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ABSTRACT

The instruments at the focus of the Euclid space observatory offer superb, diffraction-limited imaging over an unprecedented (from
space) wide field of view of 0.57 deg?®. This exquisite image quality has the potential to produce high-precision astrometry for point
sources once the undersampling of Euclid’s cameras is taken into account by means of accurate, effective point spread function
(ePSF) modelling. We present a complex, detailed workflow to simultaneously solve for the geometric distortion (GD) and model the
undersampled ePSFs of the Euclid detectors. Our procedure was successfully developed and tested with data from the Early Release
Observations (ERO) programme focused on the nearby globular cluster NGC 6397. Our final one-dimensional astrometric precision for
a well-measured star just below saturation is 0.7 mas (0.007 pixel) for the Visible Instrument (VIS) and 3 mas (0.01 pixel) for the Near-
Infrared Spectrometer and Photometer (NISP). Finally, we present a specific scientific application of this high-precision astrometry:
the combination of Euclid and Gaia data to compute proper motions and study the internal kinematics of NGC 6397. Future work,
when more data become available, will allow for a better characterisation of the ePSFs and GD corrections that are derived here, along
with assessment of their temporal stability, and their dependencies on the spectral energy distribution of the sources as seen through
the wide-band filters of Euclid.

Key words. techniques: photometric — astrometry — proper motions — globular clusters: individual: NGC6397
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1. Introduction

Astrometry is the classical example of a branch of astronomy that
cyclically comes back to the fore when new, more advanced tele-
scopes and instruments with higher spatial resolution and better
stability than their predecessors begin their operations. Since the
past decade, the astrometric scene has been dominated by the
Hubble Space Telescope (HST) and Gaia. The proper motions
(PMs) obtained thanks to the data from these observatories have
provided critical pieces of information on a large variety of
investigations, such as on the Galaxy’s structure and kinemat-
ics (Gaia Collaboration 2023a; Ibata et al. 2024; Cantat-Gaudin
& Casamiquela 2024), the internal motions of stellar clusters
(e.g. Bellini et al. 2014; Varri et al. 2018; Vasiliev & Baumgardt
2021; Libralato et al. 2022; Hiberle et al. 2024), and the con-
firmation and characterisation of (sub-)stellar or exoplanetary
systems in proximity to the Sun (Bedin et al. 2024). Astronomers
have become familiar with the pros and cons of the two obser-
vatories: HST works best in crowded regions and can observe
objects over a wide range of magnitudes, but its limited field of
view hampers investigations of large-scale structures; Gaia has
provided high-precision PMs for the entire sky, but it has a lim-
ited depth and it struggles in extreme regions, such as the cores
of globular clusters or towards the Galactic centre. In 2023, a
new facility that potentially combines the strong points of these
two telescopes has finally begun its operation: Euclid (Euclid
Collaboration 2024c).

Euclid’s instruments offer superb image quality — compara-
ble to that of the HST! — over an unprecedentedly wide field
of view of 0.57 deg? for a 1-m class, diffraction-limited space
telescope. The exquisite image quality immediately translates
into high-precision astrometry for point sources, even in crowded
environments. The wide field of view, the high resolving power,
and the depth of Euclid’s overall survey, when compared to most
ground- and space-based surveys, provide an immense astro-
metric potential for the Euclid mission. However, in order to
achieve their full astrometric capability, the undersampled Euclid
instruments require more detailed knowledge of the point-spread
function (PSF) than is necessary in fully sampled photometry.

In this study, we illustrate the well-established ‘state-of-
the-art’ techniques adopted to obtain high-precision imaging
astrometry and photometry of point sources with undersam-
pled detectors in space. We describe in detail the procedures
specifically developed to analyse the data of the globular cluster
NGC 6397 taken as part of the Euclid Early Release Obser-
vations (ERO) programme (Euclid Early Release Observations
2024). In particular, we show how we derive for both of Euclid’s
instruments: (i) high-accuracy geometric distortion (GD) cor-
rections and, (ii) high-accuracy models of the cores of the
PSFs.

Finally, we combine Euclid and Gaia Data Release 3 (DR3;
Gaia Collaboration 2016, 2023b) data to compute PMs for all
stars in common. Thanks to the high-precision PMs we derive,
we are able to measure the internal motions of the globular clus-
ter NGC 6397 out to half of its tidal radius (r). Future papers
will focus on accurate photometry, and on the characterisation of
the stability of the derived PSFs and GD corrections over time
and as a function of the colours of the sources. As supplemen-
tary online material of this work, we release to the community a

' The angular resolution of the Euclid telescope at 700 nm (near the
centre of the wavelength range covered by the VIS [ filter) is twice that
of HST at 814 nm and about the same as HST at 1.25 um.
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high-accuracy astrometric catalogue and high-resolution multi-
filter atlases of sources within the field of NGC 6397.

2. Observations

The globular cluster NGC 6397 was observed on 22 September
2023 as one of the targets of the Euclid ERO programme with
the Visible Instrument (VIS; Euclid Collaboration 2024a) and
the Near-Infrared Spectrometer and Photometer (NISP; Euclid
Collaboration 2024b) instruments. VIS is an imager composed
of a 6x6 array of 4kx4k CCDs, with a pixel scale of 100 mas
pixel™! and an instantaneous field of view of 0.54 deg. Each
CCD has four quadrants that, because of the charge injection
lines, are analysed independently. VIS is equipped with a single
broadband (550-900 nm) filter (Z;). NISP is designed to provide
both spectroscopy and photometry, but in this work we make
use only of its photometric capabilities. NISP is composed of
16 2kx2k near-infrared detectors with a pixel scale of 300 mas
pixel™! and a total field of view of ~0.57 deg?. NISP is equipped
with three filters (Y;, Ji, Hg), which allow a spectral coverage
from 950 to 2021 nm (Euclid Collaboration 2022).

The ERO data set of NGC 6397 comprises four dithered
exposures (Cuillandre et al. 2024) with VIS in the [; filter (of
560 s each) and with NISP in the Y;, J;., and H filters (of 87.2s
each)’. Additional short exposures were also taken as part of the
ERO programme, but they are not considered in our investiga-
tion. Figure 1 shows an overview of the Euclid data set analysed
here and a comparison with HST.

The VIS and NISP raw images were corrected for instru-
mental effects using the ERO pipeline as described in Cuillandre
et al. (2024), to which we refer for a detailed overview of the pro-
cess. The only change with respect to Cuillandre et al. (2024) is
that we did not correct the VIS data for the effects of the cosmic
rays by the deepCR code (Zhang & Bloom 2020) through pixel
in-painting (see Cuillandre et al. 2024). We empirically found a
small, yet sizeable, improvement in the astrometric and photo-
metric precision in our analysis with respect to what is obtained
with cosmic-ray corrected images (see Appendix A). In contrast
to the approach in Massari et al. (2024), here we analyse only the
calibrated but not resampled images, which are the images best
suited for high-precision PSF modelling. Hence, for analysing
the astrometry of sources, we do not use the stacked images of
the ERO public data release, but instead use the individual expo-
sures (still not publicly available). In the following, we consider
each VIS quadrant as a stand-alone detector for which to model
PSFs and GD corrections.

3. ePSF and GD modelling

The Euclid VIS PSFs are moderately undersampled, and the
NISP PSFs are extremely undersampled, as is discussed in
Euclid Collaboration (2024a) and Euclid Collaboration (2024b),
respectively (we quantify the level of undersampling in the
following section). Thus, the modelling of these PSFs requires
particular attention. We followed the prescriptions of Anderson
& King (2000, later described in Libralato et al. 2016, 2023;
Nardiello et al. 2022) to create effective PSFs (ePSFs). The
ePSF is the convolution between the instrumental PSF (that due

2 The NISP detectors use a non-destructive readout. Each of these
NISP ERO exposures was obtained with four groups, 16 reads, and four
drops. Each of the four groups was obtained by averaging 16 consecutive
reads. Between each group, four frames were dropped (i.e. not read).
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Euclid VIS I

HST ACS/WFC F814W

Fig. 1. Euclid view of NGC 6397 and comparison with HST. The top-centre panel presents a colour stacked image (red=NISP H;, green=NISP
Je, and blue=NISP Y:) of the entire field of NGC 6397 covered by the ERO data. The four zoom-ins (blue squares) highlight various regions in
the outskirts of the field. The magenta box is centred on the core of the cluster. A zoom-in on this region is shown in the three bottom panels.
The leftmost panel is taken from the NISP Yg-filter stacked image, while the middle panel refers to the VIS I-filter data. The empty space in the
leftmost panel is an artefact of the stacking process. As a comparison, a view of the same region taken with HST’s Wide Field Camera of the
Advanced Cameras for Surveys in the F814W filter (Nardiello et al. 2018) is shown in the rightmost panel. In all these panels, north is up and east
is to the left. All plots are on a logarithmic grey scale, with minimum and maximum values tailored in each image to enhance the faint details.

to the telescope optics) and the pixel response, and it is what one
actually measures from an image. Because the ePSF modelling
requires an estimate of the GD correction of the detector, we
iterated the entire procedure three times, each time improving
the GD correction and ePSF models with the products from
the previous iteration. Below we briefly describe the two parts
separately to simplify the presentation.

In the following, positions are estimated using the FORTRAN
code euclidlpass, which is the Euclid-tailored version of the
code hstlpass (Anderson 2022a,b) that we developed for our
analysis. The euclidlpass code allows the users to measure
positions and fluxes of all detectable sources in a given expo-
sure in a single pass and provides useful diagnostic parameters to
assess the quality of the results. In our iterative process discussed
below, we initially used euclidlpass to perform aperture pho-
tometry and then, when the ePSF models had been constructed,
we fit the ePSF models to obtain more accurate positions and
fluxes.

3.1. ePSF modelling

As described in Anderson & King (2000, see, in particular, the
overview diagram in their Fig. 8), Libralato et al. (2016, 2023,
2024), and Nardiello et al. (2022), every pixel in the vicinity
of a star can provide one constraint on the ePSF model at a
particular location in its domain. Collecting many samplings
from many stars in different images allowed us to map the
pixel-phase space and build accurate ePSF models. However,
this is a complex procedure when dealing with undersampled
PSFs.

The first steps of the modelling of undersampled PSFs
present an important hurdle that needs to be overcome: PSFs
can be obtained when accurate stellar positions are available,
but without accurate PSF models it is not possible to measure
positions accurately. To break this degeneracy, we took advan-
tage of an external catalogue to provide the accurate positions
we need. We chose the Gaia DR3 catalogue for this task since it
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Fig. 2. Example of the iterative derivation of the ePSF for the most undersampled instrument/filter combination (i.e. the NISP Y% filter). The top
row shows the first iteration, while the bottom row is the last iteration. In each row, we show from left to right: (i) where the centres of the stars
are measured to be with respect to the pixel boundaries (the origin of the plot is the centre of the pixel); (ii) pixel-phase errors for the positional
residuals (defined as the difference between the single Euclid exposure positions and the Gaia positions transformed back onto the Euclid frame)
along the x (top) and y (bottom) axes; and (iii) ePSF samplings with respect to the centre of the ePSF placed at O along the x axis in a small strip
(Ay < 0.01 pixel) around the centre of the ePSF. In the rightmost panels, a given star contributes to the plot with different points (one per sampled
pixel), at odds with the panels in the first two columns from the left where each point corresponds the position of a star.

provides hundreds of stars that are bright enough in the VIS or
NISP images to be used for the ePSF modelling.

The Gaia DR3 positions were moved to the epoch of the
Euclid ERO observations by means of the PMs provided in the
catalogue. The equatorial coordinates in the Gaia catalogue were
projected onto a tangent plane centred at the centre of the VIS or
NISP mosaic (taken from the header of each image). The pixel
scale was set to be the nominal pixel scale of VIS or NISP (100
and 300 mas pixel™!, respectively), and the x and y axes were
oriented west and north, respectively. We refer to these positions
as (xU%2 G2y These were transformed into the raw reference
frame of each VIS quadrant or NISP detector by means of: (1)
six-parameter linear transformations (to go from the Gaia plane
to the GD-corrected plane); and (2) the inverse GD correction (to
go from the GD-corrected to the raw plane). These positions then
provide a bias-free estimate of the true location of the stars on the

: : 141 Gaia Gaia
pixel grid. We refer to these positions as (xg AW.6p° YR AW,6p)'

We iteratively measured position and flux of bright?, iso-
lated sources in each VIS quadrant or NISP detector. At the first
iteration, positions were just defined as the photocentre, while

3 Our ePSFs were made using stars in a specific magnitude range and,
as such, these ePSFs resemble the flux distribution of objects with flux
similar to that of the sources used in the modelling. Stars brighter or
fainter than those used for the ePSF modelling show small deviations
from what predicted by the ePSF. This is what we would expect from the
so-called ‘brighter-fatter effect’, as discussed in, for example, Libralato
et al. (2023, 2024). For now, we chose to make our ePSF models flux-
independent and postpone more detailed analyses to future works.
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fluxes came from aperture photometry. In the subsequent itera-
tions, when the ePSFs were available, these values were updated
with the result of the ePSF fit.

The bright and isolated stars in the Euclid and Gaia cat-
alogues are cross-identified and transformations between the
two frames are computed. The Gaia positions are transformed
back to the Euclid frame and then the inverse GD correction
is applied to provide positions in the raw chip-based system
(xgi\z;,ﬁp,ygisvﬁp), where ePSFs are modelled. Once a star has
been pin-pointed on the pixel grid, its pixels are used to sam-
ple the ePSF. At each iteration, new, improved Euclid positions
are available and are used to compute more accurate transfor-
mations between frames. As in Libralato et al. (2023), we allow
the ePSF fitting procedure to also fit source positions instead of
imposing positions from the Gaia catalogue in the last iterations.
An example of the iterative process for the detector DET11 of
NISP in the Y; filter is presented in Fig. 2. At the beginning, the
ePSF samplings are preferentially clustered at the centre of the
pixel and a clear trend in the positional errors as a function of
the pixel boundaries is present (top row). When the ePSF mod-
elling is complete (bottom row), the ePSF samplings are now
homogeneously distributed across the pixel and the pixel-phase
errors have significantly improved. Small residual pixel-phase
errors are still present in ePSF models for some of the VIS quad-
rants or NISP detectors. The use of Gaia positions, for which
uncertainties are larger than the nominal DR3 positions (because
they were propagated to the epoch of the Euclid observations),
is likely the major limitation to our modelling. As shown in, for
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Fig. 3. Overview of the Euclid’s ePSFs modelled in our analysis. The top row shows a 3D representation of our ePSFs for the VIS quadrant 1-1.E
and for the NISP detector DET11 in each of the three NISP filters. At the top of each panel, we provide the percentage of flux of the star within
the centremost pixel, and the full width at half maximum (FWHM) in pixel and in arcsec. The bottom row contains the 2D view of the ePSFs. The

scale is logarithmic and the same in all these four panels.

example, Anderson & King (2000), a self-calibration approach
could lead to more accurate ePSFs but the Euclid ERO data
set is not designed for this purpose (few images and only large
dithers). Although not perfect because it relies on limited data,
our procedures already allow us to obtain accurate ePSFs for the
Euclid instruments for high-precision and accuracy astrometry,
which are a significant improvement over existing products (as
described in the next sections).

The available data sets for VIS and NISP allowed us to model
oversampled ePSFs by a factor of 4. Various constraints were
applied to ensure the ePSF models are smooth and continuous
(Anderson & King 2000). We normalised our ePSFs to sum up to
1 within a radius of 5 pixels (chosen arbitrarily). The ePSF mod-
elling started with one ePSF for the entire detector and then we
let the ePSF model vary spatially, dividing the array into regions
and computing an ePSF for each of them. For the VIS quadrants,
we designed a 3 x 3 array of ePSF models, while for the NISP
detectors the 10 times more stars made it possible to obtain a
5 % 5 array of ePSFs. We quantified the spatial variation of the
ePSFs by computing the difference between the centremost pixel
of each ePSF and the average ePSF. The median and maximum
differences among all chips for a given detector and filter are the
following:

— VIS I; — median value: 1.2%, maximum value: 4.4%;

— NISP Y; — median value: 2.6%, maximum value: 3.6%;

— NISP J; — median value: 2.4%, maximum value: 3.1%;

— NISP H; — median value: 1.6%, maximum value: 2.0%.
Figure 3 shows a 3D view of the ePSFs for the bottom-left
quadrant and detector of the VIS and NISP instruments, respec-
tively. All ePSFs are undersampled, with the most extreme case
being that of the NISP Y.-filter data. The sampling parameter
r is a pure number defined as the ratio between the PSF full-
width at half maximum (FWHM) and the pixel size in the same
units (mas or pixel). For an undersampled PSF, r is smaller
than the ‘Nyquist’ sampling 2.3. Using the values in Fig. 3, we
conclude that the VIS instrument is moderately undersampled
(r =~ 1.5), while the NISP instrument is severely undersampled
(r =~ 1.2-1.3).

3.2. GD polynomial corrections

The GD correction for each mosaic was calibrated by leverag-
ing the Gaia DR3 catalogue. The large FoV covered by VIS and
NISP requires a specific GD correction that takes into account
that every dithered image is in a different tangent plane. To
perform this, we followed the prescriptions of Libralato et al.
(2015) and Griggio et al. (2022) for wide-field imagers. For
every image, the Gaia positions were propagated to the epoch
of the observations, thus removing the contribution of the PMs
that could significantly increase the noise in the mapping of the
GD. As described in the previous section, we projected the Gaia
positions onto a tangent plane centred at the centre of each chip,
fixing the pixel scale to be the nominal pixel scale of the instru-
ment analysed, and imposing the x and y axes to be oriented
west and north, respectively. This step allowed us to disentangle
the projection effects form the GD and use the information from
different images to solve for the GD.

The first step of the solution consists of two third-order
polynomial functions, one for each coordinate, for every quad-
rant of the VIS or detector of the NISP mosaic. For NISP,
we obtained a GD correction for each filter, so as to take into
account the filter-dependent terms in the solution. We used the
best-available ePSF models to measure positions and fluxes of
bright, well-measured, unsaturated objects. We excluded from
the Gaia catalogue stars brighter than G=13 (saturation makes
Gaia astrometry worse for stars brighter than this threshold) and
fainter than 20.5 (to exclude the few stars with very large PM
errors). Then, we cross-identified the same stars in the Euclid
and Gaia catalogues. For VIS, the number of stars in common
with Gaia varied between about 1000 and 4300, whereas for
NISP the number ranged between about 9000 and 25 000, thanks
to the shallower NISP exposures. The Gaia positions were trans-
formed onto the raw reference system of the Euclid VIS quadrant
or NISP detector by means of four-parameter linear transfor-
mations (rigid shifts in the two coordinates, one rotation, and
one change of scale) and the available inverse GD correction

: Gaia Gaia H 14 H
to obtain (xRAWAp,yR AW,4p)' Finally, positional residuals were
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defined (e.g. Sect. 4.1.3 of Bellini & Bedin 2010) as the dif-
ference between these transformed Gaia positions and the raw
Euclid positions (Xpaw, Yraw):

(1

— ,,Gaia
Ay - yRAW,4p — YrRAW.

{ Ax = XSX&AP — XRAW>

We collected all residuals and fit them with two third-
order polynomial functions. The coefficients of the polynomial
functions were obtained via a least-square fit of all positional
residuals. As in other analyses, (e.g. Anderson et al. 2006; Bellini
& Bedin 2010; Libralato et al. 2014), we selected the centre
of the detector (x.f, Yref) as the reference pixel with respect to
which we solve for the GD. This choice makes the interpretation
of the different terms of the GD straightforward. We selected
(Xrefs Yrer) = (1064, 1043) and (1024, 1024) for the VIS quadrants
and NISP detectors, respectively. The GD correction is defined
as (see also Sect. 4.1.2 of Bellini & Bedin 2010)

et \ [ Y=ot \/
- xog ' (ytet
0% = Tim1a Yoo aij (=) (L),

Xref ; Yref i (2)
0y = Q=13 2 j=13-i bij (x;—ffr) (%) ,
XCORR = XRAW + OX, 3)
YCORR = YRAW + OY.
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are now NISP pixels.

We iterated the process 200 times, each time adding only 75% of
the coefficient values to the previous estimates to ensure the con-
vergence of the solution. Figures 4 and 5 show the GD maps and
the positional residuals against the Gaia catalogue as a function
of x or y coordinates before (left) and after (right) applying the
polynomial correction in the case of the VIS and NISP Y;-filter
data. The GD maps for all detectors are presented in Appendix B.
The distortion maps and residuals for both VIS quadrants
and NISP detectors show that our corrections effectively remove
most of the GD. For VIS, some fine structures (<0.1 pixel) are
still present in the positional residuals. An additional look-up
table of residuals would remove these systematics, but the num-
ber of sources in common with Gaia is not high enough for this
task (e.g. Libralato et al. 2023). Alternatively, one could com-
pute such look-up tables by means of a self-calibration approach
(e.g. Bellini & Bedin 2010; Libralato et al. 2014), but the lim-
ited number of images and the particular dither pattern used for
the Euclid ERO observations of NGC 6397 is not appropriate for
this approach (see discussion in Haberle et al. 2021). For NISP,
the number of sources in common with Gaia is higher than for
VIS, and we are able to obtain residuals with a better dispersion
than for VIS (see below) and comparable with other studies in
the literature on the topic of the GD (e.g. Bellini et al. 2011).
We note that the residuals shown in the distortion maps in
Figs. 4 and 5 include the contributions of the ePSF-fit errors,
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the residual uncorrected GD and the positional errors of Gaia.
For the latter part, the dominant source of error is that related
to the PM propagation from 2016.0 (the reference epoch of the
Gaia DR3) to the epoch of the Euclid observations. We mea-
sured the RMS of the positional residuals obtained by comparing
the Euclid and Gaia positions (i.e. like in the side panels of
Figs. 4 and 5). For all 144 VIS quadrants, we find that the RMS
ranges from 0.032 and 0.053 VIS pixel, which corresponds to
3.2-5.3 mas. For the 16 NISP detectors, we find instead 0.014—
0.020 pixel, which corresponds to 4.2—-6.0 mas. These values in
mas are strikingly similar and could suggest that the Gaia PM
errors dominate the error budget in the positional residuals and
that our Euclid astrometry is much better than what is shown
in the two figures. We will further investigate this in Sect. 3.4,
where we present an analysis to assess the astrometric precision
of our data reduction using Euclid data alone, and in Sect. 4
where we compare the Gaia DR3 PMs with the PMs obtained
by combining the Euclid and Gaia positions.

Solving for the GD of a detector by means of an external
reference catalogue strongly depends on the quality of the refer-
ence catalogue itself (WFIRST Astrometry Working Group et al.
2019). Any systematic error present in the reference catalogue
can propagate in the GD solution. The situation worsen when
PMs are included in the process. In our work, the contribution
of the PM propagation of the Gaia positions dominates the error
budget, as we have shown above. However, for relative astrom-
etry, like what we present in Sect. 3.4, the Gaia systematics do
not explicitly manifest themselves in the positions. Combining
dithered observations, we can compare positions of stars mea-
sured in different parts of the VIS or NISP mosaic and randomize
any systematic errors, thus improving our reference frame.

3.3. GD meta frame

The second step of the GD correction consists of putting all chips
on to the same distortion-free reference frame. Again, we fol-
lowed the prescriptions of Anderson & King (2003), Bellini &
Bedin (2010), Libralato et al. (2015) and Griggio et al. (2023a).
First, we applied the GD correction to all bright stars in our
Euclid single-chip catalogues found in common with the Gaia
DR3 catalogue. Then, we found the four-parameter linear trans-
formations to transform the GD-corrected positions of each chip
k on to the Gaia DR3 catalogue, and then back to the refer-
ence system of the bottom-left VIS quadrant (1-1.E) or NISP
detector (DET11). The relations between the positions of a star
in the chip-k system (x{°",y;°") and that in the chip-1 system
(x{°'", Y1) are (see also the detailed description of the process

1
in Sect. 5 of Bellini & Bedin 2010):

R ea N cos(Gy — 6y) sin(G; — 6,) X0 = Xeef
yior )T e | —sin(@ — 61)  cos(Or — 61) [\ ¥ — Yret
xoffsel)
+( Eyoffset)llj )’

“)

where (X, Yrer) refer to the centre of the detector defined above.
The scale factor is indicated as a; and the angle as 6;, while
(Xoffsets Yoftset) are two offsets that include the relative position
of the centre of the chip k in the reference frame of chip 1 and
place the centre of the image in the pixel (0,0). This meta-frame
solution places all detectors onto a GD-corrected system and in
the same tangent plane. Hereafter, we refer to this system simply
as the ‘meta-frame catalogue’. The advantage of using the meta

frame solution is that all 144 VIS quadrants or 16 NISP channels,
respectively, are collected in the same catalogue, which makes
the handling of the data easier.

3.4. Astrometric precision

At the end of our iterative process, we have a final set of ePSF
models and GD corrections for each detector, instrument, or fil-
ter. We re-measured all detectable sources in each Euclid image
via an ePSF fit using the code euclidlpass. Then, we applied
the GD correction and put all chips in the same meta frame.

We estimated the astrometric precision of our data reduc-
tion by combining all images together for a given instrument and
filter. First, we placed all meta catalogues on to the same tan-
gent plane. As a tangent point, we arbitrarily chose the centre of
NGC 6397*. None of the images is centred exactly on the cluster,
so this choice allowed us to test the accuracy of our meta-frame
solution. Because the tangent point of each image taken from the
header is set to be the pixel (0,0) in the meta frame, this process
is straightforward. Once all catalogues were projected onto the
same tangent plane, we cross-identified the same stars in mul-
tiple meta catalogues, and averaged their positions and fluxes
after they were transformed onto a common reference frame sys-
tem, hereafter ‘master frame’, by means of six-parameter linear
transformations. The scale and orientation of this master frame
were defined by means of the Gaia DR3 catalogue (similarly to
what described in the previous sections). We projected the Gaia
positions onto a tangent plane centred on the cluster, fixing the
pixel scale and axis directions. We kept only stars measured in at
least three VIS images. We defined the 1D positional RMS as the
sum in quadrature of the positional RMS along the x and y axes

divided by V2. The result for both VIS and NISP instruments is
shown in Fig. 6.

We selected well-measured stars from saturation to two mag-
nitudes fainter and computed their median 1D positional RMS
values. Well-measured objects were selected by means of the
‘Quality of PSF fit’ or QFIT parameter (Anderson et al. 2006;
Libralato et al. 2014) provided by euclidlpass. The QFIT is
defined as the absolute fractional error in the ePSF fit of a source.
It is close to O for a well-measured source and it gets increasingly
higher for poorly measured objects. The median 1D positional
RMS for bright stars with QFIT < 0.05 is reported in each panel
in Fig. 6. Thanks to our accurate ePSF and GD modelling, we
can measure stars with a precision better than about 0.7 mas and
3mas with VIS and NISP, respectively. Pixel-wise, these val-
ues are consistent with what has been achieved with the same
state-of-the-art techniques for cameras onboard HST (Anderson
et al. 2006; Bellini & Bedin 2009; Bellini et al. 2011) and JWST
(Griggio et al. 2023a; Libralato et al. 2023, 2024).

3.5. Comparison with the official ERO catalogue

We compared our VIS astrometry and that of the Euclid ERO
catalogue of NGC 6397 used in Massari et al. (2024)°. The offi-
cial ERO catalogues provide astrometry and photometry with
multiple techniques. Here we used that from PSF fit for a fair
comparison (see Cuillandre et al. 2024, for a description of the
PSF extraction and fit). Specifically, we took the equatorial coor-
dinates obtained from the PSF fit (columns ALPHAPSF_J2000
and DELTAPSF_J2000), projected them onto the same tangent
plane of our VIS catalogue (i.e. using as tangent point the centre

4 (RA, Dec) = (265.175385,-53.674335) from the GC online
database of Holger Baumgardt.
5 Available at this Euclid ERO page.

A96, page 7 of 23


https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
https://euclid.esac.esa.int/dr/ero/ERO-NGC6397

Libralato, M., et al.: A&A, 692, A96 (2024)

0.1 — T3
0.08
0.06 :
E 0.0105 pixel
0.04 E 3.14 mas
0.02 & "
0 E 1 1 I 1 e " & .
16 14 12 10
NISP H; instrumental magnitude
pu— O‘l = T T ]' T
= 0.08
% 0.06 .
T E 0.0111 pixel
a, E
— ggg E 3.33 mas
2 . E ey
= 0t 1 1 I I L & "
= 16 14 12 10
E NISP J, instrumental magnitude
9 0.1 r T T T T T T T T T
f‘g 0.08 E
S 0.06 0123 pixel
0.04 F 369 mas
e 0.02 £ :
O L 1 | 1 22 Lt
-16 -14 -12 -10
NISP Y, instrumental magnitude
O.] = T ‘ T T T ] T T T
0.08 £ I
882 £0.0071 pixel [
‘e E0.71 mas |
0.02 & i ) {35
0 1 1 1 1 1 1
-16 -14 -12 -10

VIS instrumental magnitude

Fig. 6. One dimensional (1D) positional RMS (expressed in units of VIS
or NISP pixel depending on the panel) as a function of VIS or NISP
instrumental magnitude. The red horizontal line is set at the median
value of bright, well-measured (QFIT < 0.05) stars that lie within the
two red, dashed, vertical lines. The median values in pixels and mas are
reported in each panel. Only 20% of the points are shown for clarity.

of NGC 6397), and transformed these positions onto a tangent
plane (in units of pixels) in the same way as we described for the
Gaia catalogue in the previous sections. This step is necessary
to avoid including projection effects in the comparison.

We cross-matched both catalogues with the Gaia DR3 cat-
alogue (with positions that were PM-propagated to the epoch
of the ERO observations) and considered only bright, well-
measured stars in common between all three catalogues. We
transformed the positions as measured in our or ERO catalogues
on to the reference frame of the Gaia DR3 catalogue using six-
parameter linear transformations and computed the difference
between the two sets of positions. Figure 7 shows the residuals
along the x or y axis as a function of x or y positions for our cat-
alogues (two panels from the top) and the ERO (two panels from
the bottom) catalogues. The comparison shows that, although
good, there are still some systematic trends at the 0.2-pixel
(20-mas) level visible in the official ERO catalogue, while our
astrometry provides an astrometrically flat reference frame com-
parable to that of Gaia. This comparison highlights once again
the astrometric potential of the Euclid data with an optimised
data reduction.

4. Testing the astrometry: Proper motions from
Gaia DR3 positions

We tested our astrometry and computed PMs for all stars in
common between our Euclid and the Gaia DR3 catalogues as
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Fig. 7. Comparison of the astrometry in our new and the ERO official
VIS catalogues. In each panel, we show the positional residuals as a
function of position in the Gaia catalogue. The positional residuals are
computed as the difference between the Gaia DR3 positions and our or
the ERO positions transformed on to the reference frame of the Gaia
catalogue. All units are VIS pixels. The labels on the right side of each
plot describe the quantities depicted in each panel. The red, dashed hor-
izontal line is set to 0 as a reference.

described in Libralato et al. (2021) and Griggio et al. (2024) —
see also del Pino et al. (2022) for a similar application with HST.
In this test, we used only the VIS exposures since they provide
the best astrometric precision (see Sect. 3.4).

First, we set up an absolute reference system using the Gaia
catalogue as described in the previous section that is by project-
ing the Gaia positions propagated using PMs, but not parallaxes,
to the epoch of the Euclid ERO on to a tangent plane centred on
the centre of NGC 6397, fixing the pixel scale (100 mas pixel™!)
and the orientation. Then, for each star in the meta catalogues,
we used six-parameter linear transformations to transform its
position onto the Gaia-based frame. We also applied a local



Libralato, M., et al.: A&A, 692, A96 (2024)

L T —— 10 rrr-r-r
0 0}
o -10 n 10 |
[ @ !
E E
3> 1"’ }
= =20 20 }
Gaia DR3 [
30 ‘ 30 |
20 10 0 10 20 20
p,cosé [mas yr1]
,)I
16 17 18 19
— 10% ¢ T . .
w 1000 }
g ;
100}
2 E
£ i :
16 17 18 19
G
,lZ
16 17 18 19
104 e ‘ - . v N
5 1000 ¢
" :
e i
= 100 }
b;
10

16

G

offset to fine-tune the transformed positions and mitigate the
effects of residual uncorrected GD or ePSF-related systematics®.
Finally, the Euclid position of each star was computed as the
sigma-clipped average of the transformed positions of the four
meta catalogues at our disposal. PMs were then defined as the
difference between these Euclid and the Gaia DR3 (at epoch
2016.0) positions divided by the temporal baseline (7.724 yr) and
multiplied by the pixel scale:

o Os 6 [mas yr—l] - _ ( xEuclid 2023.7 _ xGaia,2016.0) [VIS pixel]

x 100 [ mas pixel ']
7.724 [yr] ’

Us [mas yr—l] - (yEuclid,2023.7 _ yGaia,2016.()) [VIS pixel]

100 [ mas pixel™']

X 7.724 [yr]

®)

We note that, by construction, our master frame is oriented with
the x axis increasing towards the west, thus the minus sign in
the equation of u, cosd. The PM errors were computed as the
sum in quadrature of the Euclid VIS and Gaia DR3 positional
errors, again divided by the temporal baseline and multiplied by
the pixel scale.

Figure 8 compares the two PM catalogues. The top pan-
els illustrate the vector-point diagrams (VPDs) for the two

6 This is the so-called ‘boresight’ correction described in Anderson
& van der Marel (2010) and it is defined as the average of the posi-
tional residuals between the transformed Euclid positions and the Gaia
positions of the closest 25 stars to the target.

10 0

10
pcosé [mas yr-t]

20 21

Fig. 8. Comparison between the Gaia and
Euclid-Gaia, hereafter E-G, astrometry. The
two VPDs at the top present the Gaia DR3
(left panel) and E-G (right panel) PMs.
Objects in common between the two cata-
logues are shown in black or red, depending
on the panel. Blue points are stars with a
two-parameter astrometric solution in Gaia
(i.e. no PMs in the DR3) and an E-G PM
estimate. The middle and bottom panels
show the PM errors along @cos ¢ and ¢ as
a function of G magnitude in the Gaia DR3
(black points) and E-G (red and blue points)
catalogues. The increase of the E-G PM
errors from I; < 18.8 is related to satura-
tion and poorly measured objects in the VIS
exposures.

catalogues. We note that our computed PMs are in the
absolute ICRS reference system of Gaia by design. The sources
with no PM in Gaia DR3 but with an estimate of the posi-
tion in both Gaia DR3 and Euclid images are plotted in blue
in the rightmost VPD. The tight clump of sources at the bot-
tom left of each VPD is made up by members of NGC 6397,
while the other much broader distribution is composed of the
Galactic field objects, mainly Bulge stars. The visual comparison
between the two VPDs shows again the high precision reached
with our Euclid-Gaia (hereafter E-G) PMs. Indeed, the disper-
sion of the PMs among cluster members is much tighter using
our PMs than with those of the Gaia DR3 catalogue. The broader
and elliptical distribution of the cluster stars in the Gaia-only
VPD is related to systematic errors in the Gaia DR3 PMs at the
faint-end of the catalogue (18 < G < 21). Indeed, restricting the
Gaia DR3 sample to stars with G < 19 and PM error better than
0.25 mas yr~! makes the distribution of NGC 6397 in the Gaia
DR3 VPD tighter and comparable to that of our E-G PMs.

The two bottom panels show the PM errors as a function of
G magnitude. For reference, we also report on the top x axes the
corresponding VIS /; magnitude levels. We note that this is a
crude transformation (i.e. a zero point with no colour terms con-
sidered) and is just meant as a zero-order reference. Two features
are immediately clear in these panels:

1. the PM errors of unsaturated stars (I; = 18.8) in the E-G
catalogue are about 10 times smaller than those in Gaia
DR3;

2. the stars without a PM estimate in the Gaia DR3 catalogue
(i.e. sources with only a 2-parameter astrometric solution)
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Fig. 9. Comparison between the two components of the PMs in the Gaia
DR3 and our E-G catalogue. All unsaturated stars in common with a
PM measurement are shown. The red line in each panel is the fit to the
points (and not the bisector of the plot) and highlights the nice agree-
ment between the two sets of PMs. The broad distribution along the y
axis is a proxy of the systematics errors in the Gaia DR3 PMs for the
faint stars in common with the Euclid data.

now have a PM measurement and it is much better than that

of sources of similar magnitudes in Gaia.

There are approximately 13 300 Gaia sources without a PM in
the DR3 catalogue within the Euclid ERO field studied here that
now have an E-G PM (blue points); 11 000 of them with G > 20
and 3000 with G > 21. For reference, in this ERO field there are
about 27 000 objects with a PM measurement in the Gaia DR3
catalogue with G > 20 and only five with G > 21. The large
dispersion in the distribution of the PM errors of bright sources
for the E-G sample (red points) is due to the saturation of the
VIS exposures (I; < 18.8) and poorly measured (i.e. large QFIT
values) objects. In the following, unless declared otherwise, we
excluded these objects from all our analyses.

Figure 9 presents a direct comparison between the E-G and
Gaia DR3 PMs. The red line in each panel is the fit to the point
and not the plot bisector. The agreement between the two sets
of PMs is clear. For cluster stars (those with the tighter distri-
bution), the dispersion along the y axis is larger than along the

A96, page 10 of 23

x axis. This is an indicator of systematic uncertainties affecting
the Gaia DR3 PMs, likely related to the inhomogeneous scan-
ning pattern of Gaia (clearly shown as an ‘X’ shape pattern
in the VPDs in Fig. 8; see, for example, Bianchini et al. 2018)
and partially to the crowding towards the centremost region of
NGC 6397. Appendix C discusses a more detailed comparison
between the E-G and Gaia DR3 PMs. We found a clear sys-
tematic difference as a function of colour that we empirically
corrected (see Appendix C). The VIS filter is very wide and as a
consequence the PSFs of blue and red sources can be different.
Our ePSF models were obtained using stars in a specific mag-
nitude range (from saturation to about two magnitudes fainter)
regardless of their colour, but the majority of the sources are con-
fined within a specific colour range as shown in the next section.
Thus, it is not surprising that very blue and red objects would
behave differently from the others. Also, depending on the posi-
tion in the field of view, the typical colour of the stars used in
the modelling can be different. For example, towards the cen-
tremost regions the stars belonging to NGC 6397 dominate the
sample, whereas at the edges of the field there is a mix of clus-
ter and field stars. All these factors can contribute to creating
colour-dependent systematic effects. Future studies will focus on
the chromatic dependency of the ePSF models. The scientific
application in Sect. 6 makes use of these corrected PMs.

5. Testing the photometry: VIS and NISP
colour-magnitude diagrams

We cross-identified the same stars in all our ePSF-based VIS
and NISP master catalogues. Only stars measured in at least
three images per filter were considered. Our photometry was
registered on to the official Euclid system by computing the zero-
point difference with the corresponding photometry in the Euclid
ERO data release. As in Sect. 3.5, we considered the PSF-based
photometry in the official ERO catalogue (column MAG_PSF).

Figure 10 presents a collection of colour-magnitude diagrams
(CMDs) made using various combinations of VIS and NISP fil-
ters. Black and grey points represent unsaturated and saturated
stars, respectively. The main sequence of NGC 6397 is clearly
visible in each CMD. The rightmost J;; versus (J;—H;) CMD
shows a pure near-infrared diagram where it is even possible
to distinguish features such as the kink of the main sequence
at about (19.5,0.0). The kink is visible in near-infrared CMDs
and arises from the effect of the collision-induced absorption
of hydrogen molecules on the surfaces of M dwarfs (of around
0.5 Mg,), which changes their opacity and redistributes the stel-
lar flux longwards of 2 um to shorter wavelengths (Linsky 1969;
Saumon et al. 1994). The kink is an important point along the
main sequence used to derive accurate ages for globular clusters
(e.g. Correnti et al. 2018; Saracino et al. 2018). Figure 11 high-
lights the comparison between two sets of CMDs made with the
official ERO catalogues and ours. Only 20% of the stars in com-
mon are shown for clarity. Our ePSF-based photometry provides
remarkably better defined sequences on CMDs, especially with
the NISP instrument, and is a demonstration of the accuracy of
our ePSFs.

Finally, Fig. 12 shows another example of the potential appli-
cations enabled by our astrometry and photometry. We used
our E-G PMs to select members of NGC 6397 and foreground
or background stars (all objects, including those saturated, are
shown for completeness). Then, we highlighted these two groups
of stars in a NISP-based CMD, showing that these groups have
different loci in the diagram. As a reference, we plot all other
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Fig. 11. Comparison between three sets of CMDs made with the photometry in our work and in the official ERO data release.

For clarity, only 20%

of the stars (randomly selected) among those in common between the two catalogues are shown.

stars in the photometric catalogue that do not have a PM mea-
surement. Using a deeper first-epoch catalogue other than Gaia,
we could discriminate the various populations in the CMD
according to their kinematics even at fainter magnitudes.

6. Scientific application: The absolute PM and the
internal kinematics of NGC 6397

The E-G PMs offer us the opportunity of investigating the abso-
Iute PM of NGC 6397 and its internal kinematics out to about
a half of its tidal radius (ry = 52.44 arcmin; from the GC
online database of Holger Baumgardt). This is a pilot project

aimed at demonstrating the astrometric and photometric capabil-
ities of Euclid rather than an all-around scientific investigation
of NGC 6397, so we simply present here a comparison with
literature values.

First, we defined a sample of well-measured, unsaturated
(within two magnitudes from saturation in the VIS catalogue)
cluster stars with a PM error lower than the minimum between
two numbers: a magnitude-dependent threshold set by hand
(that increases towards fainter magnitudes) and 0.15 mas yr'.
We considered only unsaturated stars that were measured
in at least three VIS images and that were corrected for the
colour-dependent systematic described in Appendix C. Stars
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Fig. 12. Overview of the VPD and CMD of stars with E-G PMs. In the VPD on the left, we selected members of NGC 6397 (black points) as those
objects having a PM within 2 mas yr~! of the bulk motion of the cluster (red circle). All other stars are considered background or foreground field
populations and are shown in green. All objects, including those saturated, are shown for completeness. The two groups of stars are then plotted in
Je as a function of (Jg—Hg) on the right. Our PMs are effective in discriminating between the various populations in the field. As a reference, we
show in grey all other stars in the catalogue that do not have a PM measurement because they are fainter than the Gaia limit. The main limitation
of our investigation is the shallow first-epoch Gaia catalogue used to compute PMs. Only 10% of points are shown for clarity.

included and rejected in our analysis are shown in panels a, b,
and c of Fig. 13.

The absolute PM of NGC 6397, defined as the 3o-clipped
median PM of well-measured cluster members, is

(Ue cOS 0, Us)g—c = (3.271 £ 0.003, —17.644 + 0.003) mas yr‘l.
(6)

The error bars include only the statistical errors and not sys-
tematic ones, which can be an order of magnitude larger. Our
estimate of the absolute PM of NGC 6397 is in agreement with
that from Gaia DR3 provided in the Baumgardt GC database,
(Ue cOS 0, 1s)=(3.251 £ 0.005, —17.649 + 0.005) mas yr‘l, at the
~30 level.

Then, we computed the combined (o), tangential (07a,) and
radial (or,q) velocity dispersions as a function of distance from
the centre of the cluster in 15 equally populated bins (663 stars
per bin) using a maximum-likelihood approach, as described
in section 4 of Libralato et al. (2022), to which we refer the
reader for a description of the methodology and the definition
of the quantities derived. The values of oy, and o,q were
obtained from the PMs along the tangential and radial direc-
tions, respectively, with respect to the centre of NGC 6397 in
the plane of the sky. The value of o, was obtained by assuming
0 = Otan = Oraq in the computation (Libralato et al. 2022). The
result is presented in panel d of Fig. 13. Measurements based
on the E-G PMs are shown in black. Blue and green points are
taken from Vasiliev & Baumgardt (2021, with Gaia DR3) and
Libralato et al. (2022, with HST), respectively. Our profile sug-
gests that stars are kinematically hotter than what is predicted by
the Gaia DR3 PMs. The stars in our sample are main-sequence
objects with G > 19, while those used in the other studies in
the literature are brighter and more massive. Thus, the different
kinematics could be related to energy equipartition in the cluster.
Alternatively, our PM errors could be underestimated, which is
not an unreasonable option, given the data set at our disposal. As
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a cross-check, we independently computed with our tools’ the
velocity dispersion of NGC 6397 using the Gaia DR3 PMs in a
mass range similar to that of the £E-G sample. However, we could
not select the exact same stars as in the E-G sample because the
Gaia DR3 PM errors are too large at G > 19 for meaningful mea-
surements. The Gaia-based profile is shown in red. Despite the
larger error bars, there is a good agreement with our E-G profile.

Panel e of Fig. 13 presents the anisotropy profile, defined as
the ratio between the tangential and radial components of the
velocity dispersion as a function of clustercentric distance. The
plot shows that NGC 6397 is isotropic within our FoV. The result
is in agreement with what was found by Vasiliev & Baumgardt
(2021).

7. Conclusions and future plans

This work describes the development of the procedures to
obtain ‘state-of-the art’ imaging astrometry and photometry
from undersampled images collected with the instruments at the
focus of the space-based diffraction-limited Euclid telescope.
These techniques involve an iterative process aimed at simulta-
neously solving for: (1) the exact shape of the effective PSFs (see
details of this concept in Anderson & King 2000); (2) the posi-
tion of the sources; and (3) the GD correction of the instruments.
These procedures, applied to ground- and space-based data, have
shown in the literature to produce significantly better results for
both astrometry and photometry when compared with standard
techniques, particularly in crowded environments.

This paper applies these techniques, for the first time, to the
Euclid instruments using the ERO data of NGC 6397. Compared

7 Libralato et al. (2022) has already shown the good agreement
between the velocity dispersions computed with the same tools used
in our paper and the velocity dispersions in the literature obtained
with different tools by Vasiliev & Baumgardt (2021) and Watkins et al.
(2015).
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Fig. 13. Velocity-dispersion and anisotropy radial profiles for NGC 6397. Panel a shows the VPD of the E-G PMs. Black dots are the cluster
members that survived all our selection criteria and were used to compute the velocity dispersion of NGC 6397. All other stars are plotted as grey
points. Panel b presents a zoom-in around the cluster distribution in the VPD (only black points are included for clarity). The PM error along a cos ¢
as a function of Iz magnitude is shown in panel c. The gold line represents the PM threshold used to select the best stars for the analysis (the same
selection was applied to the PM error along ¢6; see the text for details). The combined velocity dispersion o, as function of distance from the centre
of the cluster (in arcsec) is plotted in the panel d. Black, filled points are obtained by means of the E-G PMs; green points are from Libralato et al.
(2022); blue points refer to the Gaia-EDR3 measurements of Vasiliev & Baumgardt (2021); and the red points represent our cross-check with the
Gaia DR3 catalogue. Finally, panel e shows the anisotropy (o7, /07 1.a) radial profile. Points are colour-coded as in the previous panel (no anisotropy
measurements are provided by Vasiliev & Baumgardt 2021). The grey, dashed line is set to 1 (i.e. isotropic case) as a reference.

to the procedures used in the production of the catalogues of the
ERO release, major changes include a chip-by-chip determina-
tion of the astrometry using re-evaluated PMs, the computation
of photometry in individual unresampled images rather than
stacks, optimised PSFs. A comparison with Euclid Wide Sur-
vey pipeline has not been undertaken, as those procedures were
developed for less crowded cosmological fields and were not
applied to the ERO images. The preliminary results we present,
although derived from a limited sample of Euclid ERO images,
clearly shows the impact they will have to a broad scientific
community. Accurate GD corrections have immediate relevance
for optimal stacking of individual images and ePSFs can have
a role in improving the main planned science with Euclid, for
example, an accurate modelling of the ePSF core would be ben-
eficial for weak lensing investigations. Future efforts will analyse
the temporal stability of our ePSFs and GD corrections and,
most importantly, will study the dependence of these products
with the spectral-energy distribution of sources. These effects
can have a non-negligible impact on astrometry and photometry
with the relatively broad-band filters of the Euclid instruments,
in particular VIS (see Appendix C).

We also demonstrated the great potential of the synergy
between Euclid and Gaia. For all unsaturated sources in Euclid
that are in common with Gaia, we were able to compute PMs
with a precision by as much as a factor of 10x better than in the
Gaia DR3 catalogue. In addition, for sources in the Gaia DR3
catalogue with only a 2-parameter astrometric solution (i.e. with
positions but not PMs), we were able to obtain a PM estimate,

1 = LR SR K R S (i 50T S SO LI 100
72} r l ]
= 0.8 — | — 80
4 s [ |
2% 06} I
2 & , |
e [
w2 04} |
o = [
o3 ' [
(=) 0.2 E |
o B8 B

Fig. 14. One dimensional (1D) positional RMS as a function of /; mag-
nitude. Grey points represent saturated stars in the VIS catalogue; all
other unsaturated sources are plotted in black. The red, dashed vertical
line indicates the Gaia faint limit. Only 20% of the points are shown for
clarity.

thus de facto extending by about 0.5 mag the Gaia DR3 cat-
alogue. But the astrometric capability of Euclid is much more
than this.

Figure 14 shows the 1D positional RMS as function of I
magnitude for all sources in our VIS catalogue and it is an
extended version of what is presented in Fig. 6. Euclid could eas-
ily reach positional astrometry with accuracy better than 10 mas
down to magnitudes as faint as /; =~ 26 (about V ~ 27 or G ~ 27
for a main-sequence star). This means that for sources within
the planned calibration fields, which will be re-observed a few
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times over the 6-year duration of the mission, if we assume the
same number of images in the ERO data of NGC 6397 (four)
per epoch, we could compute Euclid-only PMs with a preci-
sion of around 0.1 mas yr~! for bright stars close to saturation
and 1.5 mas yr‘1 at I; =~ 26. Thus, Euclid can potentially extend
the Gaia astrometry in the ICRS absolute reference system up
to 6 magnitudes fainter than the Gaia limit. Such an extension
would provide a significantly larger number of stars to use as
astrometric references. For example, in the deep ERO images of
NGC 6397 analysed here it was possible to recover in the same
field over 474 000 sources, compared to the roughly 100000 in
the Gaia DR3 catalogue.

As a scientific benchmark, we used the E-G PMs to study the
internal motions of the globular cluster NGC 6397 out to 0.5 r;
from the centre of the cluster. This is just one possible applica-
tion and there can be many others. For example, a Euclid-based
astrometric catalogue can be extremely useful for the registra-
tion of images onto the ICRS when the number of Gaia stars
in the field is too low or the only visible objects are too faint
for Gaia (e.g. Bedin et al. 2024, Libralato et al., in prep.). To
facilitate other applications, we make the astrometric and photo-
metric catalogues and high-resolution stacked images available
to the community.

We note that this is just a preliminary demonstration of
an alternative reduction of the Euclid data aimed at maximis-
ing its astrometric and photometric capabilities, and additional
improvements can be implemented. In particular, the photom-
etry presented here is the result of a single pass of finding
where stars are measured ignoring the close-by neighbours
(Anderson 2022a,b). We plan to employ the so-called ‘second-
pass’ photometry (Anderson et al. 2008, in prep.; Bellini et al.
2017, Nardiello et al. 2018, Libralato et al. 2018), which has
already been successfully exported to other wide-field instru-
ments (see, e.g. Griggio et al. 2023b, 2024). Second-pass
photometry uses all images at once to detect sources that are
otherwise too faint to be detected in a single exposure, and ePSF-
subtracts all neighbours prior to the final ePSF fit of every object.
This could allow Euclid to gain in depth (the exact gain will
depend on the number of overlapping images covering a given
patch of the sky) and improve the quality of the catalogues in
crowded regions.

Finally, the current photometry still suffers from uncorrected
systematic errors due to the pixel-area correction (related to the
fact that due to GD, pixels subtend different areas on the sky,
and the flat fields are constructed to preserve surface brightness
not flux), along with other systematic effects that can result in
local photometric zero-point variations across the field of view.
In future efforts, we will also address these issues and provide
more accurate photometry.

The very wide field of view, high resolution, and PSF qual-
ity of Euclid make this telescope a one-of-a-kind resource for
astrometry. The combination of Euclid and Gaia offers the
opportunity of extending Gaia-like positions (and PMs) to faint
stars outside Gaia’s reach. This is beneficial not only for sci-
entific topics such as those discussed above but also for the
astrometric calibration and registration of data from future sur-
veys such as those carried out by the Nancy Grace Roman Space
Telescope (WFIRST Astrometry Working Group et al. 2019).

Data availability

As part of this publication, we release the star catalogues (posi-
tions, photometry and proper motions) and the astrometrized
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stacked images through the CDS and our website (https://
web.oapd.inaf.it/bedin/files/PAPERs_eMATERIALs/
Euclid/Paper01/). Astro-photometric catalogues and stacked
images are available at the CDS via anonymous ftp to to
cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/692/A96.
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Appendix A: The effect of the DeepCR step on the
photometry with VIS data

Our initial analysis made use of VIS images processed by the
ERO pipeline as described in Cuillandre et al. (2024), including
the step designed to identify and correct for the effects of the
cosmic rays using the tool deepCR (Zhang & Bloom 2020). We
noticed that some bright, unsaturated stars, which should be well
measured and thus have a QFIT <0.05 (see Sect. 3.4), instead
showed a worse QFIT of ~0.1. The top panel of Fig. A.1 presents
the QFIT as a function of VIS instrumental magnitude for stars
measured in the VIS quadrant 4-1.F of all four ERO images of
NGC 6397 processed using the tool deepCR. The red crosses
highlight the ‘atypical’ stars, while all other points are shown in
black.

These atypical sources have their centremost pixel dimmer
than what predicted by our ePSFs, which results in a poorer
fit (and larger QFIT) than what can be obtained for ‘regular’
sources of the same brightness. Upon investigation, we believe
that the replacing of pixels hit by cosmic rays performed by the
deepCR tool has altered the flux distribution in the centremost
pixel of these atypical stars, but it is unclear why not all stars
have been impacted in the same way. We reanalysed the ERO
single epoch images without using the deepCR tool and remea-
sured all sources. The result is presented in the bottom panel of
Fig. A.1. It is clear that the majority of the atypical stars can now
be measured well as other objects at the same magnitude level.
We also found that the magnitude difference for the atypical stars
in the two sets of images can be as large as 0.1 mag. For all these
reasons, we chose to use this latter set of images in our paper.

Appendix B: GD map for all VIS and NISP detectors

We present here the GD maps before and after the correction, for
all VIS quadrants (Figs. B.1 and B.2) and NISP (Figs. B.3 and
B.4) detectors (for the Y;-filter solution). We note that we show
here only the non linear terms of the GD.

Appendix C: Comparison with Gaia DR3 PMs

Figure C.1 shows a comparison between the E-G and the Gaia
DR3 PMs as a function of x and y VIS master-frame positions
(in VIS pixels), G magnitude and (BP — RP) colour. The blue
points (with error bars) are the median values (and their stan-
dard errors) in equally spaced positional, magnitude, or colour
bins (depending on the panel). Only unsaturated stars were
considered.

There is a clear systematic trend as a function of (BP — RP)
colour. We corrected for this trend as follows. We divided the
sample in 0.25-mag-wide (BP — RP) colour bins (with step of
0.125 mag) and, in each bin, we computed the median value (and
error) of the difference between the E-G and Gaia PMs of the
stars (red points in the bottom panel of Fig. C.1). This median
difference is the correction to apply to the E-G PMs. To provide a
smooth correction, we linearly interpolated between the various
bins. For stars might without both B and R Gaia magnitudes, we
computed analogue corrections but using other combinations of
VIS and NISP colours (in case a star was not measured in a given
filter). We also summed in quadrature the standard error on the
median of the correction to the PM error.

The comparison between the corrected E-G and the Gaia
DR3 PMs is shown in Fig. C.2. The mild correlation between
APM and G magnitude disappears after the colour-dependent
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Fig. A.l. QFIT as a function of VIS instrumental magnitude for
stars measured in the VIS quadrant 4-1.F of all four ERO images of
NGC 6397. The top panel refers to the result obtained using the images
processed with the deepCR tool, while the bottom panel is obtained
without the cosmic-ray correction. Red crosses refer to atypical stars
with a dimmer centremost pixel in the images processed with the
deepCR tool (see the text for details), while all other sources are shown
as black dots.

correction. Most of the faint stars showing the systematic trend
are also very red and thus affected by the aforementioned
colour-dependent systematic effect.
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Fig. B.1. GD maps for all VIS quadrants before applying the polynomial correction. Vectors are magnified by a factor of 50.
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Fig. B.3. GD maps for all NISP detectors in the Y5 filter before applying the polynomial correction. Vectors are magnified by a factor of 50.
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Fig. B.4. GD maps for all NISP detectors in the Y} filter after applying the polynomial correction. Vectors are magnified by a factor of 10 000.
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Fig. C.1. Difference between our E-G and the Gaia DR3 PMs as a function of (from top to bottom) x position, y position, G magnitude, and
(BP — RP) colour. The left column refers to the y, cos 6 component of the PM, whereas the right column focuses on the y; component. In all plots,
the red dashed line is set to 0 as a reference. Blue points are the median values (and their errors) of the A PM in bins of size 2500 pixels (first two
rows from the top; step of 1250 pixels) or 0.25 magnitude (the other panels; step of 0.125 magnitude).
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Fig. C.2. As in Fig. C.2, but after the colour-dependent systematic has been corrected in the E-G PMs.

A96, page 23 of 23



