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ABSTRACT

The Euclid Quick Data Release Q2 provides an unprecedented deep, wide-field, high-angular-resolution view of the inner Galactic bulge through
the Euclid Galactic Bulge Survey (EGBS). Nine contiguous fields covering 4.8 deg” were observed with the VIS instrument in 23-24 March 2025.
Unlike the nominal Euclid survey strategy, the EGBS employed 16 dithered exposures of 400 s each, corresponding to a total integration time of
1.8 hours per field. Two calibration fields observed at similar solar aspect angles were acquired to derive high-precision point spread functions
(PSFs). The primary objective of the EGBS is exoplanet studies through gravitational microlensing, with high-angular-resolution imaging enabling
lens-mass measurements to better than 10%. The survey data can be applied immediately to previously discovered planetary microlensing events
and provide a high-resolution optical reference for future NASA Roman observations of the Galactic bulge, which are expected to discover more
than 1200 microlensing planets, about 10° transiting planets, and hundreds of free-floating planets. The Q2 data were processed with the VIS-PF
pipeline. The non-standard observing strategy required dedicated calibration products, while the extreme stellar density necessitated modifications
to the astrometric calibration and cosmic-ray detection procedures. These improvements have since been incorporated into later pipeline versions.
We describe the motivation, strategy, processing, products and first results of the EGBS. Astrometric residuals with respect to the Gaia DR3
catalogue are 5.5 mas in right ascension and 4.4 mas in declination across the survey area, while the photometric zero points are calibrated to 1.5%.
The Q2 release includes calibrated single-dither images, dedicated PSF models and calibrated photometric catalogues containing approximately
45 million detected sources per dither down to AB magnitude 26. Although the catalogues are incomplete because of extreme crowding in the
Galactic bulge, these products provide a robust astrometric and photometric foundation for future exploitation of this unique data set.

Key words. Gravitational lensing: micro — Galaxy: stellar content — Surveys — Galaxy: bulge —Planets and satellites: detection — Methods:
statistical

1. Introduction

Euclid (Laureijs et al. 2011; Euclid Collaboration: Mellier et al.
2025) was launched in July 2023 as the second M-class mission
of ESA’s ‘Cosmic Vision’ programme. The payload consists of a
1.2-m diameter Korsch telescope providing a large field of view
of 0.54 deg?, observed with the VIS optical imager (Euclid Col-
laboration: Cropper et al. 2025) and the NISP near-infrared in-
strument (Euclid Collaboration: Jahnke et al. 2025). Euclid is a
survey mission whose primary objective is to constrain the dark
energy equation of state through optical and near-infrared obser-
vations of 14 000 deg? of the extragalactic sky.

A number of additional science cases were identified at an
early stage (Laureijs et al. 2011), including the search for exo-
planets via microlensing towards the Galactic bulge. Bennett &
Rhie (2002) showed that a 1 m-class space telescope equipped
with a wide-field imager can resolve and monitor faint source
stars that are unresolved from the ground, extending the sensi-
tivity of microlensing surveys to Mars-mass planets. This estab-
lishes a strong synergy between microlensing exoplanet studies

remained a relevant potential component of Euclid’s additional
science since then (Laureijs et al. 2011), ultimately precipitating
the Euclid Galactic Bulge Survey (hereafter EGBS).

Euclid Quick Data Releases (QDRs) are self-contained data
sets of particular scientific interest that complement and inter-
sperse the major data releases of the Euclid mission. The EGBS
is the subject of Euclid Quick Data Release 2 (Q2). The EGBS’s
dense stellar fields require an observing strategy distinct from
that of the main cosmological surveys, leading to slightly dif-
ferent deliverables. This paper describes the science goals of the
EGBS in Sect. 2, the survey design in Sect. 3, and its data pro-
cessing in Sect. 4. Section 5 details the validation of the Q2
data products (calibrated images and photometry catalogues).
Section 6 discusses some limitations that could affect their use,
Sect. 7 presents some opportunities, and Sect. 8 concludes the
paper. Appendix A describes the contents of the Q2 data release,
how to access the data, and the naming conventions of the data
files.

and cosmological probes such as cosmic shear, which share the
need for a space-based wide-field imager with high angular res-
olution. The microlensing science case was therefore included in
early Euclid mission concepts (Beaulieu et al. 2008), with subse-
quent simulations demonstrating that a four months survey could
probe the mass function of cold planets down to the mass of
Mars (Beaulieu et al. 2013; Penny et al. 2013). Microlensing has

* This paper is published on behalf of the Euclid Consortium.

2. Science case
2.1. Microlensing planet searches towards the Galactic bulge

Microlensing is a rare phenomenon, as it results from the chance
alignment of stars (Paczynski 1986). Towards the Galactic bulge,
the instantaneous probability that a star is lensed by another star
is of order 107%, requiring the monitoring of large stellar pop-
ulations at high cadence. The detectability of low-mass planets
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depends critically on the angular size of the background stpgsterior distribution for the mass and distance to the lens (e.g.,
called the source, relative to the planetary caustic: large sourBeghelet et al. 2024).
dilute the microlensing signal (Bennett & Rhie 1996). Conse- Over the past three decades, ground-based microlensing sur-
guently, the detection of low-mass planets requires observatiaeys (mostly OGLE, MOA, and KMTNet) have discovered thou-
of source stars with small angular radii. sands of microlensing events in the Galactic bulge (Kim et al.
Ground-based surveys are limited by a typical angular res2618; Mréz et al. 2019; Koshimoto et al. 2023), including hun-
lution of around 1 arcsec, and are therefore strongly a ected dyeds involving exoplanetary systems, a signi cant fraction of
crowding and cannot e ciently monitor main-sequence stars afhich fall within the EGBS footprint. A catalogue of 7801 mi-
0.3-0.5 M in the Galactic bulge. This results in a practical deerolensing events detected up to 2023 within the EGBS footprint
tection limit for planets of 2-3 M As of 2026, about 200 cold have been identi ed, including 51 published planetary systems
exoplanets have been discovered by microlensing, mostly wiBozza et al. 2025). This historical sample represents an immedi-
masses of a few M Pushing the sensitivity down to Mars-masate science return from the EGBS, enabling mass measurements
planets and below therefore requires a space-based observdtorgnany already known planetary systems.
capable of separating faint, unblended source stars in the Galac-

tic Bulge. 2.3. EGBS as a precursor to the Nancy Grace Roman Space

Telescope survey of the Galactic bulge

2.2. EGBS as a planet-mass measurement campaign In parallel with the development of Euclid, the 2010 US Decadal

A major limitation of microlensing studies has been the di cultySurvey led to the development of the WFIRST mission, now
in determining the physical masses and distances of the lens sgdled the Nancy Grace Roman Space Telescope (hereafter Ro-
tems. Light-curve modelling yields precise measurements of tman). Roman will carry out a dedicated Galactic Bulge Time
planet-to-host mass ratio, g, and the projected separation, dpomain Survey (GBTDS), aimed at measuring exoplanet demo-
units of the Einstein radius, but converting these into physiaggiaphics beyond 1 au via microlensing. The mission is based on
quantities typically requires Bayesian inference based on Gala@.4-m telescope at L2, equipped with the 300 megapixel Wide
tic models, leading to large posterior uncertainties. Three indgeld Instrument (WFI), covering 0.48-2.3 m, with a plate scale
pendent observational constraints can substantially reduce tfi6.11 arcsec pixél . The current baseline consists of 6 72-day
degeneracy. campaigns targeting 1.7 de@lds towards the region of highest
First, many planetary microlensing events exhibit sharp festicrolensing optical depth near (I;b) = @:1: 2), with a ca-
tures associated with caustic crossings, enabling the measdexce of 12 minutes in a broad Iter (F146), complemented by
ment of the time taken to cross the nite angular size of tHewer-cadence observations in additional bands (Roman Obser-
source star. With the microlensing timescale and an estimatevafions Time Allocation Committee & Core Community Survey
the angular size of the source from photometry (Yoo et al. 2008)e nition Committees 2025).
this yields the angular Einstein radiug, typically with a preci- These elds remain only partially explored by ground-based
sion of 10% or better, providing a strong constraint on the lesarveys due to strong extinction (e.g., Mréz et al. 2019; Nunota
mass and distance (e.g., Nemiro & Wickramasinghe 1994; Aet al. 2025), but are expected to exhibit very high microlensing
et al. 2002). event rates (Kerins et al. 2009; Specht et al. 2020; Huston et al.
A second constraint arises from the measurement of the 12026). The Roman survey is predicted to detect around 30000
crolensing parallax, which re ects the change in the observamicrolensing events, including more than 1200 bound exoplan-
lens—source geometry during the event, either due to the ekbs down to Mars mass (Penny et al. 2019) and more than 200
server's orbital motion or the physical separation of observdrse- oating planets down to Earth mass (Johnson et al. 2020),
in space and/or on the ground (e.g., Dong et al. 2009; Udalgkoviding precise measurements of planet-to-host mass ratios
et al. 2015; Specht et al. 2023). Parallax measurements can reathprojected separations from the rst observing season.
precision of the order of 10%, but are often subject to geomet- Given the limited observational constraints, the placement of
rical degeneracies between solutions with di erent lens—sourtee Roman GBTDS elds was chosen based on the predictions
relative proper motions that can lead to factor of around 2 ambi-population synthesis Galactic models (Kliter et al. 2025; Ro-
guities in mass and distance (e.g., Park et al. 2004). man Observations Time Allocation Committee & Core Commu-
The third kind of constraint is high-angular-resolution imagnity Survey De nition Committees 2025). The EGBS elds were
ing, which either directly resolves the source and lens, simulziosen to span a larger area than the GBTDS in order to test the
neously measuring the lens—source relative proper motion, amdel's star count predictions, which are an important compo-
gular Einstein ring radius, and lens ux (Bennett et al. 200@ent in predicting microlensing event rates (Penny et al. 2013,
Bennett et al. 2015; Bhattacharya et al. 2021; Terry et al. 202819; Poleski 2016), and could potentially provide impetus for a
Rektsini et al. 2024; Vandorou et al. 2025), or constrains just theevaluation of the GBTDS eld choices. The addition of bulge
lens ux when it is too close to the source or too faint (Dongtellar luminosity function data over a wide eld in the Galac-
et al. 2009; Ranc et al. 2015; Beaulieu et al. 2018). Such mda-bulge will also enable re nement of Galactic models that,
surements have been obtained using Keck adaptive optics (Bemongst other things, are used to infer the mass and distance
nett et al. 2020) and the Hubble Space Telescope (HST, Benwétinicrolenses that are not amenable to observational measure-
et al. 2024). When all three constraints are available, togetineent.
with the lens—source relative proper motion, physical masses andBachelet et al. (2022) demonstrated that a single precursor
distances can be determined to 10% or better. epoch of Euclid imaging of the Galactic bulge, covering both
In a substantial fraction of cases, some or all measuremettits Roman survey elds and previously monitored ground-based
of observables that could determine the mass and distanceetds, would enable the measurement of relative proper motions
the lens fail to provide meaningful constraints (e.g., Penny et fr at least 30% of microlensing events and provide direct con-
2016; Terry et al. 2026b). In these cases, the available constragttaints on lens uxes for 42%, providing masses of the planet-
can be combined with a Galactic model-based prior to estimatbasting stars to be known at the 10% level. The EGBS provides
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Table 1. The nine Galactic bulge elds observed as part of the EGB§.o EGRS implementation
Observations were obtained on 23-24 March 2025 (MJD OBS

60757:40-60758:50), the associated calibration elds were obsertgllimately, observations were carried out exclusively using the

during the same period. VIS instrument (Euclid Collaboration: Cropper et al. 2025).
This ensured that observations retained the highest possible spa-
: : tial resolution that is critical for proper motion determinations.
Field RA D Dith I . .
teld (ngdoeog)] 8%([)%6(%] ithers & [deg] [to)leg] Nonetheless, NISP observations would have provided valuable

information, in particular for mitigating the colour dependence

El 267.425 30.019 0-15 4.61 359.533 1.320 of the PSF within the dense EGBS stellar elds, which are sub-

E2 267.441 29.259 16-31 7.58 0.192 0.942

E3 207456 28499 3247 867 051 0563 A e ises nine target
E4 268248 28610 48-63 3.32 1111 1.217

E5 268237 29369 64-79 251 0452 1595 elds,. covering gpp(Olea}ter 4.5 dégwith a strongly variable
density and extinction (Figs. 1 and 2). Each eld was observed
E6  268.227 30.129 80-95 1.69 359.792 1.973 ; : -
through a sequence of 16 dithered exposures, each with an in-
E7  269.030 30.236 96-111 1.50 0.050 2.626 . : : ;
tegration time of 400 s (Fig. 4). Figure 3 illustrates the extreme
E8 269.036 29.476 112-127 193 0.711 2.249 - : ; - :
E9 269041 28716 128-143 185 1371 1872 stellar density of a typical EGBS eld in a single dither.
- - - - - Additionally, a less crowded stellar eld at (RA;Dec) =
Notes. Each eld was observed with 16 dithered exposures. ThE85:715;+48075) was targeted for PSF self-calibration, again
adopted naming convention assigns sequential indices to the dith&f# 16 dithers, taken both before and after the main EGBS
within each eld. The meanctband extinction, A, was estimated from €lds. The calibration elds were observed at solar aspect an-
a 100 arcsec stamp centred on each eld. We also provide the Galagfies similar to those of the EGBS elds in order to reproduce the
coordinates (I; b). same thermal environment experienced by the telescope. This is
important because small thermally induced changes in the op-
tical system can a ect the shape and stability of the VIS point

spread function. Matching the observing conditions therefore en-
such a precursor epoch, ahead of the Roman exoplanet sug8=T J g

. . ¥s that the derived PSF models are representative of the sci-
expected to begin in 2027. Thus, EGBS will enable early massce opservations. The data from these elds were used to con-

determinations for planets discovered by Roman from its r§frct a PSF model that is provided as part of Q2 data release.

observing season. The EGBS observing sequence (hereafter EOS) for indi-
vidual pointings diers from the standard Euclid Wide Sur-
vey reference observing sequence (ROS; Euclid Collaboration:
Scaramella et al. 2022; Euclid Collaboration: Mellier et al.
2025). Each EOS consists of 16 dithers, whose relative o sets
are given in Table A.1 with visualisation in Fig. 5 and illustrated

3. EGBS design in Fig. 1. At each dither position, VIS acquires a 400 s nominal
EGBS science exposure. This is repeated for each of the nine
3.1. General considerations science elds shown in Fig. 1, as well as for two visits of the

PSF self-calibration eld.

Euclid was not designed to undertake studies within the crowded The choice of 400 s exposures over the nominal Euclid VIS
stellar environment of the Galactic bulge. The EGBS therefoegposure used for the standard ROS was made to ensure that the
represents a signi cant challenge and a big departure from tB&BS images could be compressed within the envelope of the
standard Euclid observing mode, requiring careful design aodboard compression timeout, which if reached causes a partial
testing to ensure its successful implementation. The principass of data. To test compression times, simulated VIS images
constraints imposed upon the EGBS were: (i) the Euclid Widgnerated from a Besancon Galactic population synthesis model
Survey would not be interrupted for more than 48 hours; agdwiphan et al. 2016) using the gulls image simulator (Penny
(i) sensitivity requirements would be satis ed on resumption adt al. 2013) were injected into in- ight VIS dark frames and then
the Euclid Wide Survey. Within these constraints, a pointing amdmpressed through the a ground-based version of the onboard
survey strategy had to be devised. software. These tests indicated compression times for the high

Testing of possible survey designs was performed using glellar density Galactlc. bulge elds tha; were around_ 60% longer
tailed VIS and NISP simulated images of the Galactic buIdEa” for standard Euclid exposures within the Euclid Wide Sur-
elds, together with analyses of Euclid's imaging performancéey- It was deemed that 400 s was the maximum exposure time
from a series of Euclid Deep Field North (EDF-N) NISP darfhat would e_lllow compression of the full image before timeout,
and science frames taken within a 48-hour time window. Of p&tthough this was comfortably above the 300 s assumed in the
ticular concern from initial simulations was the possibility ofimulations of Bachelet et al. (2022).
long-lived persistence e ects for NISP (see Euclid Collabora-
tion: Jahnke et al. 2025) that could mean that the main SUrvey  siyteen-dither strategy for high-S/N PSF reconstruction
requirements would not be met by the end of the 48 hour in-
terruption. Ultimately, NISP persistence was characterised mdéyéey feature of the EGBS observing strategy is the use of 16
accurately using the EDF-N images that showed NISP was aBlithers per eld, repeating four times the standard four-dither
to recover to required levels within 12 hours of the nal EGB®attern of the Euclid ROS. This e ectively provides 16 indepen-
exposure, even for hyper-saturated observations. However, thésit samplings of each eld, as originally proposed by Bachelet
still provided a challenge to design a VIS+NISP survey thaf al. (2022).
could meet signal-to-noise requirements whilst being comfort- This strategy signi cantly improves the reconstruction of
ably contained within the permitted time envelope. the PSF (Anderson & King 2000), while also enabling deeper
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Fig. 1. Outline of the nine EGBS elds. The background visible-light Gaia image of the Milky Way has been degraded to a resoluti®mofl30
shows both a number of very bright stars, and strong and variable extinction.

imaging through stacking. In particular, multiple dithered obseihe extremely high source density of the EGBS elds, exceeding
vations enable accurate sampling of the PSF at di erent pixdlat of the EWS elds by more than two orders of magnitude,
phases. The pixel phase distribution is shown in Fig. 6. Althougbquires a careful assessment of the performance of the VIS-PF
the high stellar density in the EGBS elds could, in principleprocessing in close collaboration with the relevant science work-
support precise PSF reconstruction, spatial variations of the HB8¢ groups.

across the eld of view limit this approach (as we discuss be-

low). Dithering therefore provides a critical complement. The

accumulation of multiple dithers also mitigates the impact of d4- Processing Q2 data

tector systematics, such as bad pixels and cosmic rays. We now brie y summarise the main data-processing steps, with

These data di er signi cantly from those of the Euclid Wideparticular emphasis on the modi cations and updates applied
Survey. The nominal VIS-PF pipeline has been designed farthe VIS-PF pipeline (Euclid Collaboration: McCracken et al.
high-Galactic-latitude elds characterised by low source dens2025). We rst present the results at the scale of the CCD mosaic
ties (Euclid Collaboration: McCracken et al. 2025). In contradr a single eld, in order to highlight variations introduced by
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Fig. 2. Extinction in the K band towards the centre of our Galaxy as
determined by Surot et al. (2020). The nine EGBS elds are shown and

labelled. Fig. 4. Integration map of the EGBS elds. The colour scale indicates
the number of VIS exposures contributing to each position.

tions for the CCDs and quadrants are described in gure 1 of
Euclid Collaboration: McCracken et al. (2025).

The raw VIS frames are processed by the standard pipeline
VIS-PF, tuned for EGBS data. It is essentially the same pipeline

Fig. 3. Extract of a region from a single EGBS dither, centred on the
planetary microlensing event OGLE-2005-BLG-390.

the optical system, the focal plane, and the individual CCDs. We
then present a global overview of the nine elds, which span a
wide range of extinction though remain extremely crowded.

4.1. Preprocessing

The VIS focal plane consists of 36 back-illuminated charge-

coupled devices (CCDs), each 40 m thick and with a formq;tlg. 5. Dither pattern for the nine EGBS pointings. The central panel

of 4132 4096 pixels, Correspondlng to a pixel Scale_ aﬂmf‘d shows the RA and Dec o sets, with arrows indicating the dither pro-
sky coverage of 0:54 dé_gObservanons are taken in a singlgression, relative to the rst dither of each pointing. Only rst four of
broad band lter, L, covering 0:55-0:9 m. This lter is approx- the 16 dithers are displayed per pointing as a 4-step reference pattern,
imately equivalent to a combined r+i+z band. Each CCD is reaghich has been repeated four times during EGBS. The top and right
out through four independent nodes, resulting in a natural sub@arginal panels show residual o sets of all 16 dithers with respect to
vision into four quadrants. Consequently, a single exposure dha 4-step reference pattern, highlighting deviations in Dec and RA,
eld comprises 144 quadrants. The layout and naming convegspectively.
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zero points that accounts for the temporal evolution of the VIS
throughput, including the e ects of ice contamination and sub-
sequent decontamination events (McCracken, H. et al. 2026,
in prep). Although the EGBS observations were obtained more
than one year after the second Euclid decontamination event, the
DR1 time-dependent zero-point model was adopted to ensure
consistency with the nominal survey processing.

4.3. Photometric catalogue production and PSF de nition

Photometric catalogues were extracted using Source-
Extractor (Bertin & Arnouts 1996), with the Q1 PSF, to
produce a calibrated source catalogue for each exposure. For
each dither, the catalogue includes both instrumental and cali-
brated uxes and magnitudes measured within circular apertures
of 7, 13, 26, and 50 pixels, and PSF- tting photometry. We used
the same circular apertures as in Q1. Due to the crowding within
the EGBS elds, small apertures are preferred for photometric
measurements.
The standard Q1 VIS PSF model (Euclid Collaboration: Mc-
Cracken et al. 2025) was used to produce our source calibrated
catalogue. However, to enable further processing we generated
a new PSF model, to be provided with Q2, that utilised the PSF
Fig. 6. Pixel-phase distribution of the EGBS dither sequence for ninglq data. It was generated using observations of a less dense
po!{mngs;. fD' erent Follnt]trwgﬁ_ﬁ.re Isepaiqtedk:nto as %:]ayg”t Ey ;“g‘lj'”%ld that provides more isolated stars than the EGBS eld. These
unit o set for visual clarity. This layout is shown e dashed blac
grid lines indicating the u)r/\it pixel-ghase boundarieys for each pointin$ata were taken before and after the EG.BS but at the same so-
ar aspect angle and exposure times. Initial assessments of the
astrometry and photometry produced indicated that it was suf-

cient for the VIS-PF pipeline, so a second run of the pipeline
order) bad-pixel masking, bias subtraction, saturation maskir%"ang amodel derived from the Q2 PSF elds was not necessary.

electronic crosstalk correction, non-linearity correction, cosmic- N Fig. 7 we show the per-CCD-quadrant values of the Q1

ray detection, “brighter—fatter' correction, at- elding and gainvIS PSF metrics across the focal plane of 36 CCDs (FPA), and

equalisation. Finally, a sky background frame is computed. df-F19- 8 we show the same metrics for the Q2 VIS PSF model.
ti(cqr:ljl glhoslts arel alsg maslzled. grou ! pu Iﬁmally, in Fig. 9 we present a comparison of the two PSF models

. . across the focal plane. We can see that the full-width at half-
. The very high stellar density and _non-stan_dard EXPOSUR ximum (FWHM) of the Q2 PSF is slightly narrower and more
time in the EGBS means that the pipeline requires several A ble than the FWHM of the Q1 PSF, while there is a strong

Jrl;Strglegtr?t'h;h?Zﬁ;?]bagg?ggmezsggg i;o:atigg dDbeeigﬁsRe (t:ﬁ:r%_rrelation between the PSF size of both models. We de ne the
y alg 9 SF size as the sum of second orders of image moments.

fault produces many false detections in crowded elds; the sky- .
background parameters of the NoiseChisel program (from the For the processing of the EGBS data, the standard Q1 PSF

GNU Astronomy Utilities, version 0.16; Akhlaghi & IchikawamOdel was adopted to ensure consistency with the other Euclid

. - . data releases. The dedicated Q2 PSF model is nevertheless pro-
2015) are also adjusted to account for the high source density; %%ed as part of the release, ag its slightly narrower pro le maF;/

; : ; e Vi
Rﬁmcﬂa&;zg Tc? 'ﬁiﬁgrg;ﬂlg'lfvﬁhthga}m%?grn\ygj er?r?w%(;(ta?r 0 er advantages for source extraction in the extremely crowded

GBS elds and could improve the resulting photometric and as-

gtjair:tbp;éil \l{gLunech;Tui r\/%ﬁglrtl‘tt'ﬁg gIhOérlgtltA‘e?nU)tg?Siclje?js giﬁg ometric precision. However, both models were generated using
9 P : & PSFex tool and as a result their characteristics are a ected

no correction for the motion of the shutter across the focal pla & the tool's parameters input. A study is underway in order to

(the illumination correction) was made, since the non-standa derstand better the e ect of the parameters choices on the gen-

EGBS exposure time di ers from the two models available in . :
VIS-PF. Shutter motions introduce a small residual horizont rated PSF models and what is the corrglatlon betwgen the gen-
ted PSF models and the actual stars in the eld. Finally, as we

. . . . [
2heoctfgﬁgicdg{22t'23tir?%rl?rsg ;Pae(goscgil S‘é'&;:é dbiL:]t |Snegtra§)t|ce tsﬁ%w in the analysis below, the dominant limitations of the cur-

rent VIS-PF catalogues arise from source-detection issues rather
than from the choice of PSF model.

that was used for both Q1 and DR1 data. This pipeline applies

4.2. Astrometric and photometric calibration

Astrometric and photometric calibration were performed Hy. Data product validation

reference against Gaia source catalogues (Gaia Collaborafii)oil Astrometric and photometric calibration

: Brown et al. 2016; Gaia Collaboration: Vallenari et al. 2023).~ P

Astrometric calibration was carried out using a distortion modstarting from the calibrated catalogues of individual frames de-

derived from the self-calibration eld, as done in (McCrackenscribed above, we ran an independent validation pipeline devel-

H. et al. 2026, in prep). oped in VIS-PF to assess the astrometric and photometric ac-
The photometric zero point was derived using the DR1 zerodracy over all observations. For each source in each calibrated

point model, a time-dependent polynomial t to Gaia-derivedrame catalogue, we compute the position on the focal plane via
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Fig. 9. Comparison of the variations of FWHM, size, ellipticity and ux
normalisation factor of the Q1 and Q2 VIS PSF models across the focal

Fig. 7. Variations of FWHM, size, ellipticity, and ux normalisation plane.

factor of the VIS Q1 PSF model across the focal plane.
an additional cut at:l < 20 before the cross-match. Sources
were matched against the Gaia DR3 catalogue (Gaia Collabo-
ition: Vallenari et al. 2023) using & tolerance, with Gaia
positions propagated from the reference epoch (2016:0) to the
VIS observation epoch using the Gaia proper motions. Sources
ftBm di erent visits within ®2 of one another were associated
into groups corresponding to the same physical object, yielding
a merged catalogue of 1727449 measurements from 207 496
distinct sources. We applied a Gaia astrometric-quality Iter
(RUWE < 1:2and ; < 0:5masyr ) to remove sources
whose proper-motion uncertainty dominates the residual budget,
leaving 366 305 stars in the range 18:5 g4 19:8 for the
astrometric validation and 266 645 sources for the photometric
validation (after a further 6% outlier clipping). This catalogue
provides an excellent way to assess if there are any remaining
focal-plane-dependent residuals over the entire survey.

To characterise the astrometric and photometric precision,
for each of the 144 quadrants i we measured the source cgunt n
mean residual;, and within-quadrant dispersion. For both in-
ternally referenced and externally calibrated astrometry and pho-
tomelt:)ry we computed a common source-weighted mean

a per-quadrant pixel-to-mm world coordinate system (WCS)
lution. Point-like sources are selected using SourceExtractor
FLAGS=0, 1:0 < FLUX_RADIUS < 1:3, and 18 < & 22;
although, given the high source density in the EGBS, we appli

= -ALL M
ith
and two dispersions: the per-quadrant dispersion de ned by
P 2
2= eI @

i Ni

which measures spatial variation across the focal plane, and the
per-source dispersion

2_ 2 YL

R R ®
Fig. 8. Variations of FWHM, size, ellipticity, and ux normalisation which adds the within-quadrant scatter tgto recover the dis-
factor of the VIS Q2 PSF model across the focal plane. persion of individual measurements.
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Table 2. Astrometric and photometric residuals for all sources with
18:5 < | < 19:8, after Gaia quality cuts.

Internal External
Astrometry [mas]
per source 1:59 1:73 0:73 8:23
per quadrant 1:59 0:15 0:73 0:37
Photometry [mmag]
per source 0:75 16:12 15:69 42:75

per quadrant 0:75 2:82 15:69 5:66

Notes. Per-CCD-quadrant values represent the mean, , and dispersion,
, across the 144 focal plane cells.

Fig. 11. Per-CCD-quadrant photometric residual maps computed on the
grouped catalogue using 266 645 sources (6% clipped) with 18:5< |
19:8 and the same Gaia astrometric-quality cuts as in Fig. 10. Left: Per-
quadrant mean of the large-scale at (LSF) repeatability residual, mea-
suring the photometric stability of repeated observations of the same
source. Right: Per-quadrant mean di erence between the VIS aperture-
calibrated magnitude: land the Gaia-predicted magnitudegG G rp
colour interpolation), measuring absolute photometric calibration. Both
panels share a common colour scale. The inset box gives the source-
level aggregate statistics; and s, obtained by combining the per-
quadrant moments across all 144 quadrants.

from one eld to another. We therefore examine these e ects
on the scale of the nine EGBS elds individually.
Figure 12 summarizes the astrometric properties for one
dither in each of the nine elds, while Fig. 13 shows the cor-
Fig. 10. Per-CCD-quadrant astrometric residual maps computed on tesponding distortion vectors across all elds. The astrometry
grouped catalogue using 366 305 stars with 18:5.<<119:8 after residuals are generally uniform across the nine elds. The mid-
Gaia astrometric quality cuts. Left: Per-quadrant mean of the interfge panels of Fig. 12 compare the mean Gaia G-band magni-
repeatability, de ned as the positional scatter of repeated observatigfige with the calibrated Euclig magnitude and the Gaia colour
of thde Satme Source.(‘j"””}'” e?Ch q”‘?dr‘?rg' RugljertéSMagntlpude ofthe paI- . G p. Since the Gaia G band is signi cantly broader, a
uadrant mean residual vector against Gaia ositions propa : PR
?o the observation epoch. The igset gives the soFl)Jrce-IeveIpagpgrge relation between the two quantities is expected, and can be
statistics . and ., obtained by combining the per-quadrant momene€n Py comparing the two plots. The lower left panel of Fig. 12
across all 144 quadrants. shows that the mean elongation measured for bright stars is
relatively uniform across the survey, with the exception of the
upper-right elds, where it is lower. This may indicate a colour-

Figure 10 shows these per-quadrant astrometric residﬁiﬁendeme ect, although these elds are also characterised by

maps from the grouped star catalogue, both dither-to-dither (|
panel) and compared to Gaia (right panel). Similarly, Fig.
shows the same for the photometric residuals, dither-to-dit
(left panel) and the external comparison with Gaia (right pane
Gaia magnitudes were transformed to VIS magnitudes usi
a variant of the transformation presented in Euclid Collabora-
tion: McCracken et al. (2025). The source-level statistigs (s)

de ned above are quoted in the gure insets. 5.2. Assessment of data quality with maps of the EGBS

Table 2 summarises these per-quadrant and per-source resid- elds

uals over the survey. Overall, the photometric and astrometfigr each of the nine elds, we selected the two dithers with the
performance over the entire survey is excellent, similar to mgrgest separation and merge the corresponding catalogues into a
surements in Q1 and DR1 data. We note the higher '”ter@?ﬁgle le. When multiple detections were found within 50 mas
and external per-source photom_etrlc reS|dl_JaIs of about 16_me@$ pixels) of one another, only one source was retained. This
and 43 mmag, respectively, which we attribute to confusion fscedure yields a catalogue containing approximately 60 mil-
the aperture photometric measurements. These crowding erfgji§ sources from the VIS-PF processing. The multiple dither
dominate the error budget (and are probably why the imprint 8§ter increases the e ective sky coverage by lling the gaps
the |IIum|nat|qn is not VISIb|.e in the chaI-pIane maps). Over Setween CCDs in the VIS focal plane. In order to map the varia-
DR1 survey, in lower-density elds, internal errors are approXiions across the elds, we divided them int® 2 © bins. Within
mately 2 mmag. each spatial bin, the mode of therhagnitude distribution was

Across the EGBS elds, we observe strong spatial variatioeemputed without applying an extinction correction. This mode
in extinction (Fig. 2), implying di erent mean stellar coloursvaries froml 21tol. 25, with the faintest values occurring

er stellar densities, which could implicate crowding. A sim-

pattern is seen in the map of PSF FWHM in the lower right
anel of Fig. 12, though with an additional imprint of a common
_{ra—FPA pattern seen in each of the nine pointings. This high-
hts the subtlety involved in handling Q2 catalogues generated
ough the standard Euclid VIS-PF processing pipeline.
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Fig. 12. Maps comparing EGBS Q2 catalogue stars from the rst dither to stars cross-identi ed with the Gaia DR3 catalogue over the full EGBS
eld. The comparisons use a sample of approximately 2 ° t@latively bright stars with mostly G < 19:5. Each panel shows the median value of
the following statistics computed over spatial bins 822. Top panels: Residuals in milliarcsec in right ascension (left) and declination (right),
RA and Dec, respectively. Middle left: Di erence between the Euclig &nd Gaia G magnitudes. Middle right: Mean Gaia colougsGG gp.

Both bands are broad, with Gaia extending further into the red, and are de ned in di erent magnitude systems (Vega for Gaia, AB for Euclid).
The two colour maps are strongly anti-correlated. Bottom panels: The elongation and FWHM of the PSF, in pixels, for bright stars.
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The 16 dithered observations obtained for each eld en-
able the construction of deeper stacked images using a forward-
modelling approach implemented in the JAX-based package
MIJax (https://github.com/euclid-egbs/MIJax). This
framework provides e cient estimation of complex spatial gra-
dients, allowing the reconstruction of a higher-resolution model
of the scene from multiple slightly shifted lower-resolution ob-
servations.

The rst step consists of recalibrating the WCS solution for
the individual dithers by extracting source catalogues and cross-
matching them against Gaia. Transformation matrices between
the individual catalogues and a reference catalogue were then
derived. The reference catalogue was selected such that the target
of interest is located as close as possible to the centre of the eld.

A forward-modelling approach was subsequently applied, in
which the high-resolution model was shifted and rebinned to re-
produce each low-resolution observation of the eld. Using the
numerical gradients provided by JAX, the model parameters were

Fig. 13. Distortion vectors for the EGBS data, based on comparispgratively re ned until convergence was achieved. An example
to cross-identi ed Gaia sources. Results have been binned’®°2 of a small section of such stack, super sampled image, compared
as in Fig. 12. The arrow size is proportional to the magnitude of thg 5 simple dither is presented in Fig. 15.

dist.ortion, w_ith an arrow outside the plot at the top_sh(_)wing the si_ze of When the stack was obtained, the star extraction was per-
a 2:0 mas distortion. The colour of the arrow also indicates the size of ;
the distortion. formed once agaln._These sources were then psed to perfqrm
PSF photometry, using a PSF model estimated internally, while
an approximate zero-point was computed by comparison to the
Gaia catalogue.
Finally, we computed a detection e ciency using a Monte
Carlo injection-recovery method, where thousands of arti cial
stars were simulated in the stacks. This allows a robust estima-
tion of the overall completeness of the source detection and, ul-
timately, to reconstruct an accurate luminosity function. We note
that the correction is applied only if the estimated e ciency is
above 10%, which is the typical error on the e ciency.
For the OGLE-2005-BLG-390 eld, the standard Q2 cata-
logue contains only 7962 detected sources (0:8 stars &g§sec
Using a source-detection pipeline based on DAOStarFinder
(Stetson 1987), we detect 18 792 stars in the reference dither
(1:9starsarcsec) and 31693 stars in the stacked image
(3:1 stars arcsec). This comparison illustrates the limitations of
SourceExtractor in extremely crowded elds (Figs. 15 and
16).
We repeated this analysis for a 100 arcsec stamp centred on
each of the nine EGBS elds. The coordinates and medrahd
extinctions are listed in Table 1. Most elds have extinctions in

Fig. 14. Map of the mode of Euclid magnitudes, computed at a spatiafl€ range A = 1:5-3.32, while three elds exhibit substantially
resolution of 22 ° The ve pre-selected Roman microlensing elds ardligher extinction (A = 4:61, 7.58, and 8.67).
overplotted. The planetary microlensing event OGLE-2005-BLG-0390 The results for the individual elds are presented in Fig. B.1.
mentioned in the text, is indicated. For single dithers, the Q2 VIS-PF catalogues are highly incom-
plete, with the level of incompleteness varying signi cantly from
o ] ] ) eldto eld. This behaviour re ects a combination of crowding,
in highly extincted regions where the density of detectable stajgckground estimation, and source-detection threshold e ects.
is reduced (Fig. 14). Comparison with catalogues generated from individual dithers
The depth of the eld is limited by the crowding and erroand from stacked images shows that the limitations of the Q2
neous estimates of the background, which a ects the detectmabgues cannot be exp|ained So|e|y by stellar density or ex-
threshold. These issues prevent the detection of the fainter stgi&tion.
in the densest regions, as discussed in Sect. 4.1. We therefore turn to the catalogues derived from the stacked
images. Figure 17 presents the observyeshagnitude distribu-
tions per square arcminute and the corresponding cumulative
distributions for the nine elds. The lower panels show the same
To assess the level of incompleteness in the Q2 catalogues digtributions after correction for the mean extinction in each
rst consider a crowded eld containing the planetary microlenseld.
ing event OGLE-2005-BLG-390 (Beaulieu et al. 2006). We ex- The highly extincted elds E2 and E3 exhibit markedly dif-
tracted image cubes comprising the 16 dithered VIS exposuferent magnitude distributions, indicating that a large fraction of
centred on the event position. the bulge population is obscured by dust and that the detected

5.2.1. Probing the limitation of Q2 processing, and mitigation
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Fig. 15. Zoom into a 1%10 °°region centred on the planetary microlensing event OGLE-2005-BLG-390, extracted from the eld shown in Fig. 3.
Left: Single Euclid dither. Right: Stack of 16 dithers, illustrating the gain in depth and source detectability obtained through image combination.

model is included in the Q2 release and is expected to provide
a more accurate representation of the survey data. However, it
does not include any dependence on source colour.
A possible approach to investigate chromatic e ects in the

VIS PSF would be to generate theoretical PSFs (e.g., Euclid
Collaboration: Paykari et al. 2020; Euclid Collaboration: Mel-
lier et al. 2025, section 7.6.4) for di erent stellar spectral types
and compare them with empirical PSFs measured in the EGBS
elds. In practice, this is complicated by the highly variable ex-
tinction across the survey area, ranging from A:5to Ax 4.
As a consequence, the observed stellar population is signi cantly
redder than that of the calibration elds, preventing a straightfor-

Fig. 16. Left: Number of stars detected in a 990100°5 cutout cen- ward determination of the colour dependence of the Q2 PSF.

tred around OGLE-2005-BLG-390Lb. In black are the magnitude dis-

tributions of detections available from the Q2 catalogue (7962 sources),

while the blue and orange curves are detections using DAOStarFinder,

on the reference dither (18 792 sources) and the stack (31 693 sources).

Right: The red curve shows distribution of counts in the stack corrected

for the detection e ciency (shown as the grey-dashed curve).

stars are predominantly foreground objects. In contrast, the re-
maining elds display similar magnitude and cumulative distri-
butions, suggesting that the stacked-image analysis yields a more
homogeneous characterisation of the underlying stellar popula-
tions. After applying a mean extinction correction and correcting
for detection e ciency, the magnitude distributions and lumi-
nosity functions of the di erent elds become remarkably sim-
ilar. This convergence indicates that much of the eld-to- eld
variation seen in the standard VIS-PF catalogues arises from in-
completeness and source-detection limitations rather than intrin-
sic di erences in the stellar populations.

6. Limitations of Q2 data
6.1. PSF modelling and chromatic effects

For the Q2 photometric and astrometric processing, we initially

adopted the standard VIS PSF model used for the Q1 data re-
lease. In addition, a dedicated PSF model was derived from cal-
ibration observations obtained with the same solar aspect an-
gle and exposure time as the EGBS science observations. This
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Fig. 17. Comparison of the imagnitude distributions in the central regions of the nine EGBS elds, derived from stacked Q2 images and calibrated
using the VIS-PF catalogues. No completeness correction has been applied. The distributions illustrate the e ects of extinction and crowding: t
highly extincted elds E2 and E3 (A = 7:58 and 8.67, respectively) contain fewer detected stars and reach fainter magnitudes, thanks to lower
crowding. However, the observed populations are dominated by foreground stars, Galactic Bulge stars being subjected to large extinction.
contrast, elds E5—E9 exhibit similar magnitude distributions, consistent with comparable stellar populations and levels of crowding. Top left:
Histogram of [ magnitudes. Top right: Cumulative inagnitude distribution. Middle panels: Same distributions after applying a mean extinction

correction for each eld. Lower panel: Distribution of star counts as a function of magnitude derived from the stacked images after correction fo

detection e ciency and mean extinction.
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Future analyses could address this limitation by combinifSF models from the brightest and most isolated sources to ac-
Euclid observations with external photometric catalogues, suabunt for temporal and spatial variations. The de nitive photom-
as those obtained with CFHT or VISTA (Thygesen et al., ietry will then be extracted by performing simultaneous source
prep.), in order to characterise the local colour distribution dktection across all available images. Crucially for crowded en-
stars across the eld. An alternative empirical approach is tironments like the Galactic bulge, the pipeline will utilise itera-
derive colour-dependent PSF models from stars cross-matctieel neighbour subtraction to signi cantly increase the detection
with the HST Wide- eld Survey of the Galactic Bulge (Terrye ciency for faint sources that would otherwise remain buried
et al. 2026b) and with Gaia DR3 using PSFEx. The HST sun-the noise.
vey covers a large fraction of the planned Roman microlensing As a practical application of what will be achieved on a
elds, all of which lie within the EGBS footprint. Observationssurvey-wide scale, we plan to apply this optimised pipeline to
obtained in the F606W and F814W lters provide colour megortions of the Euclid elds that overlap with target elds from
surements that are largely independent of extinction correctiotite extensive HST wide- eld survey of the Galactic bulge pre-
Details of this analysis, the resulting PSF products, and the isented in Terry et al. (2026a). This future synergy will showcase
pact of PSF chromaticity on the photometric and astrometric pthe power of combining the deep optical baselines and exquisite
cision of the calibrated source catalogue will be presented irsatial resolution of HST with the wide- eld, high-precision ca-
forthcoming paper (Rektsini et al., in prep.). pabilities of Euclid, ultimately unlocking the full potential of the

survey for stellar population and kinematic studies.

6.2. Catalogue completeness in crowded elds

7. Opportunities from Q2 data
A major challenge in the analysis of the EGBS data is the ex- PP Q

treme crowding of the Galactic bulge elds. Under these condi-1. Historical microlensing events
tions, the standard VIS-PF pipeline produces source catalogpes : . . : .
that are incomplete and spatially inhomogeneous. While the %%e of the primary science drivers of the EGBS is the analysis

trometric solutions and photometric zero points remain well coi- ISr:-Z'C(IZ;VISCLIJl:‘\?le ”;'C(E)!;ggme% g\lleg(t)sz’S?Oatmr?r?n? 'fﬁgr}ﬁ?ﬁrgeroéjgﬂgn
strained, the resulting catalogues are primarily suitable for ¢ g y '

ibration purposes rather than for statistical studies of the stel é%;gl?;rs'{]h%sgggé (gggngroe\figg szgigu' nri)erggg deet natl:éalr(]: opr;ebegé-
population. ;

The i | i din Fias. 16. 17 tic(g1 of angular resolution, sky coverage, and depth in the inner
e incompleteness patterns illustrated In Figs. 16, 17, aagactic bulge, opening a broad range of scienti ¢ applications
B.1 arise from a combination of e ects related to backgrou

modelling, source-detection thresholds, PSF undersampling, ap %B?u?glgfrl\?g;g]g' particularly when combined with existing
the extreme stellar density of the Galactic bulge. We would like

to emphasise two dierent e ects which are a direct conse-

guence of the extreme crowding of these elds. First, Fig. 1772. Stellar populations

shows that using our processing of the stacked images,
results are deeper, and much more uniform than the VIS-
processing. Second, our completeness determination proce
promising, before extending it to the full EGBS eld.

h more than 45 million detected sources in each dither, the
S enables detailed studies of the stellar populations of the
alactic bulge. In particular, it provides a direct measurement of

. ) . the stellar luminosity function across a wide range of environ-
Users should therefore exercise caution When employing ents and extinction levels, enabling stringent tests of Galactic
standard Q2 catalogues for population studies, completengaamation models (Verma et al., in prep.)
analyses, or investigations requiring spatially uniform source ' o
detection. Nevertheless, the dedicated processing described in
Sect. 5.2.1 demonstrates that substantially deeper and morem®- Proper motions of bulge stars

mogeneous catalogues can be derived from the Q2 image prad-_, . . . . .
ucts, highlighting the considerable scienti ¢ potential of th ombined with future Euclid observations or with the Roman

alactic Plane Survey (Roman Galactic Plane Survey De nition
EGBS data set. Committee 2025), the EGBS will enable precise proper-motion
measurements, that can be used for investigations of the kine-
6.3. Prospects for Survey-wide Point-Source Photometry matics and dynamical structure of the Galactic bulge and, their
and HST Synergies connection to stellar population properties such as age and chem-
ical composition. They can also be used to separate foreground
Building upon the analyses described in previous sections, Wik stars from bona de bulge members (see, e.g., Soto et al.
are exploring an additional, complementary reduction framgg14; Clarke et al. 2019).
work as a prospect for future analysis. As one of several parallel The EGBS combines a wide eld of view with high angular
approaches currently being developed to process the full EGRSolution, providing the data quality required to measure proper
elds, this methodology will be speci cally optimised for high- motions for stars far fainter than those accessible to Gaia, whose
precision point-source astrometry and photometry in crowdgsbrformance in this region is limited by severe source confusion.
undersampled images. Proper-motion measurements require observations at multi-
The future data reduction will follow specialised methodple epochs. The EGBS overlaps with a signi cant number of
ologies designed to overcome the challenges of severe stdH&T pointings, some of which were obtained more than 22 years
crowding, as described in Libralato et al. (2024) and Griggio ago. Stellar positions can be measured in the EGBS images with
al. (2026). The core of this photometric extraction will rely on a precision better than 3 mas, enabling accurate proper-motion
multiple-pass software package, KS2, which was originally daeasurements over these long baselines. Typical bulge stars are
veloped for HST and recently adapted to the speci ¢ instrumeexpected to move by more than one VIS pixel (100 mas), be-
tation of Euclid. This process will begin by deriving e ective-cause a transverse velocity of 200 kinsorresponds to a proper
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