric distortion, which must be calibrated

to within 0.015% over scales of 3 arcmin. This paper focuses on
the methods used to model and correct instrumental distortions
in images from the NISP photometric channel (NISP-P) and as-
sesses the calibration quality achieved in the Euclid DR1, cover-
ing an area of 1900 deg2 (Euclid Collaboration: Scaramella et al.
2022). The paper is organized as follows. Section 2 summarises
the astrometric calibration module of the NIR processing func-
tion (NIR-PF) pipeline and its quality control tests. Section 3
presents the results obtained in the DR1, evaluating astromet-
ric residuals against external catalogues and internal consistency
metrics based on more than 1 year of Euclid operations. This
analysis shows that the astrometric calibration meets the require-
ments on the RMS and on the geometric distortion accuracy, de-
scribed in Sect. 3.3. The stability of the astrometric solution over
time and its dependence on source properties and instrument
configuration are also discussed in Sect. 3.3. Section 4 outlines
the enhancements already implemented for Euclid Data Release
2, as well as additional improvements that may further refine the
calibration accuracy and efficiency in later data releases. To sup-
port the use of the calibrated data products, for each parameter
described in the text we also give the corresponding keyword
in the NIR_AstrometricCalibration module of the NIR-PF
(NIR_Astrometry hereafter).

2. Astrometric calibration of NISP images in Euclid
DR1

In the NIR-PF, NIR_Astrometry relies on the Scamp1 software
(Bertin 2006) to compute the distortion and update the associ-
ated keywords in the headers of the FITS frames. This is done

1 The NIR-PF adopts a rengineered version of Scamp, named as
EL_ScampPP.
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for each dither, because the combined effect of the tilt in the
NISP optics (Euclid Collaboration: Schirmer et al. 2022) and an
offset of the filter centre from the optical axis, due to uncertainty
in filter positioning, leads to variations in the distortion pattern
that prevent us assuming a constant distortion across different
exposures.
Scamp utilises the PV formalism (see e.g. Calabretta &

Greisen 2002; Shupe et al. 2012), which calculates the distor-
tion for each detector by mapping pixel coordinates (x, y) from
that detector to intermediate world coordinates (ξ, η). The distor-
tion is applied to the coordinates projected onto the focal plane
as
X = C11(x − px) +C12(y − py) ,

Y = C21(x − px) +C22(y − py) ,

ξ =
∑

m+n≤N

amn XmYn,

η =
∑

m+n≤N

bmn XmYn.

(1)

The relevant quantities are defined as follows: px and py are the
coordinates of the reference pixel, corresponding to the CRPIX
keywords in the FITS files; Ci j are the elements of the linear
transformation matrix that accounts for pixel scale and rotation,
stored in the CD keywords; and amn and bmn are for each axis the
coefficients of the polynomial with order N describing the dis-
tortion, corresponding to the PV keywords. In NIR_Astrometry,
the distortion (Fig. 1) is represented by a polynomial with N =
3. This approach involves working in sky coordinates using a
tangent-plane projection. In cases such as Euclid, where the de-
tectors are not aligned with the celestial coordinates, the poly-
nomial coefficients are dependent on the telescope rotation. In
contrast, the SIP formalism (Shupe et al. 2005) describes the dis-
tortion directly in the focal plane without relying on the tangent-
plane projection. It uses polynomial distortion coefficients Ai j
and Bi j (often encoded as SIP keywords) to model the optical
and instrumental distortions that affect the pixel coordinates on
the detector and transform them into intermediate world coordi-
nates:
u = x − px, v = y − py ,

U = u +
∑

i+ j≤N

Ai j uiv j, V = v +
∑

i+ j≤N

Bi j uiv j ,

ξ = C11U +C12V , η = C21U +C22V .

(2)

In this case, because the distortion is expressed purely in focal
plane terms, it does not depend on the telescope rotation.

In DR1, the adopted external reference is the Gaia DR3 cat-
alogue (Gaia Collaboration: Prusti et al. 2016; Vallenari 2022),
which is also the reference catalogue adopted for the astrometric
calibration of the VIS channel. The positions from the VIS cat-
alogue are not utilised for the following reasons. (1) Although
there is a significant overlap between the VIS and NISP coverage
in each exposure, it is not complete; therefore, incorporating ad-
ditional adjacent VIS fields becomes necessary, but these fields
are not guaranteed to be observed. (2) Point sources brighter than
IE =18.5 are saturated in VIS normal exposures (Euclid Collab-
oration: McCracken et al. 2026); as a consequence, a significant
fraction of bright sources that are not saturated in NISP2 and
2 In NISP, the saturation limit for bright sources is approximately 16.0
AB mag (Euclid Collaboration: Jahnke et al. 2025).
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Fig. 1. Distortion map showing the displacement (arcsec) on the focal
plane in the R-mosaic coordinate system (Euclid Collaboration: Jahnke
et al. 2025), as derived from a self-calibration observation.

therefore available for astrometric calibration with Gaia DR3 as
reference, would be saturated in VIS and thus not usable with
VIS as reference.

The Gaia DR3 celestial coordinates (epoch J2016.0) are
propagated to the Euclid dither epoch through the application
of proper motions. The final Euclid calibrated positions are in
the barycentric ICRS.
Scamp processes the catalogues generated by SExtractor

(Bertin & Arnouts 1996) in combination with PSFex (Bertin
2011), optimising the precision of source centres through point-
spread function (PSF) fitting. The implementation of PSF fitting
in the NIR-PF is discussed in detail in Euclid Collaboration: da
Silva et al. (2026). Within Scamp, the quality maps produced by
the NIR-PF (Euclid Collaboration: Polenta et al. 2026b) enable
the exclusion of sources that are either saturated or compromised
by issues like cosmic rays and persistence. The sources used for
astrometric calibration have Gaia DR3 magnitudes, G, in the 15
to 21 range, corresponding to approximately 16 to 22.5 in the
NIR bands.

The robustness of astrometric calibration can be enhanced by
supplying Scampwith an initial estimate of the distortion (preso-
lution). This approach is particularly advantageous for the detec-
tors at the edges of the field of view (Fig. 1), where distortion is
more pronounced, thereby complicating the alignment with the
external reference catalogue. In the current implementation, the
presolution primarily serves as an initial input to Scamp, func-
tioning as a preliminary estimate or starting point rather than
delivering a highly precise outcome. In this implementation, be-
cause the presolution is primarily used to guide the matching
of sources before further processing in Scamp, the demand for
accuracy is relatively low (around 1′′). Although the distortion
pattern is expected to vary among different exposures, deriving
the presolution once is sufficient for the intended purpose of the
current implementation. This derivation is based on the observa-
tions of the self-calibration field. The presolution initially con-
tains distortion terms expressed in the Scamp PV format, along
with the values encoded in the CD and CRPIX keywords. To fa-
cilitate its application to observations with varying telescope ro-
tation angles, the presolution is initially transformed into the
SIP format. Subsequently, it is converted back to the PV format,
with modifications made to the CDmatrix terms to accommodate
the instrument rotation. Analytical expressions derived using the
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sympy package in Python are applied for all conversions be-
tween the PV and SIP formats. At this point, there may be an
offset in the celestial coordinates of the tangent-point, defined
by the CRVAL keyword in the images. Although Scamp corrects
this offset before calculating the distortion, it is ineffective in
situations such as a Fine Guidance Sensor (FGS) failure, which
results in elongated source images, or when cosmic ray showers
impact a significant number of pixels, necessitating the exclusion
of the exposures regardless. Consequently, NIR_Astrometry
initially employs Scamp exclusively to adjust the CRVAL values,
followed by an initial alignment utilising the Gaia DR3 cata-
logue through the presolution. Subsequently, a series of tests is
conducted for each dither, to identify those for which it is not
possible to derive a reliable astrometric solution.

– If the median ellipticity of the matched sources (ASTRELL
keyword) exceeds a threshold of ϵth = 0.3 or is more than
twice the median across all dithers, it is highly likely that the
dither is compromised owing to a failure in the FGS.

– If a detector records an abnormally low number of detections
(< 5) or if the fraction of matched sources is too low com-
pared to those in the external catalogue (< 10%), it becomes
impossible to reliably estimate the distortion.

The threshold values mentioned above are selected based on an
analysis of a subset of dithers with known issues and may be
refined in future data releases. For the dithers that successfully
pass these evaluations, Scamp is executed once more to calcu-
late the total distortion. One-third of the dithers identified as in-
valid in the NIR-PF (Euclid Collaboration: Polenta et al. 2026a)
are marked as such through this step. Section 3.1 presents an
overview of the astrometric calibration results for dithers that
pass the validity tests.

3. Analysis of astrometric residuals

We present a summary of the astrometric residuals generated by
NIR_Astrometry, both in relation to the Gaia DR3 catalogue
and internally among the dithers. To accomplish this, we select
4000 OBSID from the Euclid Wide Survey in the Science Archive
System (SAS) for each NISP filter, covering an area of 1950 deg2

after removing overlaps (Sect. 3.2.4), over more than 1 year of
operation (from February 2024 to May 2025).

To assess the quality of the astrometric calibration, we use
the following quantities derived from the positional differences
between the N detections and their matched reference sources,
∆α∗i = (αi − αref,i) cos δref,i in right ascension (RA) and ∆δi =
δi − δref,i in declination (Dec). Quantities in RA marked with
an asterisk indicate that they are multiplied by cos δ to measure
angular distances on the sky.

Average offset. The mean positional difference, which indicates
the calibration bias, is given by

⟨∆α∗⟩ =
1
N

N∑
i=1

∆α∗i , ⟨∆δ⟩ =
1
N

N∑
i=1

∆δi . (3)

Standard deviation (σ). This measures the spread of the posi-
tional offsets around the mean, thereby indicating the cali-
bration precision,

σ2
α∗ =

1
N

N∑
i=1

(
∆α∗i − ⟨∆α

∗⟩
)2 , σ2

δ =
1
N

N∑
i=1

(∆δi − ⟨∆δ⟩)2 .

(4)

RMS offset. This is the square root of the mean squared posi-
tional differences, representing the total calibration accuracy
(bias + precision),

RMS2
α∗ =

1
N

N∑
i=1

(∆α∗i )2 , RMS2
δ =

1
N

N∑
i=1

(∆δi)2 . (5)

Where the RMS or σ represents the sum over both coordi-
nates, it is expressed as RMS2 =

(
RMS2

α∗ + RMS2
δ

)
/2 .

In NIR_Astrometry, the average offset relative to the refer-
ence catalogue is produced as an output and stored in the head-
ers of the calibrated images using the keywords ASTROFF1 and
ASTROFF2, corresponding to the RA and Dec coordinates, re-
spectively. The keywords ASTIRMS1, ASTIRMS2 represent the
standard deviation of the residuals for sources matched across
different dithers; ASTRRMS1, and ASTRRMS2 refer to those com-
pared to the reference catalogue. They are computed both for
single detectors and the entire dither. Given that the average off-
set in each detector or dither is negligible, the standard deviation
matches the RMS of the deviations. During the validation pro-
cess, dithers are flagged if any value of ASTIRMS1, ASTIRMS2,
ASTRRMS1, or ASTRRMS2 computed throughout the entire dither
exceed 50 mas or if ASTRIRMS1 or ASTIRMS2 exceed 50 mas in
any detector.

3.1. Astrometric residuals in dithers

Figure 2 illustrates the distribution of average ellipticities, the
number of matches with Gaia DR3 sources, and the residuals
(offsets and standard deviations) in both the dithers (upper and
middle rows) and individual detectors (bottom row). This con-
firms that, as anticipated in Sect. 3, the average offset to the ref-
erence catalogue is indeed negligible, being within 2 mas; the
astrometric calibration accuracy is approximately 10 mas and re-
mains below 20 mas for 99% of the dithers, in all bands. The
RMS decreases from YE to JE and HE, consistent with the stronger
undersampling of the diffraction-limited PSF at shorter wave-
lengths (Euclid Collaboration: Jahnke et al. 2025; Euclid Col-
laboration: da Silva et al. 2026). For individual detectors, mostly
DET13 and DET14, a small fraction exhibits a standard devia-
tion exceeding 60 mas and potentially reaching up to 150 mas.
This fraction is at most 0.15% for HE and is even lower in the
other bands. As discussed in more detail in Sects. 3.6 and 4.1, the
problem was identified as stemming from an excessively strin-
gent exclusion of detections linked to the persistence flagging.

Figure 2 also confirms that, among the dithers that passed the
initial selection, the average ellipticity is less than 0.16. In future
data releases, a threshold lower than the current value (ϵth = 0.3)
could be chosen to identify dithers affected by the FGS issue.

3.2. Analysis of stacked catalogues

To comprehensively assess the accuracy and robustness of the
astrometric calibration of NIR images in the Euclid DR1, we
present a series of diagnostic tests performed to investigate po-
tential dependencies affecting the residuals. These tests exam-
ine variations in astrometric residuals as a function of Galac-
tic extinction, source colour, observation time, and telescope ro-
tation. Additionally, internal consistency checks analyse offsets
between different filters and between the NISP and VIS bands,
as well as comparisons with the Gaia DR3 catalogue. To ac-
complish this, we examine the stacked catalogues produced for
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Fig. 2. Histograms illustrating the following for each of the YE (blue), JE (green), and HE (red) filters: the number of matched sources available
for astrometric calibration (ASTRNM); the median ellipticity (ASTRELL); the average offsets (ASTROFF1, ASTROFF2); the standard deviations of
residuals for sources matched across dithers (ASTIRMS1, ASTIRMS2), and compared to the reference catalogue (ASTRRMS1, ASTRRMS2). The top
two rows pertain to dithers, while the bottom row corresponds to values within individual detectors. The dashed line represents the final requirement
for the RMS, set at 30 mas.
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Fig. 4. As in Fig. 3, but for the standard deviation of the residuals. Whiskers have components (σξ, ση). The increased residuals at the edges results
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Fig. 5. Standard deviation of the residuals in each stacked catalogue,
summed in quadrature on α and δ. This is displayed in relation to the
average Gaia DR3 colours of the matched sources. The Galactic extinc-
tion is represented by the colours: bluer hues indicate lower Galactic
extinction, whereas redder hues correspond to higher values. The linear
fit, depicted as a dashed line, has a slope of less than 3 mas mag−1 across
all bands.

each OBSID rather than single dithers. Consequently, the results
are independent of those derived from individual dithers during
the astrometric calibration. A comparison of the residuals from
the Gaia DR3 positions obtained on dithers in NIR_Astrometry
and those from the stacked catalogues reveals consistency, with

a median standard deviation (σα, σδ) of approximately 10 mas,
and 95% of the dithers falling within 15 mas.

The centroids of the sources in the stacked catalogues,
obtained by PSF-fitting (Euclid Collaboration: Polenta et al.
2026b), are cross-matched with the Gaia DR3 catalogue by ap-
plying the selection criteria described in Sect. 2. A strict mu-
tual nearest-neighbour algorithm is adopted in the cross-match
to minimise duplicate or incorrect assignments. First, we per-
form a forward match, identifying the nearest Gaia DR3 source
for each target object in the stacked catalogue. Next, we perform
a reverse match, identifying the nearest target object for every
source in the Gaia DR3 catalogue. A cross-match is considered
if two criteria are met: (1) the target object and the Gaia DR3
source are each other’s closest reciprocal matches; and (2) their
angular separation does not exceed a maximum tolerance of 1′′.

3.2.1. Astrometric residuals versus position angle and time

In the PV formalism, distortion changes with the instrument’s
rotation relative to the sky. To test whether the position-angle-
dependent distortion model introduces spurious residuals, we fit-
ted, for each band, the RMS of the residuals per observation and
their mean offsets in the instrument frame (∆ξ, ∆η) with a si-
nusoidal function of the position angle. The amplitude of the
sinusoid is 0.08–0.14 mas for the RMS, compared with a me-
dian RMS of approximately 10 mas per observation, and at most
0.08 mas for the mean offsets, compared with their uncertainty
of 0.5–0.8 mas per observation. The position-angle dependence
of the distortion model therefore introduces no significant spuri-
ous residuals. Similarly, a linear fit of the RMS per observation
as a function of time gives slopes of 0.04–0.11 mas yr−1, i.e. a
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stacked catalogues. For the plots displaying σ and RMS, the dashed line represents the legacy requirement (30 mas). Vertical dotted lines indicate
the median values.

change of at most 0.2 mas over the period covered by the obser-
vations, which is again negligible.

3.2.2. Astrometric residuals versus focal plane position

To examine the discrepancies across the focal plane, we create an
astrometric residual map for each filter. For this purpose, we first
collect from all stacked catalogues the detections matched with
Gaia DR3. When averaging frames with different rotations, off-
sets are diluted if derived from sky coordinates. For this reason
here we compute offsets from the reference pixel (u, v in Eq. 2)
converted to arcseconds with the pixel scale (ξ, η), and derive
the NISP−Gaia DR3 residuals in the instrument frame (∆ξ, ∆η).
Since the scatter is nearly isotropic, the RMS is instead frame
invariant (σξ ∼ σα∗, ση ∼ σδ) .

The mean offsets and the scatter of the residuals ∆ξ and ∆η
are computed from the combined detections of all stacked cata-
logues, as a function of the position ξ, η in the stack frame. For
the two-dimensional maps (Figs. 3 and 4, top rows), the (ξ, η)
plane is divided into non-overlapping cells of 2.5′ × 2.5′, each
containing on average 104 detections. In each cell, the mean and
the standard deviation of ∆ξ and ∆η are computed after an it-
erative 3σ clipping of all the detections falling in it; cells with
fewer than 100 detections after clipping are discarded. Each cell
is represented by a whisker starting at the cell centre: its compo-
nents are ⟨∆ξ⟩ and ⟨∆η⟩ for the mean offsets, and σξ and ση for
the scatter. To highlight trends along each axis, we also compute
one-dimensional profiles (Figs. 3 and 4, bottom rows) in inde-
pendent strips 1′ wide, running along ξ and η across the whole
field, each containing on average 105 detections; the same 3σ-
clipped statistics are applied. As a result of this analysis, across
the focal plane offsets are below ±5 mas in all bands; the stan-
dard deviation in both ξ and η does not vary significantly and,
consistently with previous results, decreases from YE, JE ( ∼ 15
mas) and HE (∼ 10 mas).

3.2.3. Astrometric residuals versus source colour

Figure 5 illustrates the standard deviations of the astrometric
residuals measured in each stacked catalogue, as a function of
the average Gaia DR3 BP − RP colours, with average redder
colours corresponding to a higher Galactic extinction. A slight
trend is noticeable, with a difference of less than 1 mas between
stacks with average bluer and redder colours. A correlation be-
tween astrometric residuals and average source colours would be
expected in the case of chromaticity effects in the PSF, where the
measured centroid would be expected to vary with stellar colour
and increase the astrometric scatter. A higher Galactic extinc-
tion shifts the selected Gaia DR3 stars towards redder colours
and narrows the colour distribution: in the case of a PSF chro-
maticity, this would result in a smaller PSF variation across the
sample than in fields with a low Galactic extinction, thus re-
ducing the chromatic contribution to the astrometric scatter. A
slight trend is noticeable, with a difference of less than 1 mas
between stacks at lower and higher extinction levels. To further
verify whether the astrometric calibration may be influenced by
chromaticity effects, we examine the correlations between the
residuals along the x and y axes of the detectors and Gaia DR3
colours (BP − RP). For this purpose, Gaia DR3 positions and
those measured in the NISP stacks are first reprojected onto the
focal plane, and the residuals along the detector axes (∆ξ, ∆η)
are computed and binned in BP − RP colours. The chromaticity
terms, represented as Rξ and Rη, are defined as the slopes of these
binned residuals against BP − RP: Rξ = ⟨∆ξ⟩bin / (BP − RP)bin ,
Rη = ⟨∆η⟩bin / (BP − RP)bin are finally derived. We find that for
all filters, Rξ < 1 mas mag−1 and Rη ≪ 1 mas mag−1.

3.2.4. Astrometric consistency across overlaps

Stacks of adjacent observations may overlap. This overlap en-
ables us to assess whether the astrometric calibration remains
consistent for the same sources that are detected in different
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lined in the text, which assumes a constant distortion while varying only
the linear terms.

stacks. To accomplish this, we select pairwise overlaps between
stacks, with each having an overlap of at least 50 arcmin2, ensur-
ing sufficient detections for a meaningful analysis. This results in
a total area of 560 deg2. As shown in Fig. 6, for 99% of the over-
laps the standard deviation in both coordinates remains within
25 mas, while the median offsets are within 10 mas. This is in
agreement with what derived in the previous sections.

3.3. Geometric distortion: accuracy and stability

We verify whether the geometric distortion is calibrated within
0.015% over scales of 3′, as in the requirement. To achieve this,
for each stacked catalogue we extract within the matched sources
the pairs separated by a distance dref between 2.′5 and 3.′5 in the
Gaia DR3 catalogue, used as the reference. We then compare
these pairs with the corresponding ones in the YE, JE, and HE

catalogues, where the separation is dNIR, resulting in the frac-
tion ν = |dref − dNIR|/(

√
2dref) . A factor of

√
2 is introduced to

transform pair separations into single-source equivalents. In all
the stacks examined here, the RMS of ν is less than 0.01%; in
each stack, 95% of the considered pairs have ν < 0.02%. To
ensure that this test accurately traces geometric distortions with-
out being influenced by random centroiding noise, we conduct
the analysis again on a 15′′ scale, where the impact of geomet-
ric distortion is minimal, and find the noise contribution to be
negligible.

We then evaluate how well the assumption of a constant pres-
olution aligns with the actual distortion observed in the dithers.
For this purpose it is essential to separate the distortion, assumed
to be constant, from the components that may vary across differ-
ent observations: here we assume that they may be described by
offset and linear terms. This is performed using a set of artificial
source positions, following the procedure outlined below.

1. A list of artificial sources positioned on a grid (x, y) that
matches the detector’s size of 2048 × 2048 pixels is created.

2. This list is transformed into intermediate world co-
ordinates (IWC) using the PV distortion computed by
NIR_Astrometry, yielding the reference coordinates (ξr,
ηr).

3. The PV distortion model contained in the presolution is con-
verted to SIP. Equation (2) is applied to transform pixel co-

ordinates (x, y) to intermediate coordinates (U,V), using only
the nonlinear terms of the SIP distortion (i + j ≥ 2).

4. A least squares minimisation is performed to fit the Ci j terms
of the CD matrix (Eq. 1) and an offset (∆ξ,∆η):

ξr = C11U +C12V + ∆ξ ; ηr = C21U +C22V + ∆η . (6)

5. The offset (∆ξ,∆η) is converted back to pixel offsets
(∆U,∆V) by applying the inverse CD matrix:

∆U =
C22∆ξ −C12∆η

|C|
; ∆V =

C11∆η −C21∆ξ

|C|
. (7)

Here |C| = C11C22 −C12C21 . The offsets ∆U, ∆V replace the
constant terms in the SIP polynomials, A0,0 and B0,0. Because
the linear terms are now represented by the fitted CD matrix,
the linear SIP terms A1,0, A0,1, B1,0, and B0,1 are set to zero
to avoid redundancy.

6. The reference coordinates ξr, ηr are compared with the coor-
dinates ξn, ηn obtained by applying the new distortion terms.

We analyse 15 observations of the self-calibration field, each
comprising 76 dithers with varying rotation angles. This selec-
tion is made because of the notably stable distortion observed in
these cases. The (ξn, ηn) values obtained from the pixel grid are
compared with those derived by applying the Scamp distortion
contained in the headers (ξr, ηr), and the offsets are analysed.
Figure 7 illustrates the comparison between the standard devia-
tion of these offsets and those computed by NIR_Astrometry
with respect to the Gaia DR3 sources (ASTRRMS1, ASTRRMS2),
based on the Scamp processing. In both methods, the median
of the standard deviations is approximately 10 mas, and within
20 mas for 99% of them. These findings suggest that the dis-
tortion remains consistently stable over time, within a margin
of approximately 10 mas. However, they also imply that the as-
sumption that linear components can sufficiently account for the
residual variations in distortion may not hold true, as further dis-
cussed in Sect. 4.2.

3.4. Effect of stellar aberration and plate-scale stability

The Gaia DR3 reference positions used in the astrometric cali-
bration are barycentric and are propagated to the epoch of each
exposure using proper motions only; no correction for stellar
aberration due to the motion of Euclid is applied. To first or-
der, aberration changes the apparent angular separations across
the field by a factor (1+v · n̂/c), where v is the barycentric veloc-
ity of Euclid, given by the VEL_X, VEL_Y, VEL_Z values in the
frame headers, and n̂ the direction of the field, derived from the
CRVAL1 and CRVAL2 values. Since the astrometric solution maps
the observed pixel positions onto barycentric reference positions,
this term is absorbed into the fitted plate scale s, which is then
expected to vary by ∆s/s = v · n̂/c (see e.g. Cox & Gilliland
2003).

For each detector d in a dither we compute the effective pixel
scale, sd, as the mean pixel size given by the full astrometric so-
lution, including the distortion terms. To remove the differences
in scale between detectors, caused e.g. by the optical distortion,
we consider the fractional change ∆sd/sd relative to the median
of sd over all dithers in all available fields. The scale change of
a dither is the median of ∆sd/sd over the detectors, and the scale
change, ∆s/s, of a field is the median over its dithers. These val-
ues are then fitted as

∆s
s
= k

v · n̂
c
+ const , (8)
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Fig. 8. Residuals between the measured and predicted aberration plate-
scale change, expressed as the RMS displacement over the NISP field of
view. Top: self-calibration visits as a function of time; error bars com-
bine the error of the median over the dithers and the intrinsic visit-to-
visit scatter. Middle: individual wide-survey fields as a function of time.
Bottom: fields used in the fit as a function of the predicted aberration
displacement. Symbols are coloured by band (YE: blue, JE: green, HE:
red); triangles at the panel edges mark points beyond ±10 mas.

where k = 1 if the scale changes are reproduced by aberration,
and the constant accounts for the arbitrary zero point. To express
the results as displacements on the sky, we convert the fractional
scale change into the RMS displacement it produces over the
NISP field of view, δ = (∆s/s) r, where r = 18′ is the RMS dis-
tance of the detector pixels from the centre of the field, computed
from the astrometric solution. Likewise, the predicted displace-
ment is δpred = r (v · n̂/c),.

Figure 8 shows the residuals between the measured and pre-
dicted (k = 1 in Eq. 8) scale change, as a function of time and
of the predicted displacement. We restrict the analysis to obser-
vations taken after July 2024, i.e. after the second thermal de-
contamination campaign (Euclid Collaboration: Schirmer et al.
2026), when Euclid had reached stable thermal conditions. In the
self-calibration field, the displacement of stars due to aberration
is close to its maximum, ∼ 20′′, but it is a nearly uniform shift ab-
sorbed by the pointing. This field lies close to the North Ecliptic
Pole, so the barycentric direction of its centre is almost perpen-
dicular to the direction of motion of Euclid relative to the Solar
System barycentre. The effect on the scale is therefore small,
and corresponds to an absolute displacement of approximately
3 mas. Since the predicted displacement is small and the number
of measurements lower, the constraint on k is correspondingly
weaker, but still consistent with k = 1 within uncertainties. In
the wide survey fields, instead, the predicted aberration displace-
ment is within ±100 mas. The fit gives k = 0.997 ± 0.001, con-
sistent within the uncertainties in the three bands. The measured
scale changes thus follow the expected aberration; after remov-
ing it, 68% of the fields deviate from the prediction by less than
2 mas, with no significant mean offset.

3.5. Parallax

As a further consistency check, we verify that the positions of
stars in the self-calibration field observed at different epochs
contain the parallax displacement expected for each star from

Gaia DR3. Since the astrometric distortion is a smooth function
of position on the detector, it can absorb a displacement common
to all stars on a detector, but not the part that differs from star
to star with their individual parallaxes. That part should remain
fully in the calibrated positions, with the amplitude predicted
from the Gaia DR3 parallax and the position of Euclid at each
epoch. We test this with the observations of the self-calibration
field, by measuring the parallax of individual stars from the cali-
brated positions alone and comparing it with Gaia DR3. The test
is limited at faint magnitudes by the precision of the Gaia DR3
parallaxes and at bright magnitudes by saturation in NISP; since
nearby red stars are brighter in the near-infrared than in the G
band, the effect of these limits is to remove the reddest and near-
est stars, and keep mostly red dwarfs with parallax ϖGaia ≈ 2–
5 mas, and few with larger parallaxes. Moreover, the visits of
the self-calibration field span about 1 year, too short to sepa-
rate parallax from proper motion, which is therefore fixed to
the Gaia DR3 value. Since the self-calibration dither pattern has
large offsets, a star falls on the detectors in only a fraction of
the 76 dithers in a visit, from about 60% near the centre of the
pattern to a few per cent at its edge.

Positions in the calibrated NISP catalogs are matched (within
0′′.3) to Gaia DR3 stars brighter than G = 20, ruwe < 1.4
and astrometric_excess_noise < 1 mas (Lindegren et al.
2021) that are not flagged as duplicated sources, and the resid-
ual r = (∆α∗,∆δ) with respect to the Gaia DR3 position prop-
agated with proper motion only is computed at each exposure
epoch. The barycentric position of Euclid, b, is taken as the
barycentric position of the Earth plus the geocentric position of
the spacecraft given in the POS_X/Y/Z header keywords. With
b = (X, Y,Z) expressed in au in ICRS axes, the parallax factors
of a star at (α, δ) are, following the convention of the Gaia astro-
metric model,

Fα∗ = X sinα − Y cosα ;
Fδ = X sin δ cosα + Y sin δ sinα − Z cos δ ,

(9)

so that a star of parallax ϖ is displaced by ϖF = ϖ (Fα∗, Fδ) in
(α∗, δ).

Two sets of stars are used. Probe stars have a precise
Gaia DR3 parallax (ϖ > 2 mas, ϖ/σϖ > 10). Anchor stars
are all other Gaia DR3 stars, regardless of their parallax. For
each exposure and detector, the mean offset of the calibrated po-
sitions is computed from the anchors as c = ⟨r −ϖGaiaF⟩ (with
4σ clipping), i.e. after removing the parallactic displacement of
each anchor predicted from its own Gaia parallax. Without this
subtraction, the mean anchor parallax (≈ a few tenths of a mas)
would be absorbed by c, biasing every probe parallax low by the
same amount. The anchor-corrected probe offsets y = r − c and
the parallax factors are then averaged over the dithers of each
visit. For each probe with at least ten visits,ϖNISP is obtained by
a least-squares fit of yi = ϖNISPFi + o to its visit means, where
the constant o absorbs the error of the propagated Gaia position,
and its uncertainty σNISP from the scatter of the star’s own resid-
uals about the fit.

Due to the significant uncertainty in individual parallaxes,
the comparison relies on the entire probe sample. We fit

ϖNISP = kϖGaia + δ (10)

by least squares with weights w j = 1/(σ2
NISP, j + σ

2
ϖ,Gaia, j). A

loss of part of the parallactic signal in the calibration would give
k < 1, a zero-point offset would give δ , 0. The difference
between the NISP and Gaia DR3 parallaxes can be expressed
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Fig. 9. Parallaxes of the probe stars measured from the calibrated NISP
positions of the self-calibration field, versus their Gaia DR3 parallaxes.
Left: YE (blue circles), JE (green squares), and HE (red triangles), for
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unit Gaussian scaled to the number of stars (dotted).

(Best et al. 2020) in units of their uncertainties, z = (ϖNISP −

ϖGaia)/(σ2
NISP + σ

2
ϖ,Gaia)1/2.

Figure 9 compares the NISP and Gaia DR3 parallaxes for
152, 126, and 157 probe stars in YE, JE and HE. In JE and HE we
find k = 1.03 ± 0.11 and 1.12 ± 0.16: the full parallactic ampli-
tude is recovered. The same fits indicate a zero-point offset δ ≈
−1 mas in these bands (−0.92± 0.49 and −1.18± 0.52 mas), sig-
nificant at about 2σ in each band. In YE, the most undersampled
band and hence the one with the lowest astrometric precision, the
constraints are weaker (k = 0.73± 0.29, δ = +1.0± 0.9 mas) and
consistent both with k = 1, δ = 0 and with the JE and HE values.
The median of z, with uncertainties bases on bootstrap resam-
pling, is +0.01 ± 0.09 (YE), −0.47 ± 0.12 (JE), and −0.43 ± 0.18
(HE), consistently with with the slight offset found above. The
robust RMS is 1.07, 1.31, and 1.67 respectively. The negative
medians in J and H reflect the zero-point offset discussed below.

We conclude that the NISP astrometric calibration preserves
the stellar parallax: over the probe sample, the parallaxes recov-
ered from the calibrated positions have an amplitude consistent
with that of Gaia DR3, to 11–16% in JE and HE, the two bands
that constrain it best, and at most ≈ 20% of the signal could have
been lost (2σ). The possible zero-point offset of ≈ −1 mas is
marginal and well within the astrometric accuracy.

3.6. Inaccuracies due to persistence masking

As anticipated in Sect. 3.1, the validation of the DR1 data prod-
ucts indicated that, for a specific number of dithers, the residuals
in certain detectors, particularly DET13 and DET14, are higher
than those in other detectors, exceeding 100 mas. A comprehen-
sive analysis revealed that, in these instances, the flagging of
pixels is affected by persistence. Persistence can cause false de-
tections, and as detailed in Euclid Collaboration: Polenta et al.
(2026a), pixels in the persistence image that exceed a thresh-
old of 2 e− are considered invalid in the NISP images. However,
this choice leads to a notable decrease in the number of sources
with matches in the Gaia DR3 catalogue, reducing from approx-

imately 30 per detector to just a few, which in turn results in
less accurate astrometric calibration. Shortly after this issue was
identified, a solution was implemented (Sect. 4.1); however, it
could not be incorporated into DR1.

To better estimate the impact of these failures on DR1, the
following analysis has been conducted. For each stacked cata-
logue generated in DR1 for a specific OBSID, detected sources
are matched to the Gaia DR3 catalogue within a 5′′ radius to ac-
count for catastrophic astrometric failures. A similar procedure
is employed to compare the NISP and VIS positions. In this case,
VIS sources are initially selected with |spread_model| < 0.05
in the stacked VIS catalogues (Euclid Collaboration: McCracken
et al. 2026) to exclude overly extended sources.

An RMS map is subsequently constructed utilising a 2D
rolling window approach. The area covered by each stacked cat-
alogue is divided into a grid with 30′′ intervals: this step size
is chosen to achieve a finer spatial resolution and more detailed
data sampling across the observed area. At the centre of each
grid cell, matched sources are gathered within a specified ra-
dius, selected to ensure that each cell contains at least 10 (20)
matched Gaia DR3 (VIS) sources. This results in a radius of 4′
for Gaia DR3 and 2′ for VIS; in the latter case, the radius is
smaller because aligning with the VIS catalogue increases the
number of matches with fainter NISP sources. If a cell contains
fewer than the minimum required matches, the radius is incre-
mentally increased by 10′′ until the requirement is met. On aver-
age, each cell contains 30, 50 matches with Gaia DR3 and VIS
respectively.

This approach enables us to identify regions where the RMS
surpasses a predetermined threshold without significantly in-
creasing the computational time. For each OBSID, a specific
RMS map is generated. assigning the highest RMS values ob-
served across the NISP bands to each element of the map. The
results of the comparison with VIS and Gaia DR3 (Fig. 10) are
consistent: the RMS exceeds 30, 60, and 90 mas in 3%, 0.3%,
and 0.1% respectively of the total area, with a median RMS of
approximately 20 mas. Finally, the same procedure is repeated
using HE as a reference and measuring the RMS in JE and YE.
This produces results similar to those obtained previously, with
RMS exceeding 30, 60, and 90 mas in 1%, 0.2%, and 0.1% re-
spectively of the area for each of JE and YE compared to HE.

These tests indicate that despite this issue related to persis-
tence masking, which will be resolved in Data Release 2 (Sect.
4.1), the astrometry remains consistent when compared to VIS
and across the three NISP channels. The RMS is less than 30 mas
(0.1 pixels) for at least 97% of the surveyed area when compar-
ing VIS to NISP. Across the NISP bands, the RMS is less than
30 mas (0.1 pixels) for 99% of the area.

4. Improvements for DR2 and beyond

4.1. Reducing the impact on astrometry of the persistence
masking

Although it was not feasible to rectify the persistence issue in
DR1, a solution has been developed and applied to subsequent
processing. Astrometric calibration can be influenced by per-
sistence, either through false detections that result in spurious
matches or by false detections near real sources that disrupt the
centroid estimate. The impact of persistence flagging can be mit-
igated if a detection is discarded only when the pixels within a
defined radius Rp from the detection centre exceed a specified
persistence threshold Ip. This ensures that only genuinely spu-
rious detections are rejected, or those detections whose centre
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Fig. 10. RMS maps derived from the spatial analysis of the YE, JE,
andHE detections compared to VIS. The small green/yellow spots in-
dicate areas where persistence flagging has led to reduced astrometric
accuracy.

estimates may be compromised by persistence features. The val-
ues of Ip and Rp are determined following an analysis conducted
on a subset of dithers: Ip = 5e− (see also Euclid Collaboration:
Kubik et al. 2026) and Rp = 5 pixels. Figure 11 demonstrates the
impact of the fix on the astrometric residuals on a single obser-
vation ID.

4.2. Exploring a simplified distortion model: preliminary
Investigation

In DR1, the presolution is merely utilised in Scamp to enhance
the initial matching of detected and Gaia DR3 sources. As dis-
cussed in Sect. 3.3, the distortion appears to be stable enough to
consider keeping it constant while fitting only the linear terms.

This alternative approach involves directly applying the pres-
olution distortion model, assumed to be constant, to the source
positions, followed by the computation of only the linear terms
that are specific to each dither. This simplified model would re-
duce computational complexity and minimise the sensitivity of
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Fig. 11. RMS maps derived for a single observation ID both before
and after applying the fix to mitigate the effects of persistence flagging.
Initially, this led to a region with RMS > 60 mas (left), which vanished
after the fix was implemented (right).
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Fig. 12. RMS residuals calculated for a subset of 10 observations (40
dithers), both for individual detectors and across the entire dither. The
colours illustrate RMS values, including the median and 25%/75% per-
centiles, derived from various methods across detectors: green repre-
sents a comprehensive polynomial fit (current pipeline); red indicates
a scenario with constant distortion where only linear terms are fitted;
and cyan reflects constant distortion followed by a second-order fit. The
RMS over the dithers is shown at the end and is highlighted in grey.

the astrometric calibration to noise or spurious variations, poten-
tially mitigating the risk of overfitting.

The underlying assumption here is that the linear corrections
capture the residual variations due to the NISP optics (Sect. 2).
To initially evaluate the validity of this assumption, we devel-
oped a modified version of NIR_Astrometry employing an ap-
proach similar to that outlined in Sect. 3.3, and conducted a pi-
lot study based on a limited set of 10 observations (40 dithers):
initially, the presolution is converted into the SIP formalism,
which is then employed to remove distortion from the pixel co-
ordinates in the SExtractor catalogue. Scamp is subsequently
executed on this modified catalogue. Two options are consid-
ered: (1) no additional distortion is computed in this second step,
with only the linear terms being refitted, and (2) a polynomial
of order 2 is fitted. Figure 12, which illustrates the RMS of the
residuals, supports the conclusions presented in Sect. 3.3: rely-
ing solely on linear terms results in an increased RMS of the
residuals. To achieve RMS values comparable to those obtained
with the full fitting (10 mas), it is necessary to incorporate an ad-
ditional second-order component. A simplified distortion model
with fewer free parameters would still allow for a reduction in
the computational complexity; however, further comprehensive
testing across a larger dataset is required before considering po-
tential integration into the pipeline.
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5. Conclusions

This paper has presented the methodology and results of the as-
trometric calibration applied to the NISP data in Euclid DR1.
The calibration pipeline employs the Scamp software to model
and correct instrumental distortions on a per-dither basis, using
a polynomial distortion representation within the PV formalism.
The Gaia DR3 catalogue serves as the external astrometric ref-
erence, with source selections and quality controls implemented
to ensure robust matching and calibration accuracy.

Analysis of 4000 observations covering 1950 deg2 and over
1 year of observations demonstrates that the NIR astrometric
calibration achieves an average precision of approximately 10
mas, with 99% of the dithers exhibiting residuals below 20 mas
in each detector. This corresponds to less than 0.1 pixels, and is
within the requirement of 30 mas. The average offsets relative to
Gaia DR3 are negligible (within 2 mas), confirming the absence
of significant systematic biases.

The analysis of the stacked catalogues confirms these values,
allowing further tests. Spatial mapping of the residuals across
the focal plane shows stable performance, with minor variations
at the edges attributed to the dithering patterns. The astromet-
ric consistency among the neighbouring dithers is confirmed by
matching sources in overlapping areas across the stacks. The
chromaticity effects on astrometry are minimal, with slopes be-
low 1 mas mag−1, and no significant temporal or telescope ro-
tation dependencies is observed. The distortion pattern is stable
over time within approximately 10 mas, supporting the potential
for a constant distortion model supplemented by an additional
correction to capture the residual variations. However, tests in-
dicate that fitting only linear terms increases the residuals, and
a second-order polynomial fit is necessary to maintain a calibra-
tion accuracy comparable to that of the full polynomial model.

A limitation identified in DR1 is the impact of persistence
masking on astrometric accuracy, particularly affecting detec-
tors DET13 and DET14. Excessive flagging of pixels due to
persistence reduces the number of matched sources and may lo-
cally degrade the calibration precision. Upon comparison with
the VIS detections, it is found that this issue (RMS > 30 mas)
impacts less than 5% of the surveyed area. This test also allows
us to verify the astrometric consistency across the different NISP
bands. A mitigation strategy involving a refined persistence flag-
ging criterion based on persistence intensity and radius around
detections has been developed and applied in subsequent pro-
cessing, effectively restoring astrometric accuracy in the affected
regions.

For future data releases, improvements include a refined per-
sistence masking approach and exploration of alternative distor-
tion evaluation methods that reduce the complexity of the dis-
tortion model while preserving the calibration quality. These en-
hancements aim to increase the calibration robustness and com-
putational efficiency.

In conclusion, the Euclid NISP astrometric calibration in
DR1 demonstrates high precision and stability, with well-
characterised residuals and identified pathways for further im-
provement. The results provide a solid foundation for subse-
quent data releases, ensuring accurate celestial source position-
ing, which is essential for the mission’s scientific objectives.
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gaia/dpac/consortium). Funding for the DPAC has been provided by na-
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