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ABSTRACT

To better understand the role of active galactic nuclei (AGN) in galaxy evolution, it is crucial to work with a complete and pure AGN sample.
X-ray surveys are key to doing so, but their larger positional uncertainties complicate counterpart (CTP) association, further compounded by
the limited availability of deep, uniform multi-wavelength ancillary data. Euclid is revolutionising this identification effort, offering extensive
coverage of nearly the entire extragalactic sky, particularly in the near-infrared bands, where AGN are more easily detected. Using the first Euclid
Quick Data Release (Q1), we validated the methods for identifying and classifying Euclid CTPs of known point-like sources from major X-ray
surveys, including XMM-Newton, Chandra, and eROSITA. Using Bayesian statistics, combined with machine learning (ML), as incorporated in
the algorithm NWAY, we identified the CTPs of 11286 X-ray sources from the three X-ray telescopes. For the large majority of 10 194 sources,
the association is unique, with the remaining ~10% of multi-CTP cases equally split between XMM-Newton and eROSITA. Six percent of the
Euclid CTPs are detected in more than one X-ray survey. We then used ML to distinguish between Galactic (8%) and extragalactic (92%) sources.
We computed photo-zs using deep learning for the 9259 sources detected in the tenth data release of the DESI Legacy Survey, reaching an
accuracy and a fraction of outliers of roughly 5%. Based on their X-ray luminosities, all CTPs identified as extragalactic are classified as AGN,
most of which appear as type I AGN according to their hardness ratios. With this paper, we release our catalogue, which includes identifiers,
basic X-ray properties, the reliability of the associations, and additional property extensions, such as Galactic- or extragalactic classifications and
photometric/spectroscopic redshifts. We also provide probabilities for sub-selecting the sample based on purity and completeness, in order to allow
users to tailor the sample according to their specific needs.

Key words. methods: data analysis — catalogs — galaxies: active — galaxies: evolution — galaxies: photometry — X-rays: galaxies

1. Introduction ies. Here, energetic feedback drives powerful winds and out-
flows, impacting the surrounding interstellar and intergalac-
tic medium (Greene et al. 2011; Cielo et al. 2018). These close
connections are supported by fundamental scaling relations
that link the SMBH mass to various galactic properties.

Active galactic nuclei (AGN'), which rank among the most
energetic phenomena in the Universe, play a pivotal role in
shaping the evolutionary trajectories of galaxies throughout

cosmi§ time. Their activity is fundamentally driven by the Notable among these are the Mpy—o relation, which ties black
accretion of matter onto supermassive black holes (SMBHs) hole (BH) mass to the velocity dispersion of stars in the

from their surrounding environment (e.g., Salpeter 1964; .1, scpulge (Gebhardt et al. 2000; Ferrarese & Merritt 2000),
Lynden-Bell 1969; Pm?gle & Rees 1972; Shakura & Sunyat.av and the Mpy—M, relation, which connects it to the stellar
1973; Lynden-Bell & Pringle 1'974; Kormenc.1y .& Ho 2013). Slt' mass of the host galaxy (Magorrian et al. 1998; Hiring & Rix
uated at the centres of galaxies, AGN emit intense radiation 2004: Giiltekin et al. 2009: Sani et al. 2011: Shankar et al. 2016:
across the entire electromggnetic spectrum, ranging f“’m radio g, e,t al. 2020), thus poi,nting to an intri,cate co-evolution 0%
waves {0 y-rays (e.g.. Elv1.s et a!. 1.994; Urry & Padovani 1995,; the systems (Kormendy & Ho 2013; Heckman & Best 2014;
Padovani et al. 2017). While this is particularly true for quasi- 7, ;) & Dickinson 2014; Euclid Collaboration: Bisigello et al.

Stil.la.rt objec.ts .(QSOSZ{ It tls 1n;p ortarllt At(é};]om that ttl:e r(zlinge of 2024). However, the physical mechanisms driving this connec-
activity, emission, and interaction o Span a broad SpeC- j,h remain under debate, highlighting the need to construct

trum, with different AGN exhibiting varying levels of energy a complete picture of AGN diversity and complexity to bet-

ggtlpzmlsg (e.g.., Pe}erzs(())ln 5 1997; Pierce et al. 2010; Povic et al. ter understand galaxy formation and transformation across the
; Bettoni et al. )- history of the Universe (e.g., Aird et al. 2010; Buchner et al.

Consequently, with enough coupling efficiency, this allows 515" Georaakakis et al. 2015; Ananna et al. 2017; Morganti
AGN to exert significant influence over both their host galax- 507" pojvecchio et al. 2017- Husemann & Harrison 2018
ies and the growth of their central SMBHs, where the inter- Har ri’s on & Ramos Al méi da 20’2 4) ’

play between AGN activity and the respective host is believed

to regulate star formation and shape the morphology of galax- Despite significant advancements over the years, the cur-

rent AGN census remains incomplete due to inherent biases

! 'We use this term interchangeably to indicate both the singular and introd}lced to individual samples by Varigus multi—Wavelength
plural cases. selection methods, as each favours specific properties of the
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population (Messiasetal. 2014; Padovanietal. 2017,
Delvecchio et al. 2017; Lyuetal. 2022; Greenetal. 2024).
Comprehensive wavelength coverage is vital for identifying
diverse AGN across redshift, as each method that contributes
to this coverage capitalises on the dominant physical processes
of AGN activity, dominating the spectral energy distribution
(SED) of its host galaxy (Padovani et al. 2017). For instance,
radio observations are effective at identifying jet-dominated
AGN (De Breuck et al. 2002; Smolcic¢ et al. 2017), while optical
diagnostics (Feltre et al. 2016), such as emission line ratios (e.g.,
BPT diagrams as in Baldwin et al. 1981; Veilleux & Osterbrock
1987; Juneauetal. 2014), are widely used to distinguish
AGN from star-forming galaxies by probing ionisation mech-
anisms. Other selections include colour or variability (e.g.,
Richards et al. 2002; Bongiorno et al. 2010; Bovy et al. 2012;
Donley et al. 2012; Kirkpatrick et al. 2013; Peters et al. 2015;
Palanque-Delabrouille et al. 2016; Lusso & Risaliti  2016).
Soft X-ray selection excels at detecting unobscured accretion-
powered emission (e.g., Hasinger 2008; Brandt & Hasinger
2005; Nandra et al. 2015) and can be complemented by mid-
infrared (MIR) observations (e.g., Stern et al. 2012; Assef et al.
2013), which can effectively penetrate dense dust clouds
(Hickox & Alexander 2018). Notably, the significantly higher
contrast between the intrinsic brightness of accreting SMBHs
and their host galaxies in X-rays, as opposed to other wave-
lengths, makes this selection one of the most uncontaminated,
and thus it provides pure AGN samples of a larger diversity
(Xue et al. 2011a; Donley et al. 2012). To combine different
observational perspectives of AGN, these X-ray samples must
then be paired with ancillary multi-wavelength data.

In the past, identifying multi-wavelength counterparts
(CTPs) for X-ray-selected sources was a significant hurdle
in AGN characterisation and redshift estimation (Salvato et al.
2018). While combining data from multiple wavelengths is cru-
cial for constructing a more complete picture of AGN, the pro-
cess of cross-identifying sources remains complicated. Due to
the significant positional uncertainties in X-ray surveys, confi-
dently linking most X-ray sources to a single, definitive CTP
in, for example, optical, infrared, or radio surveys, is challeng-
ing, except in the brightest cases. These uncertainties, along
with the uneven spatial coverage of ancillary data, further com-
plicate the task of reliably pinpointing AGN across different
surveys. Consequently, a simple coordinate match is insuffi-
cient, and more sophisticated methods are needed for accu-
rate cross-identification. For this purpose, machine learning
(ML) algorithms that integrate multi-wavelength source classi-
fication approaches have become increasingly prevalent (e.g.,
Cavuoti et al. 2014; Bresciaetal. 2015; Karsten et al. 2023;
Cooper et al. 2023; Daoutis et al. 2023; Zeraatgari et al. 2024;
Pérez-Diaz et al. 2024; Mechbal et al. 2024).

The European Space Agency’s Euclid satellite will also help
overcome this limitation due to its uniform depth and wide cov-
erage (Laureijs et al. 2011; Euclid Collaboration: Mellier et al.
2025). At the same time, Euclid’s depth results in very high
source densities, thus increasing the risk of unforced misidentifi-
cation and chance alignments. Over its six-year mission lifetime,
Euclid will cover a total of ~14 000 deg? in the Euclid Wide Sur-
vey (EWS, Euclid Collaboration: Scaramella et al. 2022), and it
is expected to detect billions of sources. In addition to its cosmo-
logical objectives, Euclid will play a crucial role in the detection
and characterisation of AGN, as at least 10 million AGN are
anticipated to be detected (Euclid Collaboration: Bisigello et al.
2024, Euclid Collaboration: Lusso et al. 2024, Euclid
Collaboration: Selwood et al. 2025). To achieve these

goals, FEuclid employs two main instruments: the VISi-
ble imager (VIS, Euclid Collaboration: Desprez et al. 2020;
Euclid Collaboration: Cropper et al. 2025), covering wave-
lengths from 0.53 to 0.90pum (Ig), and the Near-Infrared
Spectrometer and Photometer (NISP, Maciaszek et al. 2022;
Euclid Collaboration: Jahnke et al. 2025). Operating in the
near-infrared and with photometric measurements in three
bands (Yg, Jg, and Hg), Euclid covers in total the wavelength
range from 0.95 to 2.02pum while also including a slitless
spectrograph for the detection of emission lines.

With the first Euclid Quick Data Release (Q1), we can now
begin building and testing the necessary machinery for identify-
ing and characterising AGN previously selected in the X-rays.
We aim to leverage Euclid’s depth, resolution, and wavelength
coverage to provide more secure associations of these AGN.
Moreover, this initial testing will form the foundation for refin-
ing our methods and ensuring accurate AGN identification as
more data become available over the next years.

In this paper, we address the task of reliably associating X-
ray sources with their Euclid CTPs and investigate their respec-
tive NIR properties as a function of X-ray flux, among other
properties. The paper is structured as follows: In Sect. 2 we give
an overview of the Q1 data. In Sect. 3 we introduce the X-ray
source catalogues used in this work, while Sect. 4 provides an
outline of the approach to identifying CTPs. In Sect. 5, using
a sample of sources clearly characterised with the tenth Data
Release of the Legacy Survey (Dey et al. 2019), we describe how
we assign a Galactic- or extragalactic nature to our sources using
Euclid photometry. In Sect. 6, we compute photometric redshifts
for all CTPs. Section 7 displays CTP sample properties, and in
Sect. 8 we explain the release of the catalogues and how to use
them. Finally, a summary and discussion are given in Sect. 9.

In this paper, unless stated otherwise, we express magni-
tudes in the AB system (Oke & Gunn 1983) and adopt a flat
ACDM cosmology with Hy = 70kms~' Mpc~!, Q,, = 0.3, and
Qx = 0.7 to facilitate direct comparison with similar works from
literature.

2. Euclid Q1 fields

Euclid Q1 marks the initial data release with a footprint area
of ~63.1 deg2 (Euclid Collaboration: Mellier et al. 2025). It con-
sists of observations making up the Euclid Deep Survey (EDS),
selected for their considerable multi-wavelength coverage. How-
ever, the data is currently at the depth of the EWS, with a
So depth of Ig(AB)=24.5 for point sources. The EDS tar-
gets three important Euclid Deep Fields (EDFs; see Fig. 1):
the EDF Fornax (EDF-F), EDF South (EDF-S), and the EDF
North (EDF-N). For more details, we refer the reader to
Euclid Collaboration: Aussel et al. (2026).

The catalogues provide comprehensive photomet-
ric information across all four Euclid bands (Euclid
Collaboration: McCracken et al. 2026; Euclid Collaboration:
Polenta et al. 2026; Euclid Collaboration: Romelli et al. 2026).
In addition to the Euclid bands, the catalogue is supplemented
with ground-based photometry in the ugriz optical bands, where
available, sourced from various instruments depending on their
access to the northern or southern extragalactic sky. Photometric
measurements are provided as both template/Sérsic model fits
and fluxes extracted within apertures corresponding to radii of
1-4 times the seeing full-width at half maximum (FWHM).
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Fig. 1. Sky coverage of the EDF fields and corresponding X-ray source distributions. Top: Mollweide projection of the sky indicating the locations
of EDF-N, EDF-S, and EDF-F using their multi-order coverage maps (MOCs). Bottom: Zoomed-in views of each EDF overlaid with X-ray sources
from the eROSITA-DE DRI catalogue (grey), the XMM-Newton 4XMM DR 14 catalogue (purple), and the Chandra Source Catalog 2.0 (orange),
to illustrate the overlap between Euclid’s deep fields and existing X-ray source catalogues.

3. The X-ray surveys

X-ray surveys are often constrained by the flux detection limit
of the most sensitive X-ray telescopes, which typically oper-
ate with small fields of view. Therefore, surveys with different
observational strategies need to be combined to facilitate the
characterisation of the full AGN population. Pencil-beam sur-
veys that provide exceptionally deep observations, valuable for
probing faint AGN and for characterising the low-luminosity end
of the AGN population, are limited in sky coverage and, conse-
quently, miss rare (bright or distant) sources (e.g., Brusa et al.
2010; Hsuetal. 2014; Nandraetal. 2015; Marchesi et al.
2016; Luo et al. 2017; Oh et al. 2018). Subsequently, the data
releases of XMM-Newton 4XMM DR 14 (Webb et al. 2020) and
Chandra Source Catalogue 2 (CSC2.0, Evans et al. 2024) fea-
ture outstanding sensitivity for X-ray-selected sources but cover
relatively small regions of the sky.

On the other hand, wide-area surveys are crucial for comple-
menting pointed observations and uncovering those AGN missed
(e.g., Ananna et al. 2017; Fotopoulou et al. 2016). Therefore, we
incorporate data from the extended Roentgen Survey with an
Imaging Array (eROSITA; Predehl et al. 2021) DR1 main sam-
ple (Merloni et al. 2024). As part of the ongoing eROSITA All-
Sky Survey (eRASS), these data provide homogeneous, soft
X-ray coverage of the entire extragalactic sky. While eROSITA’s
positional accuracy is somewhat poorer than that of XMM-
Newton and Chandra, its unparalleled breadth allows us to
include a significantly larger sample of sources, enhancing the
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statistical power of our analysis and ensuring a more compre-
hensive AGN census (see Fig. 1 and Table 1). In the following
subsections, we describe the selection criteria applied to the cat-
alogues from each X-ray survey.

3.1. XMM-Newton

The XMM-Newton space-telescope provides some of the deep-
est and most detailed X-ray imaging available, with a spatial
resolution of approximately 6” and positional uncertainties
typically below 1-2”. The data used in this study includes
both targeted and serendipitous observations, selected from
the 4XMM DR14 cataloguez, the most recent of the XMM
releases’. The catalogue offers multi-band flux measurements
and quality flags. To prepare the sample, point-like sources were
filtered based on their extent likelihood and positional uncertain-
ties: SC_EXT_ML < 10, SC_EXTENT < 10 and SC_POSERR < 10",
where the threshold for the positional uncertainty is motivated
by the respective distribution as a function of flux as shown in
Fig. 2. This effectively reduces the computational load for cross-
matching with Euclid. To be consistent with other X-ray surveys,

2 Catalogue and data model description available at https://
cdsarc.cds.unistra.fr/viz-bin/cat/IX/69

3 We note that dedicated XMM observations targeting the Fornax field
are ongoing. These additional data are not included in this work but may
be used to refine and extend the CTPs in future.
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Table 1. Sample sizes for the three X-ray catalogues at various stages.

X-ray catalogue MOC  Number of sources AND point-like =~ AND POSERR <limit EDF-F EDF-N EDEF-S
(D @) 3) “) &) (6) ) ®)
Unit [deg?]

4XMM DR14 6.18 692109 612521 612504 4523 445 273
CSC2.0 1.31 317167 296473 296162 1016 506 147
eROSITA DR1 main  43.14 898812 879153 878984 1012 0 3369

Notes. (1) Areas covered by the X-ray survey MOC:s in the Q1 footprint (see Fig. 1), (2) X-ray catalogue, (3) total number of X-ray sources (starting
from unique source ID entries and QFs set to zero), (4) after applying the point-like source criterion, and (5) after following the application of the
positional error threshold. Columns (6), (7), and (8) give the respective number of sources in each EDF.

we computed the X-ray flux, Fy, for the 0.5-2keV band as

Fx = SC_EP_2_FLUX5_1 gkev + SC_EP_3_FLUX| g5 0kev
(D

and its uncertainty as

EFx = \/ SC_EP_2_FLUX_ERR? + SC_EP_3_FLUX_ERR?
@

by combining the 0.5-1 keV and 1-2 keV band fluxes and errors.

3.2. Chandra

The Chandra X-ray space telescope provides sub-arcsecond
angular resolution, which allows for precise localisation of
sources and makes it particularly effective in crowded or com-
plex fields. Our sample incorporates sources from the CSC 2.0
catalogue*. To subsample only point-like sources, we selected
sources with the extended flag, f., set to zero. The 0.5-2keV
X-ray flux and its uncertainty were computed as

Fx = Fluxgs-12kev + Fluxj2-20kev, 3)

EFx = V(B_Fluxs — b_Fluxs)? + (B_Fluxm — b_Fluxm)?, (4)

with Fluxgs_jokey and Flux;, sokev referring to the default
CSC2.0 soft and medium bands, respectively, while (B) and
(b) represent the upper and lower 1o error margins. The posi-
tional uncertainties were determined using the 20~ errors along
the semi-major (r() and semi-minor (7;) axes of the error ellipse
provided in the source catalogue as

C_POSERR = ‘/w’ )

and we downsampled the CSC2.0 catalogue such that
C_POSERR< 10”to be consistent with 4XMM DRI14 (see
Fig. 2).

3.3. eROSITA

The eROSITA-DE DR1 main catalogue’ offers comprehensive
coverage of the western galactic hemisphere. While it does not
include the EDF-N region (see Fig. 1), with a half energy width

4 https://vizier.cds.unistra.fr/viz-bin/VizieR?
-source=IX/57&-to=3

5 https://erosita.mpe.mpg.de/dr1/Al1SkySurveyData_drl/
Catalogues_drl/
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Fig. 2. X-ray fluxes in the 0.5-2keV band plotted against posi-
tional uncertainties for sources from the 4XMM DR14, CSC2.0, and
eROSITA-DE/DRI1 catalogues.

(HEW) of 26” and a soft X-ray energy range of 0.2-2.3keV,
eROSITA offers a uniform data set ideal for large statistical stud-
ies. The data preparation for eROSITA included filtering for reli-
able point-source detections with EXT_LIKE =0. Additionally,
we required that all nine quality flags (QFs) are set to zero, and
applied a cut in positional uncertainty of POS_ERR < 20" (refer to
Table 1).

The choice to permit larger positional uncertainties in the
eROSITA DRI sample, as opposed to the XMM-Newton and
Chandra samples, is guided by the comparison of their error
distributions shown in Fig. 2. This approach ensures the reten-
tion of the majority of the sample while excluding only a small
number of outliers with exceptionally high positional errors.
We intentionally avoid applying more restrictive criteria, such
as minimum flux, signal-to-noise ratio (S/N), isolated environ-
ments, detection likelihoods, or other observational limitations,
in order to prevent excluding sources that could potentially be
identified by Euclid. An overview of the sample sizes is given
in Table 1. By setting this threshold, we aim to optimise the bal-
ance between maintaining a robust sample and minimising the
computational effort required for CTP identification within the
defined error limits.

4. Identification of CTPs

Until recently, the identification of CTPs was primar-
ily performed using maximum likelihood matching (e.g.,
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Sutherland & Saunders 1992). This approach considers the sep-
aration between sources in the primary catalogue (e.g. X-ray)
and the secondary multiwavelength catalogue, the positional
uncertainties of the primary sources, and the magnitude dis-
tribution of sources in the ancillary catalogues within a cer-
tain radius from the primary sources. While this method has
been applied successfully in cases with small positional errors
and bright sources (see e.g., Naylor etal. 2013; Brusa et al.
2010; Xue et al. 2011b), its reliability decreases in situations
where positional errors are large, and more than one photo-
metric point is necessary for identifying the correct CTP or
when multiple potential CTPs exist within the search radius. In
such cases, positional matching often fails to provide a robust
identification.

4.1. NWAY

To address these challenges, Bayesian statistics needs to
be invoked (Budavari & Szalay 2008). With this in mind,
algorithms such as NWAY (Salvatoetal. 2018), and XMATCH
(Pineau et al. 2017) were developed. Unlike the others, NWAY
also allows for the adoption of priors in addition to positional
matches between multiple catalogues. It refines its matching pro-
cedure by being able to supplement one or more features, such
as colours, magnitudes, and S/N, into likelihood ratios used for
CTP identification. These priors based on (anti-) correlations
between source properties of the target and field populations
allow NWAY to improve the likelihood of finding true matches,
boosting the accuracy significantly over methods that rely solely
on positional information.

4.1.1. The integration of priors in NWAY

Colour and magnitude priors are posteriors that encode knowl-
edge from data or probabilistic distributions that describe the
expected properties of true CTPs for the sources in the primary
catalogue. For example, an AGN selected in X-rays is likely to
have distinct colours (e.g. redder MIR colours due to dust) and
magnitudes compared to stars or inactive galaxies. The differ-
ence between the methods resides then in the adoption of spe-
cific features able to distinguish an X-ray emitter (regardless of
its Galactic or extragalactic nature) from a random source in the
field (Salvato et al. 2022). NWAY uses these priors to add addi-
tional dimensions to calculate a more nuanced likelihood ratio.
This reduces ambiguity, especially in crowded fields or cases
with large positional uncertainties.

For instance, in the ROSAT All-Sky Survey (2RXS,
Boller et al. 2016), Salvato et al. (2018) improved CTP identi-
fication by incorporating a 2D prior based on the W2 magni-
tude and W1-W2 colour from AIIWISE (Wright et al. 2010),
effectively separating out AGN. In the more recent applica-
tion to the eROSITA Final Equatorial-Depth Survey (eFEDS,
Brunner et al. 2022), Salvato et al. (2022) defined a prior that
utilised not only magnitudes and colours from the Legacy Sur-
vey Data Release 10 (LS10, Dey et al. 2019), but also S/N in all
bands (griz, W1, W2, W3, and W4), as well as properties, such
as proper motion, from Gaia DR3 (Vallenari et al. 2023) when
available. For further details on the formalism, we refer to the
NWAY documentation®.

% https://github.com/JohannesBuchner/NWAY
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4.1.2. Q1 prior

In this work, we have adopted the same principle as described
in the previous subsection, but restricted ourselves to using
only photometric features from Euclid. To build priors based
on multiple features, NWAY can incorporate probabilities derived
from ML models, such as a random forest (RF) classifier (the
sklearn implementation, Pedregosa et al. 2011). We start by
utilising the training sample presented in Salvato et al., in prep.,
comprising secure CTPs to X-ray sources from 4XMM DR11
(Webb et al. 2020) and CSC 2.0, for training the RF model, as
presented by Salvato et al. (2022). NWAY is then applied to iden-
tify CTPs for these X-ray sources in the EDF catalogues. A
search radius of three times the positional error threshold is set
around each X-ray source to include all potential EDF matches
within this radius. This large search radius ensures that widely
separated CTPs are not missed, even for sources with the largest
positional uncertainties. The sky coverage of each X-ray sample
per EDF is calculated to account for overlapping search win-
dows. Specifically, while the coverage for the X-ray sample is
given by its multi-order coverage map (MOC) or pointing, the
EDF coverage was derived as
Afield = Nxray 70 (POSERR) — Aoyertap, 6)
where Nx.r,y, corresponds to the number of X-ray sources and
Aoverlap 18 the overlapping area of adjacent search windows. Fol-
lowing the methodology outlined in Salvato et al. (2018), these
coverage areas are used to compute the number densities, which
inform two key probabilities: p_any (the probability that an X-
ray source has a CTP) and p_i (the probability that each EDF
source within the search radius is the correct CTP). NWAY iden-
tifies the most likely CTP for each X-ray source by selecting
the EDF source with the highest p_i value. This CTP is consid-
ered the primary match. To assess the reliability of this identi-
fication, the p_any value is used as a confidence threshold. All
sources identified as primary matches (match_flag==1) with
p_any > 0.85, form the target sample. In addition, for every X-
ray source, all other EDF sources within the search radius that
are not the primary match are collected into a field population,
provided p_any <0.1. This field population serves as a repre-
sentation of non-X-ray sources, providing a comparison set for
training the RF. To label the data sets, X-ray CTPs are assigned
a target class of ‘1’, while field objects are labelled as ‘0’. The
Euclid-only training features utilised for the RF classifier are
outlined in Table 2. At present, photometry and colours from dif-
ferent apertures are not included as features, as the aperture sizes
vary between sources despite sharing the same designation.
Future data releases may standardise aperture sizes across
all objects, also enhancing the RF classifier’s ability to leverage
the relationship between light profiles and X-ray emission. To
evaluate model performance, 15% of the training dataset (6000
fields and 1730 target sources) is randomly set aside as a test
set. The RF model is configured with 200 decision trees, with
splits allowed if at least 25 samples remain in a branch. Per deci-
sion tree construction, 10 photometric features are considered,
and bootstrap sampling is applied to the training set for building
the ensemble of trees. Since the data set is highly imbalanced,
with field objects vastly outnumbering CTPs of X-ray sources,
a weighting scheme is implemented to automatically adjust the
contribution of each class during training (Salvato et al. 2022).
This ensures the model effectively learns to differentiate between
the two classes despite the imbalance. The classifier outputs a
probability score X-ray, the predicted likelihood of a candidate
CTP being X-ray emitting. Px.ray is used for class prediction,


https://github.com/JohannesBuchner/NWAY
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Table 2. Overview of Euclid features used to train the RF classifier for the photometric prior used in NWAY.

Feature Description

dered_*_flux deredened template flux in Ig, Yg, Jg, and Hg

colour_* deredened template colour for Ig—Yg, Ig—Jg, [e—Hg, Yg—Jg, Yg—Hg, and Jg—Hg
snr_* S/N for template Ig, Yg, Jg, and Hg

point_like_prob

vis_det binary flag, where {

probability between 0 and 1 that the source is point-like
source is detected in the VIS mosaic (1),
source is only detected in the NIR mosaic (0)

Notes. Deredened fluxes are calculated by correcting for Milky Way (MW) extinction, following the procedure for obtaining intrinsic magnitudes

described by Cuillandre et al. (2025).

91

Field

True label

X-ray emitter

19

182

Field X-ray emitter
Predicted label

Fig. 3. Confusion matrix from the RF prediction on an independent test
set. X-ray sources are labelled as ‘X-ray emitter’, while field objects are
labelled as ‘Field’. Numbers on the diagonal correspond to correctly
predicted classes of TP (bottom right) and TN (top left), while those
off-diagonal refer to falsely predicted classes of FP (top right) and FN
(bottom left).

where NWAY retains candidates with Px_,y < 50% if their astro-
metric configuration strongly supports a match. Importantly, the
probability Px.r,y is derived exclusively from photometric prop-
erties, independent of positional uncertainties, enabling it to be
seamlessly integrated into NWAY’s Bayesian framework, comple-
menting astrometric priors with photometric information.

We quantify the classification quality by comparing the
input labels and predicted classes as: (i) true positive (TP,
where label=1 and prediction=1); (ii) true negative (TN,
where label =0 and prediction=0); (iii) false positive (FP,
where label =0 and prediction=1); and (iv) false negative
(FN, where label =1 and prediction =0). The model’s perfor-
mance is summarised in the confusion matrix shown in Fig. 3,
assessed by acquiring these values for the test set (see e.g.,
Fotopoulou & Paltani 2018). We defined the following measures
of quality for the classifier:

— accuracy = (TP+TN)/(TP+TN+FP+FN);
— precision = TP/(TP+FP);

140+ P 4XMM DR14 & EDFS EEE Real w/o prior
I Shifted w/o prior
120+ EZZ Real w/ prior |
EZ2 Shifted w/ prior
100} 1
%
=
= &0 1
Q
o
601 1
40 1
201 1
%0 02 04 06 08 L0

p-any

Fig. 4. Example of p_any, the probability that an X-ray source has
a Euclid CTP, showing distributions for both random and real X-ray
sources before (filled) and after (hatched) incorporating the photomet-
ric prior in NWAY. For the random sources, the inclusion of the prior
shifts the p_any values to lower values, indicating that most associa-
tions are due to chance alignments. Conversely, for the real sources, the
prior shifts the p_any values to higher values, highlighting the increased
confidence in the true matches, demonstrating the positive impact of the
prior in distinguishing real CTPs from random associations.

— recall = TP/(TP+FN);
— fall-out = FP/(TN+FP).

The trained model achieves strong performance, with a high
accuracy of 89% and a recall of 91%, indicating that most real
X-ray emitters are correctly identified. The contamination rate
remains low, with a fractional leakage of 11%. The fall-out frac-
tion can, in principle, be reduced by including more field objects,
though at the price of reduced recall.

To better understand the model’s decision-making process,
we performed a detailed feature importance analysis. This
revealed that while most features contribute marginally to the
classification, a few stand out as particularly informative. Specif-
ically, features related to the de-reddened Hg band, including
the flux, the S/N, and respective colour combinations, headed
by Yg—Hg, as well as the point-like probability, emerge as the
most significant predictors. For a more comprehensive overview
of feature contributions, we refer the reader to Appendix A.
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Table 3. Breakdown of the CTP sample.

X-ray catalogue X-ray sources CTPs AND AND AND Pga < 0.5 w/spec-z
match_flag == inLS10 S/N, >3

4XMM DR 14 5241 5885 5239 4107 4033 5486 953

CSC2.0 1669 1712 1666 993 958 1625 502

eROSITA DRI 4381 5048 4381 4159 4141 4375 321

Total: 11291 12645 11286 9259 9132 11486 1776

Notes. (1) X-ray catalogue, (2) number of X-ray sources, (3) number of CTP candidates, (4) unique CTPs with match_flag==1, (5) unique
CTPs successfully matched to LS10, (6) unique CTPs in LS10 with S/N, > 3. The respective number of CTP candidates that we consider to be
extragalactic is given in Column 7, while the number of candidates with publicly available spectroscopic redshifts is given in Column 8.

4XMM DR14

eROSITA DR1 main

Fig. 5. Venn diagram illustrating the overlap of shared Euclid CTPs
among the three X-ray samples, 4XMM DR14, CSC 2.0, and eROSITA
DRI main, as listed in Table 3. The diagram shows the distribution of
sources that are uniquely or jointly identified by the surveys, with larger
overlapping areas indicating stronger agreement among the surveys.

4.2. Adding the X-ray emitter prior to NWAY

The a priori probability of a Euclid source being an X-ray emit-
ter, Px.ray, is now incorporated as a prior into the NWAY frame-
work to enhance our CTP identification process. To visualise the
positive impact of the inclusion of this prior, we plot the distri-
bution of p_any both before and after the inclusion of the X-ray
emitter prior (see Fig. 4). Incorporating the prior shifts the dis-
tribution of p_any to higher values, making the identification of
true CTPs more reliable. Notably, the inclusion of the prior also
changes the respective CTP in about 30% of the cases, indicating
that for those sources that are indeed not the CTP after adding
the prior, the p_any value has been decreased.

In total, we associated 12 645 CTP candidates. Among these,
11286 sources (about 90%) have match_flag == 1, indicating
that they have the highest probability p_i to be considered reli-
able CTPs. The remaining candidates, with match_flag == 2,
represent secondary but plausible matches that are not ruled
out entirely. We found 1092 X-ray sources with multiple CTPs,
the vast majority of which are made up by XMM-Newton and
eROSITA, with only Chandra providing the required positional

A16, page 8 of 25

—_
(e}
T

Separation EUCLID X-ray

1 1

0.50
p_any

0.00 0.25

Fig. 6. Relationship between the separation (in arcseconds) between X-
ray sources from 4XMM DR14 and their selected CTP as a function of
p_any colour-coded by Px.r.y. The plot highlights that a minimal (or
very small) fraction of matches have separations above 10”, and p_any
is enhanced by the probability to be X-ray emitting.

accuracy for Euclid to have a few sources with multiple plausi-
ble CTPs. While most of the multi-CTP cases are made up of
two candidates, a few cases with more than two CTPs are intro-
duced, predominantly by eROSITA, given its larger positional
uncertainty. Notably, only five X-ray sources within the Q1 foot-
print (see Table 1) lack an association entirely, possibly due to
boundary effects where the true CTP falls outside the region cov-
ered by the EDFs.

With this catalogue, several scenarios emerged in terms of
the relationships between CTPs and X-ray sources:

1. Two X-ray entries from different surveys are assigned to a
single CTP. This scenario suggests but does not confirm the
possibility of a single physical source being detected by two
different X-ray surveys.

2. Two X-ray entries from the same survey are assigned to a
single CTP. Here, we can confidently state that two distinct
physical sources are selected, though both are associated
with the same Euclid ID.

3. Cases where a single Euclid ID is linked to multiple entries
from two or even all three X-ray surveys.

4. Two X-ray entries where the same X-ray source, detected by
multiple surveys, is matched to distinct Euclid CTPs.
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Fig. 7. Purity (red) and completeness (purple) as a function of p_any for matches between the different EDFs and the three X-ray catalogues:
4XMM DRI14 (top row), CSC2.0 (middle row), and eROSITA DR1 (bottom row). Based on these figures, users can adopt the p_any value
threshold that enhances purity or completeness, depending on their scientific preference. The intersection point serves as a threshold for the p_any

selection.

Among the surveys, only eROSITA uniformly covers two of the
three fields. In contrast, other surveys consist of pointed observa-
tions with differing depths and catalogues across distinct bands,
meaning sources are not always detected at the same flux lev-
els. As a result, the overlap between catalogues is complex and
interpreting source matches becomes challenging. At this stage,
gaps in coverage further limit the significance of overlap checks.
Keeping this in mind, we find 674 pairs which either correspond
to case one or two, as well as 16 triplets referring to case three,
as shown in Fig. 5. We deliberately choose not to quantify case
four, as there is currently no definitive way to resolve it with
certainty. A breakdown of the CTP sample is given in Table 3.

4.3. Purity and completeness

To calibrate a reliable p_any cut-off, we performed the NWAY
procedure (using the same prior) on a duplicate sample of the

X-ray sources, referred to as ‘randoms’. These randoms were
generated by displacing the positions of the X-ray sources to lie
beyond the search radius, ensuring that any matches with mul-
tiwavelength CTPs are purely coincidental. By comparing the
distribution of p_any values for both the original X-ray sam-
ple and the randoms, we could assess the impact of the prior by
examining the two histograms in Fig. 4. The figure shows how
the p_any value for the randoms is usually lower than for the
real sample of X-ray sources, indicating that in a random posi-
tion in the sky, there are no sources that have the same features
as a typical X-ray emitter. For the few sources for which p_any
remains high, either the prior was not representative enough, or,
deeper data in the future will potentially reveal a fainter X-ray
source.

To further assess the impact of incorporating Px..y into
the NWAY procedure, we compared the p_any values as a func-
tion of the separation distance between the primary (X-ray) and
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Fig. 8. Separation between the X-ray position and the selected CTP,
where the Yg magnitude for sources with CTPs (p_any > 0.2) is plot-
ted against the normalised 1-dimensional positional error of the X-
ray sources. The hexagonal bins are colour-coded linearly based on
the count of sources within each bin. Marginal histograms show the
distribution along the axes, with a linear y-axis scale. The expected
1o Rayleigh distribution for the normalised separations is overlaid in
orange.

secondary (multi-wavelength) sources. Figure 6 presents the sep-
aration between the 4XMM sources and the associated CTP in
EDF-F as a function of p_any. The sources with a higher prob-
ability of being correct also have a high probability of being X-
ray emitters, even at larger separations, the latter being mostly
smaller than 10”. CTPs of little separation and low p_any show-
case scenarios of chance alignments where objects appear close
but do not show significant Px.,y. Next, we focused on evalu-
ating the purity and completeness of the CTP samples based on
how they are sub-selected. In this context, we defined complete-
ness as the cumulative fraction of sources with p_any higher
than a certain value and purity as the fraction of sources with
p_any higher than the value in the random sample. This gives a
measure of how often the CTP in the real sample is associated to
a CTP only by chance.

Figure 7 shows both the purity and completeness for each
EDF and X-ray survey as well as the ‘sweet spot’ for the best
trade-off between these quantities as a function of p_any. Varia-
tions in the distributions result from differences in the positional
uncertainties of the X-ray surveys and the source densities within
both the X-ray data and the corresponding EDF. Depending on
the scientific goal, a user interested in creating a catalogue that is
extremely complete or pure is hence free to select sources with
a p_any beyond a certain threshold. For the rest of the work,
we adopt the intersection between the purity and completeness
curves as the threshold. In all fields, purity and completeness
are at least 80%, with the Chandra catalogues unsurprisingly
having the most reliable associations, reaching values of about
90%. Interestingly, the impact of the higher spatial resolution of
Chandra is clear in the EDF-F field, where Fornax, the second
richest galaxy cluster of the local Universe, is located. In such a
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Fig. 9. Upper row: Colour-colour plot showing the positional matched
Euclid CTPs to LS10 sources with ‘good’ photometry (S/N > 3),
adapted from Salvato et al. (2022). This distribution is used to seg-
ment sources into Galactic and extragalactic classes. Lower row: Euclid
colours for extragalactic (left) and Galactic (right) distributions plotted
on top of the contours of Euclid field sources. The plots confirm that
Euclid colours cannot differentiate between Galactic and extragalactic
sources since both distributions are very similar.

dense environment, it is more challenging to identify the correct
CTP given the resolution of 4XMM and eROSITA.

To conclude this part, we assessed the stability of the method
by examining the impact of RF hyperparameters such as the min-
imum leaf size and features per tree. Variations in these param-
eters mainly shift the intersection of purity and completeness
curves along the p_any axis, with smaller leaf sizes enhancing
subclass specificity and subtly altering the intersection point.

4.4. Separation and magnitude distribution of CTPs

The distribution of observed X-ray-optical separations, nor-
malised by the X-ray positional uncertainty, is presented in Fig. 8
as a function of the CTP’s Yg-band magnitude. For a quality-
selected sample of p_any>0.2, this distribution well aligns
with the expected Rayleigh distribution for a scale factor of
o = 1, indicating consistent behaviour with statistical expecta-
tions, demonstrating the reliability of the matching process (e.g.,
Salvato et al. 2022). The bulk of the sources have a mean sepa-
ration of 1”722 and Yg =20.65.
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Fig. 10. Confusion matrix from the RF Galactic-extragalactic classifier
applied to an independent test set. Sources classified as residing within
the Milky Way are labelled as ‘Galactic’, while field objects are labelled
as ‘extragalactic’.

5. Characterisation and classification of CTPs

Once the CTPs have been identified, it is essential to categorise
the sources in order to study the underlying physical processes
and populations. The primary distinction is between extragalac-
tic sources (such as galaxies or faint and bright AGN) and galac-
tic sources (including stars and compact objects). In the follow-
ing section, we outline the methodology used for classifying the
sources and the validation tests conducted to ensure the accu-
racy of the classification, the results of which are summarised in
Table 3.

5.1. Galactic and extragalactic sources

The four Euclid bands alone lack the discriminatory power
required to reliably separate Galactic from extragalactic sources,
given the broadness of the optical filter, where most of
the differences within the SED occur. As demonstrated in
Euclid Collaboration: Bisigello et al. (2024), no combination of
Euclid-only photometry achieves satisfactory fractions of purity
and completeness for this task. Moreover, the ground-based pho-
tometry added to the QI catalogues is not completely cross-
calibrated at this stage, and differences in quality and bands
available differ from field to field. For this reason, we decided
to use the photometry available in LS10, providing us with well-
calibrated and reasonable depth in griz from DECam Legacy
Survey observations, including data from the Dark Energy Sur-
vey (DES, Dark Energy Survey Collaboration 2016), Beijing-
Arizona Sky Survey (BASS, Zouetal. 2017), and the May-
all z-band Legacy Survey (MzLS, Silvaetal. 2016), as well
as W[1,2,3,4] from the Near-Earth Object Wide-field Infrared
Survey Explorer (NEOWISE, Mainzer et al. 2011; Lang 2014;
Meisner et al. 2017). We match the 11286 CTPs to LS10 using
a 1” positional tolerance and find an association for 8§2% of our
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Fig. 11. Cumulative histograms showing the respective percentage of
CTPs as a function of Pg,. Values of Pg, < 0.5 correspond to sources
classified as extragalactic, while values above 0.5 classify them as being
Galactic. Only roughly 8% of sources have Pg, > 0.5, indicating a pre-
dominantly extragalactic population. In addition, each bin of the his-
togram is coloured by its mean Ig magnitude, while the sum of each set
of ten adjacent bins is printed on top.

sources, see Table 3. Next, we apply a cut of S/N >3 in the g, r,
z, and W1 bands to minimise the relative impact of photometric
uncertainties. The selected sources are then plotted on the z—W1
versus g — r colour-colour plane, to distinguish between Galactic
and extragalactic objects (see Fig. 9). Using the separation line
defined in Salvato et al. (2022), we preliminarily classify sources
based on their location relative to the threshold. Objects above
the threshold are flagged as extragalactic, while those below are
classified as Galactic.

These classifications are then used to create individual
subplots (lower panels of Fig. 9), displaying the sources by
their classification using only Euclid colours. As highlighted
in Euclid Collaboration: Bisigello et al. (2024), the Galactic and
extragalactic sources trace almost the same feature space, con-
firming that Euclid photometry alone, comprising the Ig, Yg, Jg,
and Hg bands, does not provide sufficient information to reliably
distinguish between the two populations.

5.2. Probabilistic classifier approach

To overcome this limitation, we followed the methodology out-
lined in Sect. 4.1.1, training an RF classifier using the same
Euclid-only features listed in Table 2. However, this time we
labelled the sample based on the classification derived from the
z— W1 versus g — r plot, setting Galactic objects (396) to ‘1’ and
extragalactic objects (1000) to ‘0’. Using the trained model, we
assigned a Galactic or extragalactic label to each Euclid CTP,
providing a probabilistic classification, Pg,, for robust down-
stream analyses.

We present the respective confusion matrix in Fig. 10 and
note a recall of 92%, with a limited fall-out of 4%. For more
details on the feature correlations, see Appendix A. To further
validate the RF performance, we examine the galactic probabil-
ity distribution (Pg,)) for the unique CTP candidates sample. Less
than 10% of sources have Pg, > 0.5, indicating effective sepa-
ration of Galactic and extragalactic populations. A comparison
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Fig. 13. Cumulative histogram showing the number of extragalactic
CTPs according to Pg, < 0.5 with spec- and/or photo-z as a function of
their Iz magnitude.

with the Euclid Collaboration: Matamoro Zatarain et al. (2026)
classification reveals that 97% of sources classified as Galactic
there, also have Pg, > 0.5, confirming good agreement. Addi-
tionally, the colour-coding of Fig. 11 reveals that most sources
classified as being Galactic make up the bright end of the sam-
ple, with the most intense colour gradient surrounding Pgy = 0.5
and a couple of sources towards high Pg, interestingly appear-
ing increasingly fainter again, probably due to different popula-
tions of stars, subject to their location in the extragalactic sky.

6. Redshifts

The catalogues of CTPs we make available in this paper include
spectroscopic redshifts (spec-zs), where available. This was done
by matching their coordinates to a compilation of publicly avail-
able redshifts (Kluge et al. 2024, Igo et al., in prep.). However,
this compilation is rich in duplications; hence, the details of the
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cleaning are described in Sect. 3.1 of Saxena et al. (2024). While
spec-zs provide highly accurate distance measurements, they are
inherently limited to a subset of typically brighter objects. As a
result, only 16% of the CTP sample benefits from publicly avail-
able spec-z coverage (refer to Table 3).

6.1. Photometric redshifts

To achieve a more complete characterisation of the CTPs, pho-
tometric redshifts (photo-z) are essential. However, achieving
reliable photo-zs for AGN remains significantly more chal-
lenging than for inactive galaxies, despite notable advances in
recent years (see Salvato et al. 2019, for a review). The current
Q1 photo-zs (Euclid Collaboration: Tucci et al. 2026), derived
using Phosphoros (Paltani et al., in prep.), are estimated from
total fluxes and fine-tuned for inactive galaxies. This approach
neglects the photometric signatures of active nuclei, whose
emission can dominate the observed flux and hide key host
galaxy features, crucial for breaking colour-redshift degenera-
cies (Salvato et al. 2019). Instead, studies have demonstrated
that incorporating aperture or pixel-based analyses can signif-
icantly enhance the accuracy of such photo-z estimates. Con-
sequently, to compute reliable photo-zs for AGN-dominated
objects in a dedicated effort, we utilise PICZL (Roster et al.
2024), an ML algorithm that significantly improves photo-z esti-
mation for AGN by directly predicting redshifts from imaging,
eliminating the need for manual feature extraction or combina-
tion of various surveys. Building on its predecessor, CIRCLEZ
(Saxena et al. 2024), which analysed aperture-based photomet-
ric variations, PICZL advances to pixel-level resolution, lever-
aging the raw images for improved precision. As a result, for
sources bright enough to successfully match the LS10 catalogue,
we are able to produce reliable photo-zs (refer to Table 3). As in
the original work, the uncertainty of the photo-zs in terms of 1o
error increases with the faintness of the sources (see Fig. 12 and
Roster et al. 2024, for more details).
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Fig. 14. Distribution of source counts for each combination of EDF (EDF-F, EDF-S, and EDF-N) and X-ray survey (4XMM on top row, CSC 2.0
in the middle one, and eROSITA DRI in the bottom panels). Each plot presents the histograms corresponding to the four Euclid bands, depicting

the count of sources as a function of magnitude.

This study does not incorporate Euclid photometry in the
photo-z estimation, as doing so would require a dedicated
pipeline, including re-training on Euclid imaging and assem-
bling a spectroscopic AGN training set from the Q1 field. Given
the small and incomplete nature of such a sample, especially at
the faint end, this effort is deferred until DR1 becomes avail-
able. An additional challenge lies in the heterogeneous pho-
tometric coverage across Ql: while Euclid provides uniform
measurements in Ig, Yg, Jg, and Hg, these are complemented
by ground-based data of varying depth and filter sets, leading
to inconsistencies in photo-z quality. Consequently, to ensure
robustness and comparability, we opted to rely on established
methods, with PICZL offering high completeness and reliable
redshifts for ~82% of the X-ray sources detected in LS10’
(see Fig. 13). Nonetheless, we recognise the potential of Euclid
photometry to enhance our performance, particularly for faint
sources and at high redshifts (Graham et al. 2020). As illus-
trated in the left panel of Fig. 12, numerous faint sources are
dispersed horizontally around zph,: ~ 1.6, as no strong spec-

7 Future PICZL versions will make use Euclid imaging, possibly com-
bined with LSST (Ivezic et al. 2019).

tral breaks can be captured by the Legacy filters around this
redshift (Roster et al. 2024). Access to Euclid’s NIR bands YE,
Jg, and Hg will enable more accurate redshift recovery in this
range.

For all EDF CTPs of an X-ray source detected in LS10,
PICZL provides full redshift posterior distributions (PDZ),
derived from de-reddened calibrated images in the g, r, i, and
z bands, supplemented by W1, W2, W3, and W4 catalogue-
based aperture photometry without imposing any S/N cuts. The
method is agnostic to the morphological classification of the
source, applying equally to extended and point-like objects. As
output, PICZL provides the dominant mode of the PDZ as a
point prediction, along with uncertainties quantified as 1o~ con-
fidence intervals. Notably, we compute photo-zs also for those
CTPs matched to LS10, which we believe to be Galactic. This
approach accounts for the inherent uncertainty in the proba-
bilities produced by our model and classification threshold. To
ensure flexibility for users, we include both classifications and
photo-z estimates in the released catalogue (see Sect. 8). This
allows users to tailor their selection criteria to their preferences
while retaining access to the full set of photo-z values.
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Fig. 15. Colour-redshift relation for all Euclid band combinations. Each
panel is divided into redshift windows, with the density of points within
each bin colour-coded along the dimension of the y-axis, illustrating
spectral features in the SED.

6.2. Photo-z quality

To evaluate the reliability of our photo-z estimates, we employed
standard metrics commonly implemented in the literature,
including (a) the accuracy onmap as a measure of the scatter
between the prediction and truth values of the sample, which is
defined as

ONMAD = 1.4826 median

; @)

|th0t - Zspec|]
(I+ Zspec)

and (b) the fraction of outliers, 7, that quantifies the proportion
of sources whose redshift estimates deviate significantly from
their corresponding spectroscopic redshift. Specifically, this is
defined as the fraction of objects for which

_ |thot - Zspecl

> 0.15. 8
(1 + 2e0) ®

We evaluated the performance of the photo-zs by comparing
them to the spec-zs, as shown in the middle panel of Fig. 12. For
the subsample of bright sources with r < 21.5, corresponding
to those that have smaller photometric errors within our dataset,
we find a fraction of outliers of 5.4%, with a oxmap of roughly
0.04 as opposed to n = 15.7% and oxmap = 0.06 observed for
the entire sample. The catastrophic outliers at zphoc > 4 appear as
faint (r > 24), galaxy-dominated objects with larger photometric
errors in LS10 and highly degenerate PDZs. In scientific studies
involving photo-zs, it is crucial to account for such uncertain-
ties and in turn, photo-z algorithms should provide reliable error
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estimates. PICZL achieves this effectively as shown in the right
panel of Fig. 12, with small errors closely following the identity
line and larger ones capturing photometric uncertainties. Despite
occasional higher uncertainties, point estimates remain robust,
ensuring that for applications such as luminosity functions, the
entire PDZs remain valuable.

In Fig. 13, we present the cumulative distribution of CTP
Ig band magnitudes along with the corresponding fractions of
sources for which spec- and/or and photo-zs from PICZL are
available. The figure demonstrates that redshift completeness is
very high up to around ~ Iz < 22, beyond which the availabil-
ity of reliable photo-z estimates begins to decline. In addition
to spectroscopic selection effects, this is due to fainter sources
which, while clearly detected in Euclid, often lack sufficient
optical coverage or exhibit photometric uncertainties too large
to yield robust photo-z values. Future releases of PICZL, adapted
to directly process Euclid imaging and incorporating the deeper
and more complete photometry expected from the Legacy Sur-
vey of Space and Time (LSST; Ivezic et al. 2019), will markedly
enhance photo-z performance for fainter AGN.

We compared our photo-z estimates with those from Duncan
(2022), who combined ML and SED fitting to derive redshifts
for all extragalactic sources in the 8th data release of the Legacy
Survey (LS8). In EDFN, where LS10 photometry corresponds
roughly to that of LS8, PICZL achieves a slight improvement
in onmap (from 0.10 to 0.08) and a notable reduction in 7
(from 25% to 14%), without applying magnitude cuts. In the two
additional fields covered by LS10-South (Zenteno et al. 2025),
where PICZL also benefits from deeper WISE and added i-band
photometry, the improvements are even more pronounced, with
onmap improving from 0.09 to 0.05, and 7 dropping from 23%
to 12%. Likewise, while the photo-zs from Zhou et al. (2021,
2023), computed with LS10 photometry, perform extremely
well for inactive galaxies, a trend similar to Duncan (2022) is
observed for AGN, where the accuracy is known to decline®.
For high-redshift (z > 3) X-ray selected AGN, we compared
our estimates to those of Pouliasis et al. (2025), computed using
LS10 supplemented with near-infrared photometry from the
VISTA Hemisphere Survey (VHS, McMahon et al. 2013). Of
the 45 sources in common, only two have spec-z for which both
photo-z agree, preventing any meaningful additional compari-
son. Instead, we can assess our photo-z quality for X-ray selected
AGN at the faint end by benchmarking them against studies that
employ significantly deeper and broader photometric datasets.

7. Properties of the CTP sample

Having successfully selected, classified, and vetted our CTPs,
we now turn to an analysis of their properties. From this point
forward, we refer to CTPs as those sources meeting the criteria
of Pga < 0.5 and p_any> 0.05. This refined selection yields
a total of 9294 sources from the initial 11286 entries having
match_flag=1.

Building on this approach, we note that a similar com-
parison has already been presented in Roster et al. (2024),
where PICZL photo-zs were evaluated against the XMM-SERVS
catalogues from Chen et al. (2018) and Ni et al. (2021). Here, we
extend this strategy by comparing our photo-z results with the 7
Ms Source Catalog from the Chandra Deep Field-South (CDFS,
Luo et al. 2017). This catalogue is particularly well-suited for
faint-end validation, as it includes photo-zs derived using high-
quality multi-band data, largely informed by Hsu et al. (2014).

8 With 5 reaching up to ~33% in some subsets (priv. comm.).
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Fig. 17. Scatter plot of soft X-ray luminosities vs hard X-ray luminosi-
ties for sources in the 4XMM-DR 14 sample. Sources classified as AGN
based on their hard-band luminosities are highlighted with orange mark-
ers. Using this classification, we establish a corresponding threshold in
soft-band luminosity.

Utilising up to 38 intermediate and broad bands spanning
the ultraviolet (GALEX, Martin et al. 2005) to the mid-infrared
(Spitzer/IRAC, Cardamone et al. 2010), their work has resulted
in one of the most comprehensive SED-fitting datasets for faint
X-ray-selected sources to date. To ensure a proper one-to-one
comparison between sources, we match our CTP catalogue to
that of Luo et al. (2017) using the respective CTP coordinates.
We recover the same CTPs across the full sample, with 97.5%
of sources showing offsets below 0”8, with the largest observed
separation being 178. Indicating robust matches, this consis-
tency highlights the overall quality of our CTPs that can be
attributed to the effectiveness of the Euclid-based prior used

with NWAY, providing a solid foundation for future applications.
For the 400 sources with spec-zs matched between this work
and Luo et al. (2017), we compare the two datasets by evalu-
ating 7 and o-nmap as a function of r-band magnitude from the
Wide Field Imager (WFI; Giavalisco et al. 2004). As depicted
in Fig. B.1, PICZL achieves a lower fraction of outliers than
Luoetal. (2017) for r < 22.3, though at larger onmap due
to using only four shallower optical and WISE mid-IR bands.
However, even up to r < 24 (25) PICZL extrapolation results
in outlier fractions of n = 7% (13%), which is lower compared
to, for example, eROSITA/eFEDS (Salvato et al. 2022), where
the fraction is = 14.1%, despite using many more and deeper
bands. Given the overall quality of Luo et al. (2017), we decided
to extend redshift completeness in this work by incorporating
378 unique photo-zs from the 7 Ms Source Catalog.

Figure 14 illustrates the magnitude distribution of our CTPs,
grouped by the match between EDFs and the corresponding
X-ray survey (4XMM DRI14, CSC2.0, and eROSITA DRI,
respectively). The 4XMM and CSC2 distributions show their
ability to detect fainter X-ray sources, which correlates with the
identification of fainter optical CTPs. In contrast, the eROSITA
DR1 distributions exhibit brighter median magnitudes, consis-
tent with the shallowness of the survey (see Fig. 2). Additionally,
the figure suggests a possible bimodal distribution at the faint
end in the optical band for both 4XMM and CSC2.0, at least
in EDF-N and EDF-S. The majority of sources in the second,
faint peak of the distribution show X-ray fluxes Fps5-2kev) <
10713 ergcm™2 57!, with no obvious drop off in p_any, and the
distribution will be studied further in other papers.

7.1. Colour-redshift relation

Redshifts, spectroscopic and photometric, are available for 81%
of the CTPs, allowing us to analyse their Euclid colours as a
function of redshift, as shown in Fig. 15. The colour-coded ker-
nel density is plotted along the y-axis dimension within each bin,
providing a visual trace of how the physical colours of the CTP
sample vary as a function of redshift.
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A notable feature in the data is the detection of the Balmer
break at z 1.3, particularly prominent in colours including
the Ig filter. Unsurprisingly, NIR-only colour combinations dis-
play relatively few discernible features (compare e.g., Figure 7 in
Temple et al. 2021). As iterated before, Euclid filters alone lack
the fidelity to catch variations in the SED of sources, a caveat
that we will be able to overcome in combination with upcoming
surveys, especially LSST.

~

7.2. X-ray luminosities

For the rest of the analysis, we restrict the CTP sample to those
7345 extragalactic sources with a soft X-ray flux S/Nyx >2 in
order to reduce potential spurious X-ray detections. In Fig. 16,
we observe a clear distinction between pointed observations
taken with XMM-Newton and Chandra at various depths versus
the homogenous all-sky coverage provided by eROSITA. The
complete coverage of eROSITA results in a tighter correlation
between luminosity and redshift, despite the presence of a few
points away from the general trend, with S/Ny < 3. Another rea-
son for their offset from the general trend could be erroneous
photo-z. On the other hand, XMM-Newton and Chandra cata-
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logues include a mixture of pointed observations, resulting in a
less smooth distribution between redshift and luminosity.

In all three panels, we indicate with open circles sources with
low S/N,, presumably representing examples of increased red-
shift uncertainties. Notably, most of the results shown focus on
objects with redshifts of z < 4. Sources with higher redshifts,
while present, should be approached with caution due to poten-
tial inaccuracies. However, the future availability of LSST pho-
tometry will enable the exploration of this parameter regime by
probing fainter sources with smaller errors, thus improving the
reliability of redshift estimates for these populations.

In studies such as that of Georgakakis & Nandra (2011),
AGN are typically defined as sources with X-ray luminosi-
ties exceeding Lo-jokev) > 10* ergs™, since normal galaxies
may be an important source of contamination below this limit
(Lehmer et al. 2012; Aird et al. 2015). However, it is important
to note that this threshold was established based on pencil-beam
surveys, suggesting that it should be revisited now that wide-area
surveys and deep optical data are accessible. X-ray luminosi-
ties of AGN in the soft X-ray band (0.5-2keV) can vary signif-
icantly, depending on the AGN type and redshift. In literature,
values can range from L s-2kev) > 10*1-10%° erg s~ or even
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less when considering low-luminosity AGN (Hasinger et al.
2005; Ebrero et al. 2009; Civano et al. 2012; Kawamuro et al.
2013). According to Georgakakis et al. (2007), for example, X-
ray detected starburst galaxy candidates, though more likely in
case of Chandra as opposed to eROSITA (Kyritsis et al. 2025),
can represent about 20% of the X-ray source population in the
luminosity interval Lo-jokev) = 10%0-10* erg s~!. This fraction
is also likely to be an upper limit because some of the galaxy
candidates may turn out to be low-luminosity AGN, such that
distinguishing between these sources can be challenging. Con-
sequently, with sources from XMM-Newton, where both soft
and hard (2-12keV)? band fluxes are available, we show that,
to retain all sources in this parent catalogue that are classified as
AGN using the hard band limit, a soft-band luminosity thresh-
old of Lgs—akevy > 10¥ ergs™! is required (refer to Fig. 17).
Given the results of both all-sky and pencil beam surveys, at soft
luminosities in the range 10**—10*' ergs~!, AGN still appear
to represent the dominant population. Nonetheless, future stud-
ies are required to determine the nature of these low-luminosity
AGN at soft energies. Applying this more inclusive threshold
defined in Fig. 17 to our extragalactic CTP sample, all of the
6653 (91%) sources that we were able to compute X-ray lumi-
nosities for, meet the AGN definition criterion, 49 of which have
Lo.s-akev) < 10% ergs™.

7.3. AGN type

In Fig. 18, we plot the respective Yg-band magnitudes as a func-
tion of the soft X-ray fluxes for all CTPs classified as extragalac-
tic. We add the |X/O| =1 lines (Maccacaro et al. 1988), which
confine the typical AGN locus (see also e.g., Salvato et al. 2011;
Civano et al. 2012), defined as

F.JF
X/O=10g10(Fx/Fopt)=log10( [Fop )@+C ©)

ergcm~2s1/) 2.5 ’

® We assume that at zero order, the luminosities between (2-10) and
(2-12) keV are approximately the same.

where Fy is the X-ray flux in a given energy range, mqp and C
correspond to the magnitude and a constant which both depend
on the specific filter used in the optical observations. For Yg we
find C = 5.53. To further assess the AGN type of our CTPs,
we colour-code the plots in the bottom row of Fig. 18 by the X-
ray luminosity and the top row by hardness ratio (Hasinger et al.
2005; Cappelluti et al. 2007; Salvato et al. 2009), defined as

Count ratep,q — Count rategog

HR (10)

" Count ratepyq + Count rategos
where soft corresponds to the 0.5-2.0keV detection band, and
hard refers to 2.0-12.0keV PN thin for 4XMM DR14, 2.0-
7.0keV ACIS-I for Chandra, and 2.0-5.0keV for eROSITA
DR1 respectively, to account for each instrument’s flux sensi-
tivity. This ensures as much consistency as possible across the
different surveys, to make the different instruments somewhat
comparable. A negative HR value indicates soft, unobscured
sources (type I), and a positive HR value suggests harder, likely
obscured sources (type II). We examine the HR distributions
for all three telescopes to assess differences in their observed
AGN populations. However, a non-negligible fraction of sources
lack hard-band detections: approximately 47.6% for eROSITA,
14.5% for XMM-Newton, and 7.3% for Chandra. These non-
detections, especially in the case of eROSITA, naturally shift
the medians of the true HR distributions and introduce selec-
tion biases. As shown in Fig. C.1, we find that the eROSITA
HR distribution median is HR ~ —0.88, while that of Chandra
and (XMM-Newton) show a similar tendency towards harder
values with medians of HR ~ —0.33(—0.39). These HR medi-
ans can then be used to compute ‘effective’ photon indices [,
which we find to be I'eg = 2.18 for eROSITA, I'eg = 1.65 for
Chandra'® and T = 1.51 for XMM-Newton, assuming negligible
column density. As expected, the greater sensitivity of XMM-
Newton and Chandra at higher energies allows them to detect
harder and possibly mildly obscured AGNs that are missed by
eROSITA. Conversely, eROSITA tends to detect brighter AGN
which exhibit softer X-ray spectra. As the markers in Fig. 18
are plotted in order of increasing HR, many softer sources in
the background are being covered up and predominantly fall
within the X/O boundaries, classifying them as AGN, with dif-
ferently weighted populations visible for every X-ray survey. As
observed for XMM-Newton and Chandra, this includes a pop-
ulation of sources with Fs_skev) < 107 erg cm 27! lying
below the X/O boundaries, potentially corresponding to star-
burst galaxies, low-luminosity AGN, or obscured AGN. How-
ever, the majority of these sources show S/Ny <3 in the soft
X-ray band, suggesting that a few of these may be spurious
detections. It is also plausible that these sources are intrinsically
variable, suggesting that they were observed in different states
of appearance. Overall, our distribution follows the findings of
Merloni et al. (2014), which show that only approximately 80%
of AGN selected by their SED, spectral features and HR, match
their expected type I/II class.

8. Release of the catalogue

The catalogue containing the CTP properties of the EDF
point-like X-ray sources is available at the CDS (see
Data availability section). A detailed description of the

10" Adopting CHANDRA-Cycle 11 as a representative benchmark, as it
reflects an intermediate instrumental state within the ~20-year span of
observations included in CSC 2.0, accounting for the effects of detector
degradation over time.

A16, page 17 of 25



Euclid Collaboration: Roster, W., et al.: A&A, 711, A16 (2026)

columns and their content is provided in Appendix D.
The catalogue includes unique identifiers for all relevant
surveys as well as the basic X-ray and Euclid properties
(Columns 1-14). For the full list of available columns,
please refer to the original catalogues introduced in Sect. 3
and, for example, Euclid Collaboration: McCracken et al.
(2026), Euclid Collaboration: Polenta et al.  (2026), Euclid
Collaboration: Romelli et al. (2026). Columns 15-24 present
the results of the CTP association, followed by key parameters
derived from NWAY. Photometric data from LS10 are reported
in Columns 25-27. Spectroscopic information, when available,
is included in Columns 28-32. Lastly, the photometric redshift
parameters from the PICZL algorithm, as well as quantities
computed with such, are listed in Columns 33-39.

9. Conclusions and outlook

In this paper, we have presented the procedure adopted for the
identification, classification, and study of the Euclid CTPs of the
point-like sources selected from XMM-Newton, Chandra, and
eROSITA X-ray, detected in Q1. We summarise the most impor-
tant results in the following.

— Utilising NWAY (Salvato et al. 2018) supplemented by a prior
on X-ray emission based on properties of a 4XMM DR11
and CSC 2.0 training sample, we achieved highly accurate
CTP identifications while relying on Euclid photometry only
(see Sect. 4). By randomising the X-ray position and repeat-
ing the same procedure for the association, we quantified
for each X-ray source the probability of chance associa-
tions. Users will be able to create subsamples of CTPs of
desired purity and completeness by applying more restric-
tive or inclusive p_any cuts (probability of an X-ray source
having a CTP; see Fig. 7).

— Altogether, we have identified 12 645 CTPs, with only about
10% of the sources having more than a single possible
CTP. These are mostly in the XMM-Newton and eROSITA
surveys, due to their larger positional uncertainties com-
pared to Chandra. We attribute this performance to the
availability of extensive X-ray detected samples with secure
CTPs and deep, homogenised multiwavelength photome-
try spanning optical to MIR wavelengths enabling robust
SED construction for training. Further expansion to broader
multiwavelength coverage will improve the quality of CTP
identification, particularly for Euclid DR1.

— We trained an RF algorithm to classify objects as Galac-
tic or extragalactic using solely Euclid photometry in
Sect. 5. We previously trained another RF on a sample
of secure Galactic and extragalactic sources detected in
LS10, using g — r over z—W1 thresholds, as presented
in Salvato et al. (2022), effectively breaking the degener-
acy in classification that arises when relying on Euclid
photometry alone (see Euclid Collaboration: Bisigello et al.
2024). We validated these classifications by comparing to
Euclid Collaboration: Matamoro Zatarain et al. (2026).

— We also added spectroscopic redshifts for 16% of the CTP
sample using publicly available data. For the 82% of the
sample detected in LS10, we computed photo-z using PICZL
(Roster et al. 2024), reaching up to z ~ 6. However at these
high redshifts, the values are associated with large uncertain-
ties. With all of these redshifts, we investigated the colour-
redshift relation of our sample in addition to computing their
X-ray luminosities (refer to Sect. 6). We find that all of our
CTPs pass our soft X-ray luminosity threshold to be consid-
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ered an AGN, with more of them appearing as bright type I
sources rather than type II.

— As the primary outcome of this paper, we present the CTP
catalogue, which includes a wealth of information such
as IDs, basic X-ray properties, NWAY outputs, classification
probabilities, and redshift data (see Sect. 8). By providing
probabilities for all applicable sample characteristics, we
ensure users have the flexibility to make informed selections
tailored to their specific scientific goals, without being con-
strained by predefined thresholds or assumptions.

The RF models used for the identification of the CTPs and
their classification as Galactic or extragalactic, can be applied
blindly to the entire Q1 catalogue. For each source, they pro-
vide the probability of being an X-ray emitter as well as an
extragalactic source, despite not having been detected by any
of the three X-ray surveys yet. Consequently, as illustrated in
Fig. 19, limiting the selection of QI sources to those with
Px.ay > 0.8 and Pgy > 0.2 while excluding Euclid sources
classified as CTPs in this study yields a final sample of 135303
objects. Notably, 73 of these objects have been successfully
cross-matched geometrically with the little red dots (LRDs) sam-
ple introduced by Euclid Collaboration: Bisigello et al. (2026),
where the matches predominantly occupy the bright end of the
LRD magnitude distribution. A forthcoming paper will explore
the multi-wavelength nature of the likely extragalactic high
Px_ray sources that remain undetected in current X-ray surveys.

Data availability

The catalog is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/711/A16
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Appendix A: RF parameters

Understanding which features are most relevant to our model
estimates is crucial for predictive accuracy. An ML model oper-
ating as a black box may produce predictions, but the lack of
transparency raises questions about the reliability of the out-
comes. This not only hinders immediate interpretability but
also complicates post-analyses. The ML branch investigating the
role each feature plays in the model’s predictions is commonly
referred to as ‘feature importance’. To this end, we compute
SHapley Additive exPlanations (SHAP; Lundberg & Lee 2017,
Rozemberczki et al. 2022; Chen et al. 2022) values, based on a
game-theoretic approach, by calculating the partial relevance for
each feature. Based on a conditional expectation function, fea-
tures are assigned importance values given their impact on test
sample predictions. For a total achievable value v, SHAP values
¢ are computed via

1 (S U{fhH—-v(S)]
= _ X Al
¢r(v) » E (A.D

p—1

k(S)
Given a given feature f, the summation is taken over all subsets
S of the feature set F = 1,2,3,..., p, which one can construct
after excluding f. The size of S is given by k(S) while v (S) and
v (S U {f}) refer to the value achieved by per subset before and
after f joins S, respectively. This ensures that the contribution of

each feature to a prediction collectively adds up to the value of
the prediction as

f=p
D65 = v(F). (A2)
=1

However, achieving optimal accuracy in large modern data
sets often involves complex models such as ensembles or
deep-learning frameworks. Since it would be unfeasible to
compute contributions across all possibilities of the feature
space, we approximate SHAP values through Deep SHAP
(Rozemberczki et al. 2022; Chen et al. 2022), which efficiently
combines values computed for smaller network components
into comprehensive values for the entire network, avoiding the
need for heuristic choices in linearising components. The sign
of SHAP values denotes whether a feature contributes to an
increase or decrease in the predictive output, while the magni-
tude of the SHAP value quantifies the extent of the feature’s
influence on the prediction. Features with SHAP values close
to zero for individual sources can be considered negligible or
non-influential in this scenario. As a consequence, a feature can
be seen as most influential if it exerts the most influence on the
output across all predictions (Dey et al. 2022).
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Fig. A.1. ‘Beeswarm’ plot showing the SHAP values for the features
used in the RF model introduced in Sect. 4.1.2. Each point represents
a SHAP value for a specific feature and data instance, illustrating the
impact of that feature on the model’s predictions. Features are sorted
by their mean absolute SHAP values, with the most influential features
appearing at the top. The colour gradient indicates the relative feature
value (i.e. low to high), providing insight into how feature magnitude
correlates with its effect on predictions.

Fig. A.2. Correlation matrix displaying the pairwise Pearson correla-
tion coefficients between the features used in the RF model introduced
in Sect. 4.1.2. The colour intensity indicates the strength and direction
of the correlations, with positive correlations shown in warm colours
(yellow) and negative correlations in cool colours (blue). This visualisa-
tion helps identify interdependencies among features, which can inform
feature selection and the interpretation of model performance.
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Fig. A.3. ‘Beeswarm’ plot showing the SHAP values for the features
used in the RF model introduced in Sect. 5.2. Each point represents
a SHAP value for a specific feature and data instance, illustrating the
impact of that feature on the model’s predictions. Features are sorted
by their mean absolute SHAP values, with the most influential features
appearing at the top. The colour gradient indicates the relative feature
value (i.e. low to high), providing insight into how feature magnitude
correlates with its effect on predictions.

Appendix B: Photometric redshift comparison
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Fig. B.1. Outlier fraction (top panel) and accuracy (bottom panel) as a
function of limiting r-band magnitude for PICZL and Luo et al. (2017).
While the accuracy of Luo et al. (2017) is superior to that reached by
PICZL, the fraction of outliers for bright sources (r < 22.3) is lower for
PICZL.
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Appendix C: HR to effective photon index
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Fig. C.1. Distribution of X-ray hardness ratio (HR) for eROSITA
DRI25V 4XMM DR142712%Y, and CSC2277%Y, sources. The dis-
tributions reflect differences in survey depth, energy band definitions,
and source selection. While eROSITA shows a distribution skewed
towards softer sources (HR — —1), both 4XMM and CSC2 display
peaks at harder HR values, consistent with their greater sensitivity to

moderately obscured or intrinsically harder AGN.

Appendix D: Column description of released CTP
catalogue

1. Xray_EUCLID_ID: Concatenation of X-ray_ID and
EUCLID_ID (unique)
. Xray_ID: X-ray source identifier (unique)
. Xray_RA: J2000 Right Ascension of the X-ray source in the
parent catalogue (deg)
4. Xray_DEC: J2000 Declination of the X-ray source in the
parent catalogue (deg)
5. Xray_CAT: X-ray source catalogue
6. Xray_pos_err: Positional uncertainty of X-ray source (arc-
sec)
7. Fx: Mean 0.5-2keV X-ray flux from all detections of the
X-ray source (ergcm™2s~!)
8. EFx: Error on the mean 0.5-2 keV X-ray flux from all detec-
tions of the X-ray source (ergcm™2s~!)
9. S_Nx: Signal-to-noise ratio for Fx/EFx
10. HR: Count rate derived hardness ratio considering soft 0.5 —
2.0keV and hard (4XMM DR14: 2.0 — 12.0keV, CSC 2.0:
2.0 — 7.0keV, and eROSITA: 2.0 — 5.0keV) bands.
11. EDF: Euclid deep field
12. EUCLID_ID: EUCLID source identifier (unique)
13. EUCLID_RA: J2000 Right Ascension of the counterpart in
QI catalogue (deg)
14. EUCLID_DEC: J2000 Declination of the counterpart in
Euclid catalogue (deg)
15. EUCLID_pos_err: Positional uncertainty of Euclid source
(arcsec)
16. EUCLID_P_Xray: Probability to be an X-ray emitter based
on the RF
17. EUCLID_P_Gal: Probability of being a Galactic rather than
extragalactic source based on the RF

W N



18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31
32.
33.
34.
3s.
. phz_1su: PICZL upper 1 sigma error
37.
38.

39.

Euclid Collaboration: Roster, W., et al.: A&A, 711, A16 (2026)

Separation_ EUCLID_Xray: Distance between Euclid and
X-ray source (arcsec)

dist_bayesfactor: Logarithm of ratio between prior and pos-
terior, from separation, positional error, and number density
(see Appendix in Salvato et al. 2018)

dist_post: Distance posterior probability comparing this
association versus no association (see Appendix in
Salvato et al. 2018)

bias_ EUCLID_Xray_proba: Probability weighting intro-
duced by the Euclid-based prior (1 indicates no change)
p_single: Same as dist_post, but weighted by the prior (see
Appendix in Salvato et al. 2018)

p_any: Probability that there is a counterpart in LS10 for
each X-ray entry (see Appendix in Salvato et al. 2018)

p_i: Relative probability of the X-ray/Euclid match (see
Appendix in Salvato et al. 2018)

match_flag: 1 for the most probable match; 2 for almost as
good solutions (p_i/p_ibest > 0.5)

LS10_FULLID: Unique identifier of the LS10 source
matched to the Euclid CTP (concatenation of RELEASE,
BRICKID, and OBJID)

LS10_RA: J2000 Right Ascension of the LS10 source (deg)
LS10_DEC: J2000 Declination of the LS10 source (deg)
ra_spec: J2000 Right Ascension of the spec-z match to the
Euclid CTP (deg)

dec_spec: J2000 Declination of the spec-z match to the
Euclid CTP (deg)

Z_spec: Spectroscopic redshift

z_err: Error on the spectroscopic redshift

Cat_spec: Parent catalogue of the spec-z

phz: PICZL photometric redshift (see Roster et al. 2024)
phz_1sl: PICZL lower 1 sigma error

phz_Luo17: Photometric redshift (see Luo et al. 2017)
z_final: Spec-z when available; otherwise Luo et al. (2017)
and PICZL photo-z

Lx: Rest-frame X-ray luminosity, assuming FlatLamb-
daCDM from astropy.cosmology
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