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ABSTRACT

The ESA Euclid mission will measure the photometric redshifts of billions of galaxies in order to provide an accurate 3D view of the Universe at
optical and near-infrared wavelengths. Photometric redshifts are determined by the PHZ processing function on the basis of the multi-wavelength
photometry of Euclid and ground-based observations. In this paper, we describe in detail the so-called PHZ processing used for the first ‘quick’
(Q1) Euclid data release, the output products, and their validation with respect to the Euclid requirements. The PHZ pipeline is responsible for
the following main tasks: i) source classification into star, galaxy, and quasar (or QSO) classes based on photometric colours; ii) determination of
photometric redshifts for the core science; iii) determination of physical properties of galaxies for non-cosmological science. The classification is
able to provide a star sample with a high level of purity, a highly complete galaxy sample, and reliable probabilities of belonging to those classes.
The identification of QSOs is instead more problematic: photometric information available in the Euclid Wide Survey alone seems to be insufficient
to accurately separate QSOs from galaxies. The performance of the pipeline in the determination of photometric redshifts has been tested using
the COSMOS2020 catalogue and a large sample of spectroscopic redshifts. The results in both cases are in line with expectations: the precision of
the estimates are compatible with Euclid requirements, while, as expected, a bias correction is needed to achieve the accuracy level required for
the cosmological probes. Finally, the pipeline provides reliable estimates of the physical properties of galaxies, in good agreement with findings
from the COSMOS2020 catalogue, except for an unrealistically large fraction of very young galaxies with very high specific star-formation rates.
The application of appropriate priors is, however, sufficient to obtain reliable physical properties for those problematic objects. We present several
areas for improvement for future Euclid data releases.

Key words. Methods: data analysis – Catalogues – Galaxies: evolution – Galaxies: formation – Galaxies: fundamental parameters – Galaxies:
statistics

1. Introduction

Euclid is a space mission that is conducting a survey of the ex-
tragalactic sky over 14 000 deg2 with optical and near-infrared
imaging (Euclid Collaboration: Scaramella et al. 2022; Euclid
Collaboration: Mellier et al. 2024). It is equipped with two in-
struments: the VIS optical camera (Euclid Collaboration: Crop-
per et al. 2024), which provides high-resolution images of the
sky; and the Near Infrared Spectrometer and Photometer near-
infrared instrument (NISP Maciaszek et al. 2022; Euclid Collab-
oration: Jahnke et al. 2024), designed for photometry in three
near-infrared (NIR) bands, YE, JE, and HE, as well as for NIR
spectroscopy. The resulting Euclid Wide Survey (EWS) reaches
a minimum depth of 24.5 AB magnitudes in the visible band (IE)
with a signal-to-noise ratio (S/N) of 10 for extended sources, and
in the NIR bands a depth better than 24.0 for S/N=5 for point
sources (Euclid Collaboration: Scaramella et al. 2022). The main
objective of the mission is to study dark matter and dark energy
by measuring the evolution of large-scale structures. In particu-
lar, as discussed in Euclid Collaboration: Mellier et al. (2024),
the mission is optimised for two primary cosmological probes,
namely weak gravitational lensing (WL) and galaxy clustering
(GC).

⋆ e-mail: marco.tucci@unige.ch

The Euclid cosmological analysis requires the determination
of redshifts for an extremely large number of galaxies to en-
able the tomographic study of the mass distribution. Euclid spec-
troscopy can be performed only for a limited number of galax-
ies,1 and high-quality photometric redshifts are therefore crucial
for WL and photometric GC studies. The Euclid requirements on
photometric redshifts are quite stringent: tomographic analyses
require that galaxies are placed in the redshift bins with a preci-
sion substantially better than the bin width. Assuming a baseline
configuration of 13 bins in the range 0.2 < z < 2.5, the disper-
sion of photometric redshifts must be σz < 0.05(1 + z), with an
outlier fraction < 10% (Amara & Réfrégier 2007; Euclid Col-
laboration: Mellier et al. 2024). In addition, the mean redshift in
tomographic bins must be known better than 0.002(1 + z) (Ma
et al. 2006; Huterer et al. 2006; Amara & Réfrégier 2007; Kitch-
ing et al. 2008). Achieving this level of accuracy is not, however,
a goal for this Euclid data release.

The Euclid broad-band photometry alone is not sufficient
to fulfill the above requirements. Simulations have shown the
need for additional ground-based data with at least four fil-
ters in the wavelength range 420–930 nm (corresponding to the
common g, r, i, z filter set), with minimal 5σ depths of 25.7,

1 Euclid will provide about 35 million spectroscopic redshifts for
galaxies in the range 0.9 ≤ z ≤ 1.8 (Euclid Collaboration: Le Brun
et al. 2025).
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25.1, 24.8, and 24.6 AB magnitudes, respectively, for point-like
sources (Euclid Collaboration: Scaramella et al. 2022). To this
aim, a large coordinated campaign of ground-based observations
is being conducted to provide multi-band photometry across the
Euclid sky areas. In the southern sky, the Dark Energy Survey
(DES; Abbott et al. 2021) is currently used until deeper data
from the Legacy Survey of Space and Time (LSST) by the Rubin
Observatory (Ivezić et al. 2019) will be available. In the northern
hemisphere, a new collaboration has been set up, the Ultraviolet
Near Infrared Optical Northern Survey (UNIONS; Gwyn et al.,
in prep.),2 with the aim to survey the sky in the u, g, r, i, z bands.
This is a joint effort between: the Canada-France Imaging Sur-
vey (CFIS; Ibata et al. 2017) for the u and r bands; the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS;
Chambers et al. 2016) for the i band; and the Subaru Hyper
Suprime Camera (HSC; Miyazaki et al. 2018) for the g band,
through the Waterloo-Hawaii-IfA g-band Survey (WHIGS), and
for the z band through the Wide Imaging with Subaru-Hyper
Suprime-Cam Euclid Sky (WISHES) survey.

In addition to the main survey, a significant fraction of ob-
servation time will be spent on specific fields that, thanks to re-
peated visits, will accumulate greater depth than EWS, up to a
gain of about 2 magnitudes (Euclid Collaboration: Mellier et al.
2024). These deeper fields form the Euclid Deep Survey (EDS)
and the Euclid Auxiliary fields (EAFs), with the aim to calibrate
the instruments and to characterise the source population (Euclid
Collaboration: Aussel et al. 2025).

The Euclid Quick Release Q1 (2025) is the first public re-
lease of EWS data (Euclid Collaboration: Aussel et al. 2025).
It covers 63.1 deg2, and consists of single-visit observations of
the Euclid Deep Field (EDF) North (EDF-N; 22.9 deg2), For-
nax (EDF-F; 12.1 deg2) and South (EDF-S; 28.1 deg2). The main
purpose of the Q1 release is to provide to the astronomy commu-
nity with a first set of Euclid data ready for scientific exploita-
tion. The Q1 products are suitable for non-cosmological science,
but not for the core cosmology objectives of Euclid, due to the
small covered area and to the lack of deep observations in the
EDS and in the EAFs. Three main Data Releases (DRs) of the
EWS are planned in the next years to address the cosmological
science objectives, with increasingly large sky areas.

Data products of public releases will contain the processing
of Euclid optical and NIR imaging and of ground-based observa-
tions, performed by the Euclid Science Ground Segment (SGS).
The SGS is responsible for carrying out and archiving the entire
data processing, from the satellite telemetry to the production of
science-ready data. Data processing is constituted and connected
by processing functions (PFs) that are self-contained process-
ing modules with specific tasks to be performed, and represent
the highest-level breakdown of the SGS data-processing pipeline
(for more details, see Euclid Collaboration: Mellier et al. 2024;
Euclid Collaboration: Aussel et al. 2025). In a nutshell, visible
and NIR imaging data are processed to produce fully calibrated
images by VIS and NIR PFs (Euclid Collaboration: McCracken
et al. 2025; Euclid Collaboration: Polenta et al. 2025). External
data, derived from ground-based surveys and external missions,
are reformatted and recalibrated in order to be consistently han-
dled with Euclid data (EXT PF). Euclid and external data are
then recollected and merged by the MER PF into stacked im-
ages and source catalogues (Euclid Collaboration: Romelli et al.
2025). MER products are the main input to compute photometric
redshifts (PHZ PF). The development of PFs is coordinated by
the Organisation Units (OUs), which are teams of Euclid scien-

2 See also the web site https://www.skysurvey.cc.

tists and engineers with the appropriate scientific and software-
development competences for each individual PF.

The topic of this paper is the PHZ PF, which is in charge
of computing photometric redshifts of galaxies from the multi-
wavelength photometry of Euclid and ground-based observa-
tions. Other relevant tasks are the classification of the detected
sources based on their photometric colours, and the determina-
tion of physical properties of Euclid sources.

The main products of the classification are the object class
– star, galaxy, and QSO – and the class probabilities, useful to
build samples with levels of purity and completeness different
from those defined in the pipeline. For the Euclid core science,
the classification is needed to identify a reliable sample of bright
stars, independently of the morphology, as required for the mod-
elling of the VIS point spread function (PSF; Euclid Collabo-
ration: Mellier et al. 2024). For the non-cosmological science,
it is used to separate objects in different classes and to deter-
mine the corresponding physical parameters. As shown in the
paper, identifying the QSO population is quite challenging if
only the colours available in the EWS are taken into account.
The selection of QSOs and active galactic nuclei (AGN) in the
Q1 release is, however, the main topic of several works, using
multi-wavelength data (Euclid Collaboration: Roster et al. 2025;
Euclid Collaboration: La Marca et al. 2025; Euclid Collabora-
tion: Matamoro Zatarain et al. 2025), or focusing on a partic-
ular class of objecs (e.g., red AGN or quasars; Euclid Collab-
oration: Bisigello et al. 2025; Euclid Collaboration: Tarsitano
et al. 2025), or directly on imaging data (Euclid Collaboration:
Margalef-Bentabol et al. 2025; Euclid Collaboration: Stevens
et al. 2025).

The Q1 release allows us to evaluate the PHZ PF perfor-
mance in determining photometric redshifts in view of the first
Euclid cosmological studies with the DR1 release. We first test
the performance of our pipeline by applying it on the COS-
MOS2020 catalogue (Weaver et al. 2022, hereafter W22) de-
graded to the EWS covering and depth. We then compare di-
rectly the Q1 results for objects with spectroscopic redshifts. In
addition to redshifts, the PHZ PF determines physical proper-
ties of galaxies such as luminosity, star-formation rate, stellar
mass, etc. They are relevant for the study of galaxy evolution,
which is an important scientific objective of the Q1 and future
releases (see, e.g., the Q1 results on this topic; Euclid Collabo-
ration: Girardi et al. 2025; Euclid Collaboration: Cleland et al.
2025; Euclid Collaboration: Enia et al. 2025; Euclid Collabora-
tion: Siudek et al. 2025). This paper discusses their validation
by comparing the Q1 products to the results from the COS-
MOS2020 catalogue. We also discuss the issues found in the
processing, and the reliability for scientific analyses.

The structure of the paper is as follows. Section 2 introduces
the PHZ pipeline for Q1 and the products that will be generated
and stored in the Euclid Archive System (EAS; Euclid Collabo-
ration: Aussel et al. 2025). In Sect. 3 we describe the information
of the MER source catalogues used in the PHZ PF. The following
sections provide a more detailed description of the main steps of
the PHZ pipeline, including their validation and Q1 results: the
source classification (Sect. 4); the determination of photometric
redshifts for the Euclid core science (Sect. 5), and the products
for the non-cosmological science (Sect. 6).

In this paper, as in all Euclid papers, we adopt the Planck
2016 flat ΛCDM cosmology with H0 = 67.74 km s−1 Mpc−1,
Ωm = 0.3089, and ΩΛ = 0.6911 (Ade et al. 2016).
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2. The PHZ processing function for Q1

In this section we give a general overview of the PHZ pipeline
developed for the Q1 release, keeping to the next sections a de-
tailed description of the single steps. The pipeline ingests and
analyses the EWS source catalogues produced by the MER PF.
Source photometry and colours are used to produce the main
outputs of the PHZ PF: source classification; spectral energy dis-
tribution (SED) of stars and galaxies; redshift probability den-
sity functions (PDFs); and physical properties. In particular, for
these purposes, two tools have been developed by OU-PHZ:
a template-fitting package called Phosphoros (see Sect. 5.1),
used for the redshift determination; and a machine-learning
method called Nearest-Neighbour Photometric Redshifts (NNPZ;
see Sect. 6.1), used to estimate physical properties of galaxies.
Output products are provided in the EAS through separate cata-
logues (see also Appendix C).

The diagram of the pipeline is shown in Fig. 1. Given a
source catalogue, the first task of the pipeline is to classify all
the detected objects based on their colours (see Sect. 4). Impu-
tation is applied to missing fluxes before classification, but im-
puted fluxes are used only for classification purposes. After the
classification, the pipeline is split into two branches according
to the output target: the primary cosmology or core science; and
the non-cosmological science. All the detected objects are con-
sidered in both branches.

The core-science branch (green shaded in Fig. 1) consists
of three sub-branches that produces three different catalogues.
The main product is the photometric redshift catalogue, which
includes redshift PDFs computed by Phosphoros and the re-
lated statistics, plus the reconstructed photometric fluxes in the
Euclid, DES, UNIONS, and LSST bands corrected for Galac-
tic extinction. Here, all the detected objects are treated with the
Phosphoros configuration tuned for galaxies, regardless of their
classification, to avoid selection effects in the cosmological anal-
yses. The pipeline also performs two tasks related to the cal-
ibration of the photometric redshifts: it assigns each object to
a tomographic bin based on the photometric redshift (see Ap-
pendix B.2), and place the object in a cell in colour space reor-
ganized by a ‘self-organizing map’ (see Masters et al. 2015 for
more details; this information is not used in the Q1 release and is
not discussed further in this paper). The other two sub-branches
provide two additional products that are also used only for the
core science: (1) a catalogue of star SEDs for the star-classified
objects with S/N > 50 in the IE detection band, used to model
the VIS PSF; (2) a catalogue of galaxy SEDs for all the objects.
The SED reconstruction is performed using the NNPZ algorithm
(see Appendix B.1 and Euclid Collaboration: Tarsitano et al., in
prep.).

The second branch of the pipeline (pink shaded in
Fig. 1) computes the physical properties of sources for non-
cosmological science (see Sect. 6). First of all, the pipeline
checks for objects detected only in the NIR stack images (here-
after, simply NIR-only objects). These sources, which are ex-
pected to be bright galaxies or quasars at very high redshifts
or cool stars, are treated in a dedicated sub-branch. All the ob-
jects (including NIR-only ones) are then separated according
to the class assigned by the classification. If an object is ac-
cepted by more than one classifier (see Sect. 4), it will be found
in more than one sub-branch. On the other hand, outliers (i.e.,
objects without any assigned class) are not further processed in
the branch (they are typically a few per cent, depending on the
ground-based configuration, see Sect. 4.2). The star, QSO, and
NIR-only sub-branches are processed by the Phosphoros tool,

Table 1. Average 5σ depths of the MER catalogues, the values of the
zero-point multiplicative correction (ZPC) applied to fluxes, and the av-
erage magnitude correction for Galactic extinction.

Survey Band Depth ZPC Mag correctiona

EDF-N -S, -F
Euclid IE 26.0 1.05 0.12 0.04
Euclid YE 23.8 0.95 0.06 0.02
Euclid JE 24.0 0.97 0.04 0.01
Euclid HE 24.0 0.95 0.03 0.01
DES g 25.4 1.00 0.06
DES r 25.1 1.00 0.04
DES i 24.4 1.00 0.03
DES z 23.7 1.015 0.02
CFIS u 24.1 1.00 0.26
HSC g 25.8 1.00 0.20
CFIS r 24.8 0.99 0.14

Pan-STARRS i 23.9 1.09 0.11
HSC z 24.1 1.00 0.08

Notes. (a) The magnitude correction is computed using the average value
of EB−V in the fields (namely 0.056 in the EDF-N, 0.017 in the EDF-S,
and 0.016 in the EDF-F), the reddening law from Gordon et al. (2023),
and a 5700 K blackbody SED.

which provides best-fit redshift, SED template, and intrinsic red-
dening. Physical properties of galaxies are instead determined
by the NNPZ algorithm. Products of this branch are gathered in
four different catalogues, one for each type (namely, star, galaxy,
QSO, and NIR-only), which also include the photometry cor-
rected for Galactic extinction, based on the best-fitting SED.

Finally, the Production pipeline produces a report that is used
internally to validate the PHZ PF results for each single MER
source catalogue, covering a tile of the sky (see Sect. 3). Vali-
dation aims to identify problematic tiles in terms of photometry
(too many missing fluxes, too low object surface density, pecu-
liar noise features in the images, etc.), or PHZ data processing
(e.g., too many outliers or extended stars, unreliable redshift dis-
tributions, etc.). Tiles that do not pass validation criteria are au-
tomatically classified as dubious by the pipeline, and are visually
checked by OU-PHZ. Tiles with critical issues are set as invalid
and not included in the PHZ data products. In total, 28 tiles were
removed from the Q1 release (8% of the tiles, but less than 1%
of the detected sources). They are typically tiles on the border of
the EWS, which contain a very low number of sources (from a
few hundreds to a few ten of thousands) and a large fraction of
missing fluxes.

3. EWS source catalogues

The source catalogues produced by the MER PF are the input
data for the PHZ PF. They contain all the objects detected in the
IE images or in the NIR-stacked images obtained by a combina-
tion of YE, JE, and HE data. Each of these catalogues covers an
area of the sky (or ‘tile’) of about 0.25 deg2. The Q1 release con-
sists of 344 tiles with almost 30 million sources, and an object
density of around 80 (40) arcmin−2 for VIS-detected objects with
a detection S/N > 5 (and IE < 24.5). The details of the photo-
metric catalogue can be found in Euclid Collaboration: Romelli
et al. (2025).
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Fig. 1. Diagram of the Production pipeline for the Q1 release. Orange boxes are for input or output products; green diamonds for conditional
statements; and blue boxes for specific tasks. It shows in grey all the steps of the pipeline that are performed but whose products are not included
in the public release.

For each detected source, the MER PF provides differ-
ent kinds of photometric measurements, including aperture,
model- and template-fitting photometry (see, Euclid Collabora-
tion: Romelli et al. 2025). For the PHZ PF (and more specif-
ically for the redshift determination), we are interested in flux
estimates that measure the total emission of the source, even for
extended galaxies. For the VIS or NIR-stacked detection fluxes,
we consider the total flux computed within a Kron aperture us-
ing the T-PHOT algorithm (Merlin et al. 2015, 2016). In the other
bands, the total flux is obtained by scaling the detection flux with
a ‘colour’ term that is the ratio between the aperture flux in a
given band and that in the detection image:

Fband(TOT) = Fdet(TOT)
Fband(APER)
Fdet(APER)

. (1)

Here, aperture fluxes are measured on images that are PSF-
matched to the image with the worst resolution and are computed
within a circular aperture that is twice the worst FWHM.

The performance of the photometric-redshift measurements
strongly depends on the quality of the photometric observations.
We report in Table 1 the average 5σ depths of the EWS cata-
logue in the different bands. Those are estimated from the S/N
distribution of the VIS-detected sources using total fluxes for the
IE band and (2FWHM) aperture fluxes for the other bands (they are
in good agreement with the depths measured in the imaging data
from Euclid Collaboration: Aussel et al. 2025; Euclid Collabora-
tion: Romelli et al. 2025). The depths are very close to or better

than the minimum depths required for cosmology, both in the IE

and NIR bands.3 On the other hand, the ground-based data are a
bit shallower, especially for the i and z bands of the northern sky
and for the z band of the southern sky. The HSC g band data in
the EDF-N is instead a bit deeper than it will be in the full EWS
North area.

Other relevant information for the PHZ pipeline included
in the source catalogues are: the provenance of sources (i.e.,
whether they are detected in the VIS or NIR map); and the Milky
Way colour excess E(B−V) at the source position estimated from
the Planck dust map (Planck Collaboration et al. 2014), needed
to correct fluxes for Galactic extinction (Table 1 reports the ‘av-
erage’ correction in the different bands). Morphological proper-
ties of the Euclid sources are not used in the pipeline, except for
validation purposes.

Redshift determination with a template-fitting method such
as Phosphoros (see Sect. 5) requires an accurate and consis-
tent photometric calibration. Mismatches can arise for a number
of reasons, for example, residual photometric calibration errors,
imperfect knowledge of the transmission curves, or aperture cor-
rections for the PSF model used. To address any remaining in-
consistencies in the photometry, for each band we determine the
zero-point (ZP) offset (listed in Table 1), and we apply it as a
multiplicative correction on the measured fluxes. The ZP offset

3 The depth requirements for cosmology are for point-like sources,
while here most of the sources are extended.
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is negligible or of the order of 1%, except for the Pan-STARRS
i-band (9%) and for Euclid photometry (3–5%).

The ZP offsets are determined by OU-PHZ using
Phosphoros on the Q1 source catalogues following the usual
approach (Ilbert et al. 2006). Offsets measured in this way are
naturally model dependent, and we proceed in three steps in or-
der to make our determinations more robust. Firstly, we iden-
tify bright compact sources in the EDF-S using the criterion
MUMAX_MINUS_MAG<−2.64, and that have been matched to a
Gaia counterpart. We fit the fluxes of these objects with a large
set of stellar templates (see Sect. 6.3). The medians of the ra-
tios between measured and predicted star fluxes give us the fidu-
cial corrections for the Euclid and DES bands in this first step.
This is done first on the southern sky because the results seem
to be more stable than in the north. In the second step, we apply
the offsets previously computed for the Euclid bands, and then
follow the same procedure for the EDF-N, which allows us to
recover the corrections required for the UNIONS bands.

The effective zero-point adjustments computed so far are ap-
propriate for point sources, and are dependent on the set of stellar
SED templates used. While they should, in principle, be applica-
ble also to small galaxies, we nevertheless perform a third step
to refine the values and to make them more appropriate for the
set of galaxy SED templates that will be used to determine pho-
tometric redshifts. In this final step, we apply the offsets found
thus far and use a cross-match of known spectroscopic galaxies
with the Q1 catalogues from all three EDFs, mostly drawn from
PRIMUS (Cool et al. 2013) and DESI (DESI Collaboration et al.
2024). For this refinement step, we fix the galaxy redshift to the
spectroscopic value, and compute the flux ratios using the same
set of template SEDs described in Sect. 5. The ZP offsets de-
pend on the extension and light profile of the objects. The values
listed in Table 1 are therefore appropriate for a typical object in
the spectroscopic galaxy sample.

4. Classification

Source classification is an important task of the Euclid pipeline
for the full exploitation of its processed data. A classification
based on the source morphology is performed by the MER PF,
giving the probability of objects to be point like or extended
(Euclid Collaboration: Romelli et al. 2025). To avoid any spu-
rious correlations with the VIS PSF, in the PHZ PF we aim to
classify objects according to their photometry into three classes:
star; galaxy; and QSO.5 One of the main goals is to identify a
very pure sample of bright stars spanning the full range of stel-
lar colours. The VIS PSF must be modelled using stars detected
in each exposure, and the stringent requirements on its accuracy
and stability impose a 99% purity level for star-classified ob-
jects with detection S/N > 50. Classification is also relevant for
non-cosmological purposes. For example, the study of the evo-
lution of the galaxy physical properties demands high levels of
completeness in the galaxy sample, while the identification of
quasars is needed for analyses of the AGN population.

The classification is performed using a supervised machine
learning method called Probabilistic Random Forest
(PRF; Reis et al. 2019), a modification of the standard Random
Forest (RF) algorithm (Breiman 2001). PRF has been applied

4 MUMAX_MINUS_MAG is a MER morphological parameter that gives the
difference between the peak surface brightness and the magnitude in the
detection band.
5 For Q1, the target of the ‘QSO’ class is extended to luminous AGN.
No morphological information is taken into account.

Table 2. Probability thresholds for the PRF classifiers, and the purity
achieved in the half training set.

Configuration Star Galaxy QSO
DES 0.73 0.4 0.85
UNIONS 0.58 0.22 0.66
Purity 99% 90% 95%

to several astrophysical problems (e.g., Kinson et al. 2021;
Guarneri et al. 2022; Mužić et al. 2022; Rodrigues et al. 2023).
The main feature of the method is the capability to take into
account uncertainties in the measurements (or features) and in
the assigned classes (or labels). In PRF, features and labels are
treated as probability distribution functions, typically with a
Gaussian shape, rather than fixed quantities. As an example,
in the classical RF an object propagates through the nodes of
a specific tree in a deterministic way, and ends up in a single
terminal node. In a PRF tree, instead, objects can propagate into
both branches of each node with some probability, and reach all
the terminal nodes (although in the standard implementations, a
probability threshold is applied, and branches with probability
below that threshold are pruned from the tree). As Reis et al.
(2019) have shown, the PRF outperforms the RF. In addition, the
use of PRF allows us to take flux uncertainties into account in a
seamless manner.

In our implementation, the classification is performed using
three binary classifiers that compute the probability of the ob-
jects to belong to a specific class. We assign to an object all the
classes whose probabilities exceed pre-determined thresholds. A
single object can therefore have multiple assigned classes, or, in
the case that all the probabilities are below the thresholds, no as-
signed class (i.e., it is an outlier). The probability thresholds are
defined during the training process based on the classification
performance of half of the training sample (the other half being
used for training), and on the required purity level (see Table 2).

Before running the classification, few pre-processing steps
are applied to object fluxes: firstly, we correct observed fluxes
for Galactic extinction, based on an empirical SED-dependent
approach (Appendix A.1). Then, we impute missing fluxes us-
ing the k-nearest neighbours algorithm (Appendix A.2). Objects
with missing fluxes in more than 3 bands are, however, rejected
and no longer processed in the pipeline. Finally, we convert
fluxes into ‘asinh’ magnitudes (Lupton et al. 1999) in order to
deal with negative fluxes, and we compute colours and colour
uncertainties (Appendix A.3).

The features for the PRF classifiers are the source colours.
We consider all the possible colour combinations, giving 28
(36) features in the DES (UNIONS) configuration. We assume
colours to have a Gaussian distribution, with standard deviation
given by the colour uncertainty. Labels (i.e., the class of sources)
instead do not have any uncertainty. Most of the PRF hyperpa-
rameters are equivalent to the standard RF ones. We optimise the
most important ones using a grid search method, and the simula-
tions developed by the Euclid SGS for the Scientific Challenge
8 (Euclid Collaboration: Serrano et al. 2024). The same hyper-
parameters are used for all the classifiers.

The results of classification are collected in the EAS in the
phz_classification catalogue. The main products are the
probabilities of each object to belong to each class, and the clas-
sification flag indicating which classifier accepts the object.
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Table 3. Spectroscopic surveys used for the classification training set,
the number of high quality (Q=3,4 in a VVDS-like system) spectra, and
the number of selected objects.

Field Survey Q=3-4 Selected
ELAIS-S1 OzDES-DR2a 1234 1192
CDFS VVDSb 416 416

VANDELSc 197 188
OzDES-DR2a 2574 2068
VUDS-DR1d 57 56

XMM-LSS SDSS-DR16e 1775 1438
OzDES-DR2a 852 759
VIPERS-PDR2f 2694 2280
VVDSb 1699 1694
VANDELSc 207 205

COSMOS SDSS-DR16e 455 197
VUDS-DR1d 63 53
VVDSb 125 56
zCOSMOS DR3g 3437 2663

Notes. (a) Lidman et al. (2020). (b) Le Fèvre et al. (2013). (c) Garilli et al.
(2021). (d) Tasca et al. (2017). (e) Ahumada et al. (2020). (f) Scodeggio
et al. (2018). (g) Lilly et al. (2009).

4.1. Training sample for classification

PRF classifiers need to be trained through a source sample that in-
cludes all the features used for the classification plus the classes
of the objects. The training sample must be representative of
the EWS and labels must be reliable. It thus requires photo-
metric data in the same wavelength range covered by Euclid
with comparable depth, complemented by additional photomet-
ric and spectroscopic information to provide reliable estimates
of their classes. To this aim, we have gathered data from two
of the deepest near-infrared surveys that are available to date:
(1) the Visible and Infrared Survey Telescope for Astronomy
(VISTA) Deep Extragalactic Observations (VIDEO) DR5 cat-
alogue (Jarvis et al. 2013), covering three fields (XMM-LSS,
CDFS, and ELAIS-S1) of 12 deg2 total area in the z, Y, J, H,
and Ks bands; (2) the UltraVISTA DR4 catalogue (McCracken
et al. 2012), covering the 2 deg2 area of the COSMOS field in
the Y, J, H, and Ks bands. Both surveys have comparable or bet-
ter depths with respect to the EWS. NIR data are complemented
with the optical (g, r, i, z) photometry from DES DR2 (Abbott
et al. 2021) for the VIDEO fields, from DES Deep Fields (Hart-
ley et al. 2022) for the COSMOS field, and with X-ray measure-
ments from XMM-Newton and Chandra (Marchesi et al. 2016;
Chen et al. 2018; Ni et al. 2021).

We build the training sample by selecting the objects with
spectroscopic measurements. We consider all the spectroscopic
surveys that overlap the VIDEO and UltraVISTA areas and
that have accessible 1 D spectra (see Table 3). The match be-
tween photometric and spectroscopic data results in about 21 000
shared sources with high-quality spectra. All these spectra were
visually inspected by OU-PHZ to verify the quality of spectro-
scopic redshifts. We end up with 13 265 sources after rejecting
objects with more than one missing flux across the optical and
NIR (Y, J, H) bands.

Objects are labelled as stars if zspec < 0.0025 (this corre-
sponds to a velocity of 750 km s−1, consistent with radial veloc-
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Fig. 2. IE magnitude distribution per class of objects in the training sam-
ple for classification.

Table 4. Percentage of VIS-detected objects per type.

Star Galaxy QSO Multi Outlier Reject
North Class
S/N>5 3.7 86.6 1.9 5.1 1.6 1.2

IE <24.5 7.9 77.7 2.2 7.8 2.4 2.0
IE <22 31.0 51.8 0.4 9.6 2.0 5.1
South
S/N>5 2.3 87.9 1.6 0.1 6.9 1.2

IE <24.5 4.7 86.1 1.2 0.2 5.9 1.9
IE <22 17.2 74.0 0.0 1.1 2.9 4.7

ities of stars observed by Gaia; Gaia Collaboration et al. 2023;
Katz et al. 2023). Sources detected in X-rays with L2−10keV >
1043.75 erg s−1 are labelled as QSOs. All other objects are la-
belled as galaxies. The high L2−10keV threshold for QSOs is cho-
sen in order to select sources that are expected to be dominated
by AGN in the optical. We obtain 2651 stars, 10 263 galax-
ies, and 351 QSOs. Because of the small number of QSOs, we
decided to label as QSOs all the X-ray detected sources with
L2−10keV > 1043.75 erg s−1 in the four fields even if they do not
have spectroscopic redshifts, in which case photometric redshifts
were used to determine luminosity. In this way, we can add an-
other 1978 QSOs to the sample, for a total of 2329. The final
training sample consists therefore of 15 243 objects with known
labels.

Before using the sample to train the classifiers, we apply
the same pre-processing steps as done for Euclid data (see Ap-
pendix A). In addition, we reconstruct the photometry corre-
sponding to the UNIONS and Euclid bands (DES photometry
are already present in the sample) using the best-fitting SEDs
obtained from Phosphoros (see Appendix A.4). In Fig. 2 we
show the distribution of objects in the training sample with re-
spect to the IE magnitude: the distribution of galaxies peaks at
IE ∼ 22; stars and QSOs have a flatter distribution in the range
16–22 and 21–25, respectively. Although not fully representative
of the Euclid data in terms of magnitudes, the training sample is
able to provide a good coverage of the colour distributions for
the three object classes (see Fig. 5).
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Fig. 3. Distributions of the class probabilities for sources in the north (top panels) and in the south (bottom panels) at IE < 24.5 (blue histograms)
and at IE < 22 (red lines). Blue dashed lines are for sources that have a probability larger than 0.5 in a different class. Vertical lines correspond to
the probability thresholds used for the classification (see Table 2).

4.2. Classification results

In this section we present the classification results for VIS-
detected objects with detection S/N > 5. Figure 3 shows the
distributions of the class probabilities. The peaks of the distri-
butions are always found close to 0 and 1. If we consider only
bright objects (e.g., IE < 22), the distributions tend to be still
more concentrated at the edges of the probabilities. Moreover,
very few objects have large probability (> 0.5) in more than one
class (see the dashed lines in the figure). These features prove
the ability of the pipeline to separate the sources in the different
classes and to assign reliable labels for most of them.

As expected, galaxies are the dominant class, almost 90% of
the total (see Table 4). Stars represent only a few per cent, but
their fraction significantly increases with the detection flux: for
example, they are 31% of the sources at IE < 22 in the north-
ern tiles and 17% in the southern tiles. This difference between
north and south can be attributed to the distribution of stars on
the sky. For example, the Besançon model6 (Robin et al. 2003)
predicts about twice as many stars in the EDF-N with respect
to the EDF-S and EDF-F. QSOs are approximately 1% of the
sources, but the percentage drops well below 1% among bright
sources. Outliers and rejected objects are less than 10%, while
the number of objects with multiple classes is negligible in the
southern sky and 5–10% in the north, depending on the detection
magnitude.

The number counts of the different object classes are shown
in Fig. 4. They can be compared with the estimates from the
Euclid SGS simulations. In particular, for stars we use the sim-
ulated catalogues for the EDFs, which combine real bright stars
and the Besançon model simulations. For galaxies, we also con-

6 https://model.obs-besancon.fr/modele_home.php

sider the number counts obtained from the COSMOS catalogue
(W22). As we can see from the figure, galaxy counts follow our
expectations quite well. Star counts are in general quite compat-
ible with the Besançon model at magnitudes between 20 and 24,
while at fainter fluxes the star completeness quickly decreases.
According to the model, we also lose about 20% of the bright-
est stars (IE < 20). Part of these stars are misclassied as galaxies
and can be easily identified in the galaxy sample through the
morphology (see Fig. 6). In the EDF-N, star counts are 20–30%
below the model at IE < 23, but they become consistent with it
if stars with multiple classifications are added, suggesting that
most of those sources are actually stars. This may be due to the
very low galaxy probability threshold in the EDF-N that causes
stars to be classified as galaxies too. Finally, both in the north
and in the south, QSOs seem to be identified only among faint or
noise-dominated objects, while essentially no bright QSOs are
found. We note that rejected objects and outliers can give ad-
ditional extra contributions to number counts, especially among
bright sources (around 5–6% at IE < 22).

In Fig. 5, we show two-colour plots for the different types
of objects, in comparison with the training set. As expected, the
peak of the colour distributions for galaxies and stars match well
those from the training set. Their 2D distributions are, however,
more widespread in the colour space due to noise effects. In con-
trast, colours of QSO-classified objects are partially compatible
with the training set. For example, in the south, we only find
QSOs with very red NIR colours (YE − HE > 1), in the tail of the
distribution of the training set, while no QSOs are found in the
expected location for this class of objects (i.e., 0 < g − z < 1
and YE − HE ≃ 0). This is due to the high probability threshold
for the QSO definition in the southern tiles (i.e., 0.85), and to
the fact that such high probability can be obtained only in colour
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Fig. 4. Number counts per type as a function of the IE magnitude for the
EDF-N (top panel) and EDF-S (bottom panel), compared with counts
from the Euclid SGS simulations (solid blue lines for galaxies and or-
ange lines for stars), and from the COSMOS field (dashed blue lines for
galaxies; IE magnitudes have been reconstructed using the Phosphoros
best-fitting SEDs). Solid points are for single-class objects, while open
points include multiple classified objects. Results from the EDF-F are
similar to those of the EDF-S, except for a slightly lower number counts
for stars, and are not reported.

regions not covered by galaxies. In the northern tiles, the pres-
ence of the u band allows the PRF to achieve the same purity
level with a lower threshold, and consequently to find QSOs in a
wider colour region.

For validation purposes, it is interesting to check the mor-
phology of the classified objects, given by the parameter
MUMAX_MINUS_MAG, as a function of the IE magnitude (Fig. 6).
Star-classified objects are mostly compact, especially at bright
or intermediate magnitudes. The fraction of ‘extended stars’
with S/N > 50 is less than 1%, as required for the PSF
modelling. Looking at the galaxies, we observe that, partic-
ularly in the southern tiles, there are several compact, bright
galaxy-classified objects that might be stars or QSOs with wrong
classification. We check the photometric redshift of point-like
(MUMAX_MINUS_MAG<−2.5) galaxy-classified objects at IE < 23:
more than half have z < 0.5 (7% and 28% with z < 0.2 in the
southern and northern tiles, respectively), and about one third are
at 0.5 < z < 1. QSO-classified objects are typically faint and ex-
tended sources, making their classification quite doubtful. In the
north, we find a small set of compact bright (IE < 24) QSOs that
are probably correctly classified. Finally, if we consider outliers
and multiply classified objects, there are significant differences
between tiles in the north and in the south, as a result of the dif-
ferent probability thresholds used for classification.

To conclude, the classification seems to succeed in provid-
ing reliable class probabilities for stars and galaxies, and in ex-
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Fig. 5. Two-colour density plots for the different types of object in the
northern and southern tiles, compared with the training set (black con-
tour curves). Colours are corrected for Galactic extinction as described
in Appendix A.1.

tracting a pure sample of bright stars. Improvements are instead
needed in the identification of QSOs, which is currently not re-
liable. Photometric information alone is likely not sufficient to
distinguish QSOs from galaxies, which are much more numer-
ous and overlap the colour space covered by QSOs (Euclid Col-
laboration: Bisigello et al. 2024). The presence of the u band
in the northern configuration helps the QSO classification. More
investigation is also needed on the outliers, a relevant fraction of
which could be real objects with peculiar locations in the colour
space.

5. Photometric redshifts for the Euclid core
science

The main product of the processing function is the photo-z cata-
logue (catalogue.phz_photo_z in the EAS) that includes the
point estimates and the PDFs of photometric redshifts for all
the objects present in the MER catalogues. In this section, we
present the computation of the photometric redshifts, their vali-
dation, and the redshift distributions in the EDFs.

5.1. Building the PHZ catalogue through Phosphoros

Photometric redshifts are computed through the template-fitting
Phosphoros tool (Paltani et al., in prep.). With respect to previ-
ous template-fitting codes, the main innovation of Phosphoros
is the implementation of a fully Bayesian framework, with
flexible priors on all parameters, and sampling from multi-
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dimensional and marginalised posteriors. It includes most of the
advanced features found in similar codes, such as the use of up-
per limits, zero-point corrections, emission lines, etc. (see, e.g.,
Benítez 2000; Bolzonella et al. 2000; Ilbert et al. 2006; Bram-
mer et al. 2008), with the addition of new features such as:
complex user-defined priors (e.g., from luminosity functions);
an SED-dependent treatment of Galactic reddening (Galametz
et al. 2017); different intergalactic medium prescriptions; correc-
tion of the effects of the photometric passband variations (Euclid
Collaboration: Paltani et al. 2024); and the sampling of the pos-
terior distributions. Phosphoros has been developed by the OU-
PHZ to achieve a maximal computational efficiency and to run
in a computer-intensive processing environment. It was used and
fully validated in the DC2 photometric-redshift challenge of the
Euclid OU-PHZ (Euclid Collaboration: Desprez et al. 2020) and
on the HSC-CLAUDS survey (Desprez et al. 2023).

Compared to the machine-learning methods typically em-
ployed for the photometric redshift estimates (see, e.g., Sal-
vato et al. 2019; Euclid Collaboration: Desprez et al. 2020), the
template-fitting approach is considered more appropriate for the
Euclid core science. Machine-learning algorithms, in fact, criti-
cally depend on training sets that must be representative of the
population of objects under study. They typically perform well
in regions of the colour space that are well covered by spec-
troscopic redshifts, but their performance significantly drops for
regions with scarce spectroscopic information, for instance for
z > 1 (Euclid Collaboration: Desprez et al. 2020). On the other
hand, template-fitting algorithms are significantly slower than
machine-learning ones, making their use for the full EWS quite
challenging in terms of computational time. In the Q1 release,
the use of Phosphoros is still feasible in terms of computational
time due to the limited number of objects involved.

Template-fitting algorithms compare observed fluxes with a
grid of modelled photometry, spanning over a set of parameters.
In the case of Phosphoros, the parameters are: redshift z; galaxy
SED; intrinsic reddening curve; and intrinsic attenuation E(B −
V). The grid of models is built before applying Phosphoros to
the source catalogues.

Model photometry values are derived using a set of galaxy
templates based on the COSMOS library (Ilbert et al. 2009).
It consists of 33 templates, eight templates for elliptical and
lenticular galaxies and 11 for spiral galaxies from the Polletta
et al. (2007) library, and two for exponentially declining star-
formation history (SFH) and 12 for young blue star-forming
galaxies generated with the Bruzual & Charlot (2003, hereafter
BC03) stellar population synthesis models. To obtain a finer grid,
we added additional templates by interpolating between ‘adja-
cent’ templates in colour space. Emission lines (Hα, the [O ii]
doublet at 3726+3728 Å, the H β, H γ and H δ Balmer lines, and
the [O iii] lines at 4958 Å and 5006 Å) are added to these tem-
plates using the Kennicutt (1998) relation between Hα and the
ultraviolet luminosity, and an empirical relation between Hα and
the emission line fluxes (see Paltani et al., in prep., for more de-
tails). A velocity dispersion of 200 km s−1 is applied to the emis-
sion lines.

The Phosphoros model grid is computed between redshifts
z = 0 and 6 with 0.01 step. No internal attenuation is applied to
early type (elliptical and S0) and (exponentially declining) pas-
sive galaxies, while for younger galaxies we consider an internal
attenuation with E(B − V) values in the range [0, 0.5] with 0.05
step. The internal dust attenuation curve is modelled with several
attenuation laws: Prevot et al. (1984); Calzetti et al. (2000); and
modified Calzetti law including a bump at 2175 Å, as in Ilbert
et al. (2009). Intergalactic medium attenuation is also taken into
account following the Inoue et al. (2014) prescription. Finally,
Galactic reddening is applied to modelled fluxes in an SED-
dependent way, as described in Galametz et al. (2017). We adopt
the Milky Way absorption law of Gordon et al. (2023).

Before running Phosphoros, we add a systematic error to
the statistical errors in the form of an additional uncertainty pro-
portional to the flux, in order to fix an upper limit to the S/N,

σ2
k(new) = σ2

k(obs) + β2
k F2

k , (2)

where Fk and σk are the source flux and error at the k band, and
βk is equal to 0.02 (0.05) for the g, r, i, z, IE (u, YE, JE, HE) bands.

Article number, page 10 of 25



Euclid Collaboration: Tucci et al.: Q1 PHZ processing and products

This corresponds to setting the maximum S/N to 50 (20) in those
bands. This systematic contribution should take into account for
residual errors in the flux scale not absorbed by the ZP correc-
tion.

Finally, we apply the following priors to the Phosphoros
models: a ‘volume’ prior proportional to the redshift-dependent
differential comoving volume, with an effectiveness eff = 0.3,7
to disfavour low-redshift solutions where the volume sam-
pled is very small; and a top-hat prior on the source absolute
AB magnitudes estimated in the DES r band, that is flat in the
[−24,0] range and 0 otherwise. This prior may be a bit severe
and a few bright galaxies at high z could be lost (see, e.g., Ilbert
et al. 2005); however, it helps to avoid many outliers at z > 2.

The main products in the photo_z catalogue are the red-
shift posterior probability distributions (zPDFs) of the sources,
derived by marginalising the full posterior distribution over the
template and reddening dimensions. These are provided as a vec-
tor containing the zPDF values for redshifts in the range [0, 6]
with 0.01 step. In addition, different point estimates of the source
redshift are computed:

– the median of the zPDF;
– the centroid of the main peak of the zPDF;
– the main mode of the full posterior distribution.

In general, the point estimates of photometric redshifts are quite
consistent with each other. A slightly larger fraction of outliers is
observed using the centroid of the main peak or the main mode
of the posterior. So, hereafter, unless otherwise stated, we use
the zPDF median as our redshift estimate.

5.2. Validation of photometric redshifts

The performance of Phosphoros photometric redshifts (zphos) is
evaluated on the basis of the residuals ∆z = (zphos−zref)/(1+zref),
where zref are the reference ‘true’ redshifts (typically from spec-
troscopic data). We use the following quality metrics: the me-
dian of the residuals, median(∆z), as a measure of the ac-
curacy; the normalized median absolute deviation, σNMAD =
1.4826 median(|∆z−median(∆z)|), as a measure of the precision
(Hoaglin et al. 1983); and the fraction of outliers (η), defined as
the fraction of objects with |∆z| ≥ 0.15.

Photometric redshifts obtained from the Phosphoros tool
are tested and validated using both photometric and spectro-
scopic redshifts. While spectroscopic redshifts allow us to com-
pare our predictions with high-accuracy and high-precision red-
shifts, the spectroscopic sample is not representative in terms
of depth and galaxy types. Therefore, we also compare the
Phosphoros predictions with high-quality photometric redshifts
from COSMOS2020 obtained from deep, wide-band photo-
metric observations (W22). The catalogue contains 1.7 million
sources measured in 36 photometric bands from the UV to the
infrared. Based on the available spectroscopic data, W22 found
that photometric redshifts for galaxies at i < 24 have a precision
of the order of 0.01(1+z) and an absolute bias ≤ 0.004(1+z), with
3–4% of outliers. In order to mimic the Euclid conditions, we ex-
tract the Subaru g, r, i, z HSC optical bands, the Suprime-Cam
i+ band and the VIRCAM UltraVISTA Y, J, H bands to build
a mock EWS sample. The u band is not used. In addition, be-
cause the COSMOS2020 catalogue is substantially deeper than
the Euclid Q1 data, we add random Gaussian noise to the source
photometry to match the nominal Q1 depth of each band. The

7 The prior effectiveness is a value between 0 and 1 that modifies the
prior as peff ∝ p eff .

redshift determination is performed on sources with i+ < 24.5
and S/N > 10. Phosphoros is applied with the configuration
used in the pipeline and described in the previous section.

Figure 7 shows a comparison between the Phosphoros pho-
tometric redshifts and those obtained in W22 using the LePhare
code (Arnouts et al. 2002; Ilbert et al. 2006) and the CLASSIC
COSMOS2020 catalogue. We consider sources in two ranges
of i+ magnitude, brighter and fainter than 23.5. In general,
Phosphoros redshifts match quite well with the COSMOS2020
ones, in spite of the significant smaller number of bands involved
and noisier photometry. For sources at i+ < 23.5, we find quality
metrics in agreement with the Euclid requirements for core sci-
ence. Outliers are mainly found at LePhare redshifts zlp ≃ 0.5–
1 and zphos < 0.5. This is likely due to the degeneracy between
blue galaxies at z ≃ 0.6, which have a weak 4000 Å break in
the r band, and red galaxies with (Balmer) break blueward of
the g band and not captured because of the lack of the u band at
z ≃ 0.2. For faint sources (i+ > 23.5), we have a clear increase in
the dispersion (σNMAD changes from 0.03 to 0.08), while the me-
dian of the residuals remains quite small. The fraction of outliers
grows up to 32%. Two (almost) symmetrical clouds are present
at zlp <∼ 0.5 and zphos = 3–4, and vice versa, due to a confusion
between the Balmer and Lyman breaks.

The quality of photometric redshifts computed by the PHZ
pipeline can be directly checked for those Q1 objects whose
spectroscopic redshifts are known. To this aim, we have com-
piled a large set of external surveys with publicly available spec-
troscopic data and an overlapping footprint with Q1 (see Ta-
ble 5). For the match with Q1 sources, we take a tolerance
of 1′′ for ground-based data sets and 0 .′′4 for space-based data
sets such as 3D-HST (Momcheva et al. 2016) and JWST Ad-
vanced Deep Extragalactic Survey (JADES; Eisenstein et al.
2023; D’Eugenio et al. 2024). We use only redshifts with high-
quality flags. In total, we find 72 263 matched Euclid sources,
42 731 in the EDF-N (mainly from DESI), 29 361 in the EDF-F,
and only 171 in the EDF-S.

In Fig. 8 we can see the IE magnitude distribution of sources
with spectroscopic redshifts. As expected, they are mostly bright
objects (IE < 23). Nevertheless, in terms of colours, the spectro-
scopic sample is well representative of the full Q1 sample, with-
out selecting or excluding particular regions of the colour space.
Figure 9 shows a comparison between the photometric redshifts
computed by the PHZ pipeline and the spectroscopic redshifts
available for the EDFs. This is done separately for the EDF-N
and for the EDF-F and EDF-S, and for sources with IE < 23 and
23 ≤ IE < 24.5. The match is quite good independently of the
ground-based configuration and of the source magnitudes. The
accuracy of photometric redshifts is typically of the order of 1–
2%, while the precision is in line with the requirements, with
σNMAD = 0.03 at IE < 23 and 0.04–0.06 at 23 < IE < 24.5.
Quality metrics significantly degrade with magnitude only for
the fraction of outliers, which changes from 10% (12%) to 16%
(27%) in the north (south).

The location of the outliers is quite different between north
and south. In the south a large fraction of the outliers are found
at zspec = 0.5–0.8 and zphot = 0.2–0.3, very similarly to what
is observed in the COSMOS2020 comparison (Fig. 7). The de-
generacy between blue and red galaxies seems to break in the
UNIONS configuration, probably thanks to the u band, espe-
cially for bright objects. Outliers in the north appear instead
more scattered, as a possible effect of the Balmer and Lyman
break confusion, AGN or QSO contamination, or possible pho-
tometric issues.
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Fig. 7. Density plots comparing the photometric redshifts of the COSMOS2020 sources as computed by Phosphoros in a Euclid-like photometry
configuration with the photometric redshifts provided in W22 using the LePhare code and the CLASSIC catalogue. Two ranges of magnitude are
considered: Suprime-Cam i+ < 23.5 (left panel); and 23.5 ≤ i+ < 24.5 (right panel). Phosphoros redshifts are the median point estimates. In
each plot we report the number of sources and the values of the quality metrics. The dotted red lines show the 1:1 line and the dashed lines show
zphot = zspec ± 0.15(1 + zspec), corresponding to the limits for outliers.

Table 5. External spectroscopic catalogues with matches in Q1

Matches Survey References Quality cuts EDF-
5 SDSS DR16 Ahumada et al. (2020) zwarning=0 & class,’STAR’ N

7759 OzDES Lidman et al. (2020) 2≤qop<6 & z>−1 F
16 851 PRIMUS Coil et al. (2011) zprimus_zconf ≥ 3 & duplicate removal F

Cool et al. (2013)
2937 3D-HST Momcheva et al. (2016) z_best_s ∈ {1,2} F

263 JADES Eisenstein et al. (2023) z_Spec_flag ∈ {A,B} F
D’Eugenio et al. (2024)

54 2MRS Huchra et al. (2012) F,S
1212 2dFGRS Colless et al. (2003) q_z ≥ 3 F,S
145 6dFGS Jones et al. (2009) q_cz ≥ 3 F,S
716 VVDS Le Fèvre et al. (2013) zflags ∈ {3,4} F

52 MOSDEF Kriek et al. (2015) target=1 & z_mosfire >0 & z_mosfire_zqual=7 F
227 2dflens Blake et al. (2016) qual ∈ {3,4} F
699 VANDELS Garilli et al. (2021) zflg ∈ {3,4,9,13,14,19} F

42 706 DESI_EDR DESI Collaboration et al. (2024) z>0.001 & objtype=TGT & spectype,STAR N
& deltachi2>10 & zcat_primary=1

& coadd_fiberstatus=0 & zwarn<4

Information on the quality of the Phosphoros zPDFs can be
obtained using the probability integral transform (PIT) (Dawid
1984; D’Isanto & Polsterer 2018), which shows the histogram
of the cumulative distribution functions (CDFs) at the spectro-
scopic redshifts (see Fig. 10). The histogram should be flat if
the zPDFs correctly represent the probability distribution of the
sources. We observe instead a ‘U’ shape in the plots, especially
for bright sources, which indicates that our zPDFs are too nar-
row, leading to an underestimation of the errors (this issue has

already been reported in Euclid Collaboration: Desprez et al.
2020 for Phosphoros zPDFs). The strong peaks at the edges
of the histograms are mainly produced by the outliers, whose
PIT values are close to 0 or to 1. The PIT is asymmetric and in-
creases towards 1, meaning that the zPDFs tend to underestimate
the redshifts, in accordance with what is observed in Fig. 9.
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5.3. Redshift distribution of Q1 sources

In Fig. 11 we show the redshift distributions for sources in the
northern and southern sky. The distributions are computed for
all VIS-detected objects that verify the following conditions:
IE < 24.5; IE S/N > 5; and not star-classified. Such conditions
reduce by more than half the number of objects, but keep the
object density larger than 30 per arcmin2. The redshift distribu-
tions are obtained using two different point estimates: the me-
dian of the zPDFs; and the centroid of the main peak. In the
figure, we also include the redshift distribution obtained from
the COSMOS2020 catalogue, after applying a magnitude cut at
IE < 24.5.

The redshift distributions we find show reasonable agree-
ment with COSMOS2020, taking into account the possible ef-
fects of sampling variance, independently of the point estimate
and the sky area. As expected, they peak at redshift 0.5–0.8, with
a sharp decrease at z > 1. The N(z) distributions tend to overes-
timate the number of high-z galaxies in the range of 3–5, which
is due to low-redshift galaxy outliers with photometric redshift
larger than 2–3 (as seen for example in Fig. 7).

6. Products for non-cosmological science

The non-cosmological branch of the production pipeline aims
to extract from source photometry relevant information for
the scientific cases other than cosmological probes, such as
galaxy properties and evolution, the identification of galaxies
and quasars at high redshifts (z >∼ 6), the evolution of active
galaxies across redshift, and the study of the stellar population
in the Milky Way.

Sources from MER catalogues are treated differently de-
pending on the assigned class (as shown in Fig. 1). Physical
properties of galaxy-classified objects are computed through the
NNPZ algorithm, while objects classified as star, QSO, or NIR-
only are handled by the Phosphoros tool. The products of this
branch are four different catalogues, one for each class of ob-
jects,8 which include the computed physical properties and the
source fluxes corrected for Galactic reddening.

6.1. Physical properties of galaxies

Physical properties of galaxies are determined using the NNPZ
algorithm (Paltani et al., in prep.). This is a supervised learn-

8 In the EAS, they are the phz_physical_parameters,
phz_star_template, phz_qso_physical_parameters, and
phz_nir_physical_parameters catalogues.

Table 6. Physical parameters computed by the PHZ PF

Parameters Comments
Galaxies (Method: NNPZ)
Redshift
AGN bolometric luminosity
Intrinsic attenuation AV not in the catalogue
Absolute AB magnitudea

Stellar metallicity [Fe/H]
(SFH) Stellar age of galaxies
(SFH) Characteristic SF timescale
Star formation rate (SFR) log10(SFR/M⊙ yr−1)
Stellar mass log10(M∗/M⊙)
Stellar mass formed during SFH log10(M form

∗ /M⊙)
Stars, QSOs, NIR-only objects (Method: Phosphoros)
Redshift not for stars
SED normalization in L⊙
Luminosity in L⊙ not for stars
SED template
Reddening curve not for stars
Internal color excess EB−V not for stars

Notes. (a) Absolute magnitudes are reconstructed for the following pass-
bands: GALEX FUV and NUV; Johnson U, B, V, R, and I; Euclid
IE, YE, JE, and HE; SLOAN z; 2MASS Ks.

ing algorithm based on the nearest neighbours method (see also
Tanaka et al. 2018, for a first application on the HSC-SSP sur-
vey). In the version used by the pipeline, NNPZ searches in flux
space for the k closest neighbours from a reference sample, and
computes the required attributes (typically in the form of PDFs)
as a weighted average from the k neighbours. The weights are
equal to exp(−χ2/2), where the χ2 (or squared Mahalanobis) dis-
tance between the observed photometry and the photometry of
the neighbours is

χ2 =
∑

i

(Fi,obs − Fi,neig)2/σ2
Fi,obs

(3)

(the sum is over the fluxes in the different passbands). This
method does not require any training phase, and it can be effi-
ciently modified to compensate effects that vary on an object-by-
object basis (e.g., Galactic reddening and bandpass variations;
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Fig. 9. Density plots comparing Phosphoros photometric redshifts for Q1 sources with spectroscopic redshifts available in public surveys.
Sources are separated according to the ground-based observations (in the northern and southern sky), and for the range of magnitude, IE < 23 and
23 ≤ IE < 24.5.

Galametz et al. 2017; Euclid Collaboration: Paltani et al. 2024).
The algorithm was tested and validated for the determination of
photometric redshifts and physical properties using simulations
(Euclid Collaboration: Enia et al. 2024) and Euclid observations
(Euclid Collaboration: Enia et al. 2025).

The χ2 distance we use in NNPZ quantifies the likelihood that
the galaxy in question is a copy of a given neighbour. In the
cases where there are no close neighbours, the object is given a
PHYS_PARAM_FLAGS value of 1. The general concept for NNPZ
within the Euclid pipeline is for the reference sample of possible
neighbours to be drawn from the PHZ EAFs (see Euclid Collab-

oration: Mellier et al. 2024), where the much deeper photome-
try and the many additional bands make the physical property
predictions much better than what is possible in the EWS. In
addition, after applying a selection similar to that of the EWS,
the population of galaxies acts as a natural prior on the physi-
cal properties of the ESA galaxies. Because of the unavailability
of deep Euclid observations of the EAFs, for Q1 the reference
sample is built from a set of more than 1 million stellar popula-
tion synthesis models. In this case, NNPZ acts as an emulator of
a traditional template-fitting algorithm.
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Table 7. Parameters of the model galaxy SEDs, their range, and type of
sampling.

Property Min value Max value Sampling
Redshift 0.01 7 linear in (1 + z)

Age 0.01 Gyr 13.74 Gyr log
τ 0.01 Gyr 31.6 Gyr log

Stellar metallicity 0.1 Z⊙ 2 Z⊙ linear
AV 0 mag 2.98 mag log

log10 U −4 −2 linear
Dust law Calzetti / SMC

IMF Kroupa
IGM Inoue

Stellar spectra MILES

We generate the model SEDs using the bagpipes package
(Carnall et al. 2018, 2019), with the 2016 version of BC03 mod-
els and delayed exponential SFHs.9 The parameters that we vary,
their ranges and sampling (log space or linear) are given in Ta-
ble 7. In order to sample the six-dimensional space of model
parameters, we generate a Halton sequence (Halton 1960). The
Halton sequence is a quasi-random sampling of a given space
that provides a semi-regular sampling of the space, and hence
it minimizes the maximum distance that a point in the contin-
uous space can be from a sample compared with a regular grid
or true random distribution. We generate models for two dust
laws, namely the Calzetti et al. (2000) and the SMC Prevot et al.
(1984) curves, and re-used the same Halton sequence in the other
six parameters for each. All SEDs are generated with a fixed to-
tal mass in stars formed M form

∗ = 1010M⊙, which is then scaled
according to the object photometry. In addition to the parame-
ters governing the generation of the SEDs, bagpipes returns ob-
served and rest-frame photometry through a desired set of pass-
band filters (see Table 6 for the rest-frame band outputs).

For objects classified as galaxies, we derive a large set of
physical properties, including photometric redshift, star forma-
tion rate (SFR), stellar mass, and metallicity (the full list is re-
ported in Table 6). We stress that a new estimate of photometric
redshifts is provided by NNPZ; the comparison with Phosphoros
values is discussed later (see Fig. 17). Properties such as stellar
mass and SFR are typically determined by fitting synthetic stellar
population synthesis SED models (e.g., BC03; Maraston 2005;
Conroy & Gunn 2010). Posterior distributions of these and other
properties show correlations that arise naturally through their de-
pendence on luminosity distance (if redshift is allowed to vary)
and mass-to-light ratio, for example. Capturing and storing these
correlated posteriors in full for the billions of galaxies that Eu-
clid will observe is impractical, and so we provide instead an
approximation of a sampling of the posterior given by the 30
closest neighbours in the reference data set.

For each Euclid Q1 galaxy, NNPZ identifies the 30 nearest-
neighbour reference SED models taking into account Galac-
tic reddening and scaled to best match the object photometry.
The IDs of these neighbours, their distances (likelihoods), and
amplitude scalings are output as part of our physical property
catalogue. The physical properties of the maximum likelihood
model are recorded in the catalogue as the mode values, such

9 The delayed exponential SFH is described according to
(t/τ2) exp(−t/τ), where t is the galaxy age and τ is the character-
istic timescale of star formation (BC03).

Article number, page 15 of 25



A&A proofs: manuscript no. PHZpipeline

as PHZ_PP_MODE_STELLARMASS. In addition, the collection of
neighbours is used to derive weighted percentile values at 16, 50,
and 84% for the marginalised posterior of each galaxy property
(stored in the PHZ_PP_MEDIAN_* and PHZ_PP_68_* columns).
As an example of physical property posteriors obtained by NNPZ,
Fig. 12 shows the 2D posterior distribution of stellar mass versus
SFR and versus redshift for a particular galaxy.

6.1.1. Known issues

Following the full production run of the galaxy physical proper-
ties, we identified two areas for improvement for future releases.
The first is related to the intrinsic attenuation values AV , which
are currently absent from our output catalogue. The correct val-
ues are nevertheless present in the reference sample and can still
be accessed through the set of neighbour IDs.

A second, more significant aspect concerns a subset of ob-
jects displaying very high specific star-formation rates (around
10−8 yr−1) and very low ages (around 107 yr). In designing the
model parameter ranges, our goal was to avoid imposing hard
priors, allowing users to apply their own constraints based on
specific scientific needs. However, the choice to include ages as
young as 107 yr led to a problematic outcome: many objects were
predominantly fit by models near this lower limit, resulting in
very low stellar mass estimates.

Despite these challenges, the majority of Q1 galaxies have
well-determined physical properties and remain suitable for sci-
entific analyses, particularly in contexts where completeness is
not the primary concern. We are actively investigating the best
steps to refine our approach and further improve the pipeline, en-
suring greater accuracy and reliability in future analyses. For fur-
ther discussion of these issues, and strategies to overcome them,
we refer the reader to Euclid Collaboration: Enia et al. (2025).

6.1.2. Validation of galaxy physical properties

Galaxy physical properties derived with NNPZ are compared
with those obtained from the COSMOS2020 catalogue us-
ing LePhare (W22). We apply similar magnitude cuts to
both data sets, limiting the Euclid sample to HE < 24
and IE < 24, and the COSMOS2020 sample to HVISTA <
24 and HST/ACS F814W < 24.5. In addition, in order
to minimise the number of spurious detections, stars, or
QSOs present in the Q1 galaxy-classified sample, we ex-
clude compact sources (MUMAX_MINUS_MAG>−2.6) and we apply
the following MER and PHZ flags: MER_SPURIOUS_FLAG=0;
MER_DET_QUALITY_FLAG<4; and PHZ_FLAGS=0.10 In the fol-
lowing, we show the results for the EDF-F; no relevant differ-
ences are found for the other fields.

Figure 13 shows the specific star formation rate as a func-
tion of redshift for Q1 sources compared to the COSMOS2020
catalogue. As discussed in the previous subsection, we iden-
tify a population of galaxies with unrealistically young ages
(age < 108 yr) and very high sSFR (sSFR >∼ 10−8.2 yr−1). They
constitute about 40% of the full sample, but the fraction de-
creases to 20% at IE < 23. This population is particularly evi-
dent in the upper parts of Fig. 13, which show a stripe around
log10(sSFR/yr−1) = −8, both for the samples limited to faint and
bright magnitudes.

10 PHZ_FLAGS is a flag present in the photo-z catalogue that says if
a source is good for the core science (0=good) or not (10=NIR-only,
11=missing bands, 12=too faint).

In Figs. 14 to 16, we compare the distributions of physical
properties in the two samples after removing the problematic
group of galaxies from the Euclid data set with a cut in sSFR
(i.e., sSFR < 10−8.2 yr−1): Fig. 14 shows the redshift and the stel-
lar mass distributions; Fig. 15 shows absolute magnitudes in the
R band versus redshift; and Fig. 16 (top panel) shows the stellar
mass as a function of redshift, colour-coded by sSFR. The two
surveys are in good agreement up to high redshift (z ≃ 2.5) and
across the entire range of R magnitudes, with consistent distri-
bution of z, stellar mass, and sSFR. Figure 16 also compares
two rest-frame colour-colour diagrams (U − V versus V − JE

and NUV−R versus R − JE) from the two data sets, which does
not show any systematic difference in galaxy colours. The only
(small) discrepancy observed in both plots is for quiescent galax-
ies that in the Euclid sample tend to appear slightly bluer in R−JE

and V − JE (and maybe redder in NUV−R) compared to those in
COSMOS. This is likely due to the difference in stellar popu-
lation models used in the analysis of the two data sets, which
affects the inferred colours.

To summarise, after removing the problematic objects, the
remaining galaxies in both data sets align very closely, suggest-
ing that, under proper conditions, the reconstructed galaxy popu-
lation in the EWS provide consistent results for the properties of
the main galaxy populations that they sample, demonstrating the
reliability of the Euclid data set for studying galaxy properties.

For the validation of NNPZ products, it is also important
to check the consistency of photometric redshifts obtained by
Phosphoros and NNPZ. As shown in Fig. 17, if the problem-
atic young galaxy population is excluded, the estimates from the
two methods agree typically very well, with some discrepancy
only at low redshift. The fraction of ‘outliers’ is around 7%,
which is acceptable, considering the uncertainties present in the
Phosphoros estimates. We also compare the NNPZ photometric
redshifts with the spectroscopic redshifts of the external surveys:
again, after removing the problematic population, we find qual-
ity metrics that are similar to those obtained with Phosphoros,
confirming the good performance of the method.

6.2. Determination of QSO parameters

Objects classified as QSO are treated with the Phosphoros tool,
which provides the best-fit parameters for redshift, SED tem-
plate, luminosity, reddening curve, and intrinsic attenuation. In
addition, the zPDF is derived by marginalising the posterior dis-
tribution in the redshift range [0, 6] with 0.01 step.

The Phosphoros configuration used for QSOs is the follow-
ing: the redshift range is from 0 to 6 with 0.05 step; and internal
attenuation E(B − V) is considered in the range [0, 0.4] with 0.1
step, using only the Prevot et al. (1984) reddening curve. The
library of templates for the sources classified as QSO is from
Salvato et al. (2009) and they have been previously used for the
determination of the redshifts of the AGN detected by XMM-
Newton in the COSMOS field (Brusa et al. 2010). The library
consists of 30 templates, most of which are hybrids constructed
by combining with different ratios templates of QSO and normal
galaxies.

As in Salvato et al. (2009), a top-hat prior on the absolute
magnitude is applied, allowing a range between −20 and −30.
Despite the specific treatment, the quality of the photometric
redshifts for the QSO sample is in general not high: only 20%
of QSOs have χ2 < 10, to be compared with 46% and 35% ob-
tained in the star and galaxy samples, respectively. This is in
part related to the problems in the QSO identification discussed
in Sect. 4.2. Most of the objects in the QSO sample are in fact
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sity contours from the COSMOS2020 catalogue (red lines) and from
the Euclid galaxies with log10 (sSFR/yr−1) < −8.2 (black lines) are su-
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quite faint, with a classification that is often uncertain. But it
is also due to the difficulty in measuring photometric redshifts
in these objects, especially with the few filters available in the
EWS (Salvato et al. 2022).
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Fig. 14. Redshift (top panel) and stellar mass (bottom panel)
distribution for galaxy-classified objects in the EDF-F with
log10 (sSFR/yr−1) < −8.2, compared with the distributions from
the COSMOS2020 catalogue (black lines). The red dashed histograms
are for all EDF-F sources with HE < 24.

6.3. SED templates for stars

As for QSOs, stars are handled by the Phosphoros tool using
the stellar SED templates and their normalisation as only free
parameters, with both redshift and attenuation set to zero. The
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fluxes are corrected for Galactic extinction assuming that they
all lie beyond the Milky Way dust sheet.

The stellar library is the one that was generated for the Euclid
SGS simulated catalogue (Euclid Collaboration: Serrano et al.
2024). It consists of around 8300 stellar SED templates created
from the Basel 2.2 (Lastennet et al. 2002) template set. These
synthetic spectra cover a large range of fundamental stellar pa-
rameters: effective temperature (2000 ≤ Teff ≤ 50 000 K); sur-
face gravity (−1.02 ≤ log10(g/cm s−2) ≤ 5.5); and metallicity
(−5 ≤ [Fe/H] ≤ 1). The library also contains 365 L- and T-type
star templates for brown dwarf stars (see Euclid Collaboration:
Barnett et al. 2019) not present in the Basel 2.2 set.
Phosphoros identifies the star templates that best fit the

photometry of star-classified sources, and consequently the as-
sociated best-fit physical parameters of stars. In Fig. 18 we show
the distribution of stars in the surface gravity – effective tem-
perature plane, colour coded by the average metalliticy of stars
with the same values of g and Teff . This plot can be compared
with the one obtained using the Euclid simulated star catalogue
for the EDFs, with the same cut in IE. As expected, most of the
stars correspond to main-sequence M and K stars. With respect
to simulations, however, we observe much more dispersion in
the surface gravity parameter, with many objects at log(g) < 4
and Teff <∼ 6000 K not found in the simulated catalogue. Our
results therefore overestimate the population of giant and super-
giant stars, and a prior should be applied to the g parameter. A
small population of white dwarfs and blue stars is also found, in
good agreement with simulations.

6.4. Physical properties of NIR-only objects

More than 20 per cent of the sources present in the MER cat-
alogues are detected in the Euclid NIR stack images but do
not pass the detection threshold in VIS. These objects could be
either spurious detections or extremely luminous galaxies and
quasars at high redshift and brown dwarfs. The physical proper-
ties of NIR-only objects are computed by Phosphoros with the
aim to provide useful information for the identification of high-z
sources. Along with the usual Phosphoros parameters, we in-
clude in the output products the probability of a source to be at
z > 6 (pz>6), computed as the integral of the zPDF at redshifts
larger than 6.

For NIR-only objects, Phosphoros is run in a special config-
uration that combines the above configurations for stars, galax-
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Fig. 16. Scatter plots of the EDF-F galaxies without the problematic
population, colour-coded by log10 (sSFR/yr−1) (for visual reason, only
10% of the sources are plotted). Contour plots are for the EDF-F galax-
ies (black lines) and for the COSMOS2020 sample (red lines). (Top
Panel) Stellar mass as a function of redshift; (Central Panel) U − V
versus V − JE in a limited range of z and M∗, as reported in the panel;
(Bottom Panel) NUV−R versus R − JE.

ies, and QSOs, with the only difference that the redshift range
is extended up to z = 10 (from 6 to 10 the step is 0.05). About
6% of NIR-only sources have zphos > 6 and high-z probabil-
ity larger than 0.8. They could be good candidates for high-z
sources. Many objects with zphos > 6 have instead low or inter-
mediate pz>6, probably associated with a broad or multiple-peak
zPDF. We also observe many objects with zphos = 0 (i.e., best
fitted by a star template) and large pz>6; they are cases of de-
generacy between models of high-z galaxies and brown dwarfs.
Indications on the reliability of high-z candidates can also come
from the χ2 associated with the best-fit model. Objects with high
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Fig. 17. Density plots comparing photometric redshifts from NNPZ with Phosphoros estimates for galaxies in the EDF-F (left panel) and with
spectroscopic redshifts available in public surveys, as in Sect. 5.2 (right panel). Grey points correspond to the problematic population.
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licity, while the size of the points is proportional to the number of ob-
jects.

pz>6 but poorly fitted by the best model (e.g., χ2 ≫ 10) should
be disfavoured as high-z source candidates. The high χ2 could
be in fact an indication of problems in the photometry.

7. Conclusions

This paper describes the PHZ pipeline used for the Q1 release
and the related data products. The pipeline is responsible for the
determination of photometric redshifts based on the photometry
provided in the EWS source catalogues. Other relevant tasks of
the PF are the classification of the detected sources and the es-
timate of their physical properties. The Q1 release allows us to
evaluate the performance of the PHZ pipeline directly on Eu-
clid data. In the paper we have discussed the validation of the
pipeline products and their reliability for scientific analyses. In
the following we summarize the main results.

– The classification is performed with the PRF algorithm, on
the basis of the source colours. We show that the method is able
to provide reliable class probabilities for stars and galaxies, and
to extract a pure sample of stars, in agreement with the Euclid re-
quirements. We also define a galaxy sample with a high level of
completeness. The identification of QSOs is instead quite chal-
lenging, and the results are not fully reliable yet. For the DR1
release, we aim to improve the training sample, and to review
the probability thresholds, especially for the QSO class. In ad-
dition, we plan to include morphological information in order to
increase the purity of the output samples.

– Photometric redshifts are computed using the Phosphoros
tool and validated with the spectroscopic redshifts from a large
set of external surveys. These results show the general goodness
of the Phosphoros estimates, with a precision σNMAD <∼ 0.05
and an accuracy lower than 0.02(1+ z), in agreement with the re-
sults obtained from the COSMOS2020 catalogue and with pre-
vious applications of the tool (e.g., Euclid Collaboration: De-
sprez et al. 2020; Desprez et al. 2023). Some improvements in
the Phosphoros configuration and in the prior selection will be
preformed for DR1 to reduce the fraction of outliers.

– Physical properties of galaxies, such as luminosity, stellar
mass, and star-formation rate, are computed using the NNPZ tool,
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and validated by comparison with the results from the COS-
MOS2020 catalogue. The match is good for all the parameters
considered if a subset of galaxies spuriously identified as very
young with high specific star-formation rate is excluded. We
have verified that the application of appropriate priors (i.e., vol-
ume and galaxy age priors) is sufficient to obtain reliable physi-
cal properties for those objects (see, for more details, Euclid Col-
laboration: Enia et al. 2025). These results show the effectiveness
of the method in determining galaxy properties. For DR1, the
NNPZ reference sample will be refined, with a careful selection
of the galaxy populations, in order to reinforces the reliability of
the PHZ products.
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Appendix A: Data pre-processing for classification

Before applying the classification to Euclid detected objects, a
few pre-processing steps are required.

Appendix A.1: Galactic reddening correction

For the determination of photometric redshifts and physi-
cal properties, both Phosphoros and NNPZ perform an SED-
dependent Galactic reddening correction following Galametz
et al. (2017). Such a correction is needed for classification as
well. This is done in the following way both in the training sam-
ple and in the target catalogues.

We employ an empirical SED-dependent approach in which
the SED of a source is directly derived from observed pho-
tometry by a cubic spline interpolation of fluxes in the
(u), g, r, i, z, YE, JE, and HE bands. The knots of the interpola-
tion correspond to the reference wavelengths11 for these bands.
SEDs are also linearly extrapolated outside the boundaries of the
wavelength coverage. For a given source, the correction for the
Galactic extinction in the band k is then estimated as the ratio be-
tween the integrated fluxes without and with Galactic extinction:

Ck
red =

∫
λ f̄λ Tk(λ) dλ∫

λ f̄λ 10−0.4Aλ,MW Tk(λ) dλ
, (A.1)

where Tk is the filter transmission for the band k, Aλ,MW is the
Galactic extinction associated with the source, and f̄λ is the es-
timated SED. Based on the Euclid simulations, we verified that
such a correction differs by less than 1% from the actual cor-
rection, and it guarantees the same classification performance
similar to those obtained in the absence of Galactic extinction.

Appendix A.2: Data imputation

Unlike most of machine-learning algorithms, the PRF can han-
dle missing data in a quite natural way (an object with a non-
measured feature will just propagate both to the left and the right
of a tree node with 50% probability). However, tests on the Eu-
clid simulations highlighted that the imputation of missing data
based on object SEDs improves the performance of the PRF clas-
sifiers, adding useful information with respect to no data.

Our method for data imputation is based on the k-nearest
neighbours (kNN) algorithm (Cover & Hart 1967). Given a
source catalogue, objects without missing photometry are taken
as training sample for the kNN algorithm. The imputed fluxes
in a given band are the average values from the k = 15 nearest
neighbours of the training set. Uniform weights are used in the
average. The uncertainties of imputed values are computed as a
squared sum of the standard deviation of the neighbour fluxes
and the median of the neighbour flux errors,

σ2(FkNN) = σ2(Fneigh) +median(σneigh)2 .

The second term has been introduced in order to avoid that errors
coming from objects with similar fluxes but low S/N, would be
underestimated.

Tests on simulations have shown that the method is able to
estimate one missing photometric flux per object with a good ac-
curacy, without significant bias even for noisy objects. The typ-
ical error on the imputed magnitudes is σmag <∼ 0.1 for objects

11 The reference wavelength for a filter transmission T is commonly
defined as λref =

∫
λT (λ) dλ /

∫
T (λ) dλ.

with AB mag < 23, and increases to 0.2–0.4 at magnitudes 24.5,
depending on the band. The largest errors are observed in u and
g bands. Increasing the number of missing bands the method be-
comes less and less precise, and objects with more than three
missing fluxes are not classified.

If all or the majority of objects in a catalogue have missing
data, imputation is performed as a simple linear interpolation or
extrapolation of measured fluxes. In this case, uncertainties are
again the squared sum of two terms: the error due to the linear
interpolation; and an error proportional to the imputed flux. The
latter guarantees a maximum S/N, which is chosen to be 5 in the
case of interpolation and 1 for extrapolation.

Appendix A.3: Asinh magnitudes and colours

In order to handle negative fluxes, which can often be found for
faint objects, we convert the observed fluxes, Fobs, into ‘asinh’
magnitudes (Lupton et al. 1999), which can be defined even for
negative fluxes and converge to standard magnitudes at high flux.
They are defined as:

µ(Fobs) = −a[sinh−1(Fobs/2b) + ln b − m0] , (A.2)

where a = 2.5 log10 e and m0 is the magnitude zero point, which
is ln(3.631 × 109) for fluxes measured in µJy. The term b is an
arbitrary softening parameter that defines at which scale ‘asinh’
magnitudes transition from logarithmic to linear behaviour. The
optimal value of b should be close to the standard deviation of
the observed fluxes. For each photometric band, we set b equal
to the median of the flux error distribution. Errors on µ(F) are
defined consequently: σ(µ) = aσ(F)/

√
F2 + 4b2.

Colours are hence defined as the difference between the ‘as-
inh’ magnitudes in two bands. In the classification, we consider
all possible colour combinations, so, for the eight(nine) bands we
have a total of 28(36) colours in the EDF-F and EDF-S (EDF-N).

Appendix A.4: Photometry reconstruction

For the training sample of classification we need to compute
the fluxes in the UNIONS and Euclid bands, based on DES and
VIDEO/UltraVISTA photometry. To do this, we take advantage
of the Phosphoros algorithm. For each source, we determine
its best-fitting SED, using the proper configuration for the ob-
ject class, and we compute the corrective factors to convert DES
and VIDEO/UltraVISTA photometry into UNIONS and Euclid
photometry. In particular, UNIONS photometry is obtained from

FXU = FXDES

F̃XU

F̃XDES

, (A.3)

where XU is one of the UNIONS g, r, i, z bands and F̃X are
the fluxes computed from the best-fit SED in the UNIONS and
DES band. The same correction is applied to the uncertainties.
Because DES u-band photometry was not available in all fields,
we compute the CFIS u fluxes directly from the best-fit SED,
that is Fu = F̃u. Due to the possible large uncertainties in their
estimates, we set the u flux errors equal to F̃u too.

The estimate of fluxes in the Euclid bands is a bit more com-
plex: the VIS passband covers a large wavelength range, between
0.53 < λ/µm < 0.92, while the NISP passbands are broader than
the VISTA ones. We proceed therefore as above, but combining
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fluxes from different filters:

FIE =
0.6FrDES + 0.4FiDES + 0.05FzDES

0.6F̃rDES + 0.4F̃iDES + 0.05F̃zDES

F̃IE ;

FYE =
0.75FYVISTA + 0.25FJVISTA

0.75F̃YVISTA + 0.25F̃JVISTA

F̃YE ;

FJE =
0.75FJVISTA + 0.25FHVISTA

0.75F̃JVISTA + 0.25F̃HVISTA

F̃JE ;

FHE = FHVISTA

F̃HE

F̃HVISTA

. (A.4)

The above filter combinations are chosen based on simulated
data in order to minimise the scatter between the true and esti-
mated fluxes. The flux uncertainties are computed consequently.

Appendix B: Other PHZ data products

Appendix B.1: SED reconstruction

Due to the chromatic dependence of the VIS PSF, galaxy SEDs
in the wavelength range covered by the VIS band must be
taken into account in order to obtain unbiased measurements
of their shape (Cropper et al. 2013). Similarly, a successful de-
termination of the PSF modelling requires knowledge of the
star SEDs used for the PSF calibration. Star and galaxy SEDs
are computed inside the Production pipeline (see the core sci-
ence branch of Fig. 1) using the NNPZ algorithm. They are
output in specific catalogues (catalogue.phz_star_sed and
catalogue.phz_galaxy_sed in the EAS) as a vector of 55
idealised narrow-band filters of 10 nm width, spanning the wave-
length range 450 < λ/nm < 1000. Similarly to the physical
properties, the narrow-band fluxes are recovered from NNPZ as
weighted means of the 30 closest neighbours (where the weight
is the χ2 distance metric in the broad-band flux space).
NNPZ reference samples for the SED modelling are built by

OU-PHZ, using a different strategy for stars and galaxies. For
stars, they are created using the Gaia BP/RP spectrophotome-
try of bright stars with Euclid counterpart, under the hypothesis
that Gaia stars across the Euclid footprint cover all the relevant
stellar types and metallicities, without any significant difference
in terms of Galactic reddening between Gaia and Euclid stars.
Narrow-band fluxes are computed by integrating the Gaia spec-
tra in each of the 55 filters.

The reference sample for galaxies cannot rely on spectropho-
tometric data, as for stars. Galaxy spectroscopic samples are in
fact typically incomplete and much shallower than Euclid, and
their use could introduce biases in the SED reconstruction. Cur-
rently, the only resources for measuring galaxy SEDs are from
broad- and intermediate-band photometry present in the source
catalogues of special fields like COSMOS and CDFS. To recon-
struct galaxy SEDs, we follow the approach developed in Euclid
Collaboration: Tarsitano et al. (in prep.), which combines tem-
plate fitting and Gaussian processes. The method is validated
through a specific metric that evaluates the accuracy of the re-
constructed SEDs as a function of redshift bins, and in compar-
ison with simulations. This analysis suggests that the method is
robust and passes the requirements at almost all redshifts.

Appendix B.2: Tomographic binning

The PHZ pipeline attributes to each object a tomographic bin
based on the median point estimate of photometric redshifts

computed by Phosphoros. Two different definitions of tomo-
graphic bins are considered assuming a configuration of 13 red-
shift bins between 0.2 and 2.5: equidistant bins that are uni-
formly distributed in the redshift range; equipopulated bins that
should contain a similar number of sources. The latter are de-
fined using the Euclid simulations. This information is provided
in the photo-z catalogue, but it is not used in the Q1 release.

Appendix C: Description of the output catalogues

The data products of the PHZ pipeline consist in eight catalogues
with more than 500 columns. A description of the contents of
each catalogue can be found in Products for core science and in
Products for non-cosmological science.
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