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ABSTRACT

The Euclid space mission will cover over 14 000 deg? with two optical and near-infrared spectro-photometric instruments, and is expected to detect
around ten million active galactic nuclei (AGN). This unique data set will make a considerable impact on our understanding of galaxy evolution in
general, and AGN in particular. In this work we identify the best colour selection criteria for AGN, based only on Euclid photometry or including
ancillary photometric observations, such as the data that will be available with the Rubin legacy survey of space and time (LSST) and observations
already available from Spitzer/IRAC. The analysis is performed for unobscured AGN, obscured AGN, and composite (AGN and star-forming)
objects. We make use of the spectro-photometric realisations of infrared-selected targets at all-z (SPRITZ) to create mock catalogues mimicking
both the Euclid Wide Survey (EWS) and the Euclid Deep Survey (EDS). Using these mock catalogues we estimate the best colour selection,
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maximising the harmonic mean (F1) of: (a) completeness, i.e., the fraction of AGN correctly selected with respect to the total AGN sample; and
(b) purity, i.e., the fraction of AGN inside the selection with respect to the selected sample. The selection of unobscured AGN in both Euclid
surveys (Wide and Deep) is possible with Euclid photometry alone with F1 = 0.22-0.23 (Wide and Deep), which can increase to F1 = 0.43-0.38
(Wide and Deep) if we limit to objects at z > 0.7. Such selection is improved once the Rubin/LSST filters, i.e., a combination of the u, g, r, or
z filters, are considered, reaching an F1-score of 0.84 and 0.86 for the EDS and EWS, respectively. The combination of a Euclid colour with the
[3.6] —[4.5] colour, which is possible only in the EDS, results in an F1-score of 0.59, improving the results using only Euclid filters, but worse than
the selection combining Euclid and LSST colours. The selection of composite (fagny = 0.05-0.65 at 840 um) and obscured AGN is challenging,
with F1 < 0.3 even when including Rubin/LSST or IRAC filters. This is unsurprising since it is driven by the similarities between the broad-band
spectral energy distribution of these AGN and star-forming galaxies in the wavelength range 0.3-5 pm.

Key words. Surveys; Galaxies: active; Galaxies: evolution; Galaxies: photometry

1. Introduction

Dynamical signatures of supermassive black holes (SMBHs) ap-
pear to be ubiquitous at the centres of local galaxies observed
with high sensitivity. The discoveries of scaling relations be-
tween the masses of SMBHs and different galactic properties
point to a close co-evolution between the two systems (e.g.,
Magorrian et al. 1998; Silk & Rees 1998; Gebhardt et al. 2000;
Ferrarese 2002; Mullaney et al. 2012; Delvecchio et al. 2022),
but the physical driver of such interconnection is still among the
most debated topics in extragalactic astrophysics.

Accreting SMBHs shining as active galactic nuclei (AGN)
have also been observed in large numbers at different redshifts
and environments and thus represent key probes for developing a
more comprehensive knowledge of SMBHs growth and demog-
raphy (see, e.g., Georgakakis et al. 2019; Aird et al. 2019; All-
evato et al. 2021; Delvecchio et al. 2022). Recently, the James
Webb Space Telescope observations uncovered a population of
faint AGN at z > 5 (e.g., Kocevski et al. 2023; Barro et al. 2023;
Labbe et al. 2023), indicating that AGN in the primeval Universe
could be more numerous than previously thought. However, the
study of AGN is hampered by their relatively low numbers com-
pared to the total number of galaxies (i.e., the low duty cycle).

In general, AGN selection is based on emission-line diagnos-
tics (e.g., Baldwin et al. 1981; Feltre et al. 2016), X-ray emis-
sion (e.g., Luo et al. 2017), radio observations (e.g., Smol¢ié
et al. 2017), photometric variability (e.g., Butler & Bloom 2011;
MacLeod et al. 2011; Peters et al. 2015), optical to mid-infrared
colour criteria (e.g., Richards et al. 2002; Stern et al. 2005; Wu
& Jia 2010; Donley et al. 2012; Kirkpatrick et al. 2013; Wang
et al. 2016), or optical-to-infrared spectral decomposition (e.g.,
Berta et al. 2013; Delvecchio et al. 2014). More recently, a new
promising alternative consists of the use of various machine-
learning algorithms, which can also combine multi-wavelength
data sets (e.g., Cavuoti et al. 2014; Brescia et al. 2015; Jin et al.
2019; Khramtsov et al. 2019; Shu et al. 2019; Sanchez-Séez et al.
2019; De Cicco et al. 2021; Cunha & Humphrey 2022; Dooren-
bos et al. 2022). However, each of these methods generally traces
different physical processes and, unfortunately, none of them is
capable of providing a complete census of the AGN population
(Delvecchio et al. 2017; Lyu et al. 2022).

In the coming years, the Euclid space mission (Laureijs
et al. 2011; Euclid Collaboration: Mellier et al. 2024) is ex-
pected to provide a significant boost to our understanding of
galaxy evolution in general, and the role of AGN in particular.
Briefly, Euclid will undertake two surveys: the > 14000 deg?
Euclid Wide Survey (EWS; Euclid Collaboration: Scaramella
et al. 2022) and the 53 deg? Euclid Deep Survey (EDS). These
surveys will entail broadband optical imaging with the visible
imager (I covering 4 = 0.53-0.92 um; Euclid Collaboration:
Cropper et al. 2024) and multi-band near-infrared spectroscopy
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and imaging with the Near-Infrared Spectrometer and Photome-
ter (NISP; Euclid Collaboration: Jahnke et al. 2024). The lat-
ter will use three filters (¥, Ji, Hy) covering from 0.95 um to
2.02 um. These data sets are expected to detect about ten mil-
lion AGN observed with the Euclid imager (Selwood et al. in
preparation) and several hundred thousands with the spectrom-
eter, boosting enormously the number of known AGN. In par-
ticular, if we consider the red grism covering between 1.25 and
1.86 wm, Euclid is expected to reach a 3.5 o detection limit for
emission lines of (2.5 +0.6) x 107 erg s™! cm™2 in the EWS and
(6.9 +2.8) x 1077 ergs™' cm™2 in the EDS (Euclid Collabora-
tion: Gabarra et al. 2023). For AGN with fainter nebular emis-
sion lines and at redshifts where emission line diagnostic cannot
be used, given the wavelength coverage of NISP, which also in-
clude a blue grism (0.92—-1.30 um) that will observe the EDS, the
classification of AGN observed with Euclid will rely on photo-
metric data only. It is therefore of primary importance to identify
arobust selection method that takes advantage of all the available
photometric data.

In this paper we take a first step, using simulated data, to-
wards identifying AGN in the Euclid surveys by exploring dif-
ferent colour-colour selections based only on Euclid observed
colours or by combining Euclid with ancillary optical and near-
infrared observations. We choose colour-colour selections be-
cause they can be quickly applied even to a very large data
set, as will be the case with Euclid, they can be easily com-
pared to previous (or future) selections available in the litera-
ture, and they can be directly interpreted by comparing the re-
sults with spectral energy distribution (SED) tracks and known
features in the templates. Moreover, in this work we do not
consider the additional information that could be derived from
morphology, which could improve the selection of unobscured
AGN, which are generally point-like. We leave more complex
methods, like machine-learning algorithms, as well as a morpho-
logical analysis, to future works. We present the simulated Eu-
clid catalogues in Sect. 2, we test different colour-colour selec-
tions in Sect. 3, and we summarise our main findings in Sect. 4.
Throughout the paper, we consider a ACDM cosmology with
Hy = 70kms™! Mpc‘l, Qn =0.27, Qs = 0.73, and a Chabrier
initial mass function (IMF, Chabrier 2003). All magnitudes are
in the AB system (Oke & Gunn 1983).

2. Simulated data
2.1. SPRITZ

The Euclid simulated catalogues are derived from the spectro-
photometric realisations of infrared-selected targets at all-z
(SPRITZ' v1.13; Bisigello et al. 2021, 2022). Briefly, the sim-
ulation starts from a series of observed luminosity functions and

! http://spritz.oas.inaf.it/
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galaxy stellar mass functions to derive the number of galaxies
expected at different redshifts and infrared (IR) luminosities. In
particular, the simulation includes galaxies with IR luminosity
from log]O(LIRLg,l) = 5to 15 and out to z = 10. We do not in-
clude galaxies at higher redshifts as we expect them to be faint
or completely undetected in the Euclid filters due to absorption
by the intergalactic medium and because the simulation has not
been extensively tested at higher redshifts.

The galaxy populations included in the simulation can be
broadly divided in four categories, as follows.

— Star-formation dominated systems correspond to galaxies
currently forming stars with no evident sign of AGN activ-
ity. Among these, spirals and starbursts (SBs) are derived
from the observed Herschel IR luminosity functions (Grup-
pioni et al. 2013). Spirals have specific star-formation rates
(sSFR) loglo(sSFR/yr‘l) = —-10.4 to —8.9, while SBs have
loglo(sSFR/yr‘l) = —8.8 to —8.1. The simulation also in-
cludes dwarf irregulars (Irr), derived from their observed
galaxy stellar mass function (Huertas-Company et al. 2016;
Moffett et al. 2016), which has a characteristic stellar mass
(i.e., mass at the knee of the mass function) logo(M./My) <
11. Both the infrared luminosity functions and the Irr galaxy
stellar mass function have been observed out to z =~ 3. The
number of Irrs at z > 3 is obtained by extrapolating the evolu-
tion of the number density observed at lower redshifts, while
the characteristic stellar mass is kept constant. Similarly, the
number of spirals and SBs at z > 3 is obtained by keeping
the characteristic luminosity (i.e., luminosity at the knee of
the luminosity function) constant and decreasing the num-
ber density as (1 +z)~!, since this extrapolation gives results
consistent with observations at z ~ 6 (Gruppioni et al. 2020).

— AGN-dominated systems are defined here to be galaxies
whose mid-infrared emission is dominated by AGN activity.
They are split into two populations, AGN1 and AGN2, de-
pending on their optical extinction. Their number densities
have been derived by Bisigello et al. (2021) starting from
the observed AGN IR and UV observed luminosity func-
tions (Gruppioni et al. 2013; Croom et al. 2009; McGreer
et al. 2013; Ross et al. 2013; Akiyama et al. 2018; Schindler
et al. 2019), available, at least partially, out to z = 5. The
characteristic luminosity and the number density of AGN-
dominated systems is extrapolated at higher redshfits using
the evolution observed at 7 < 5.

— Composite systems are galaxies whose energetics are domi-
nated by star formation, but which have a faint AGN compo-
nent. In particular, star-forming AGN (SF-AGN) are galax-
ies with an intrinsically faint AGN (i.e., LgoL < 103 Ly),
while SB-AGN have a bright, but extremely obscured (i.e.,
loglo(NH/cm‘2) = 23.5-24.5) AGN. They are derived start-
ing from the observed Herschel luminosity function (Grup-
pioni et al. 2013), with some updates reported here in Ap-
pendix A. As for spirals and SBs, the IR luminosity functions
of composite systems are extrapolated at z > 3, keeping the
characteristic luminosity constant and decreasing the number
density as (1 +2)7".

— Passive galaxies are elliptical galaxies (Ell) derived from
the observed K-band luminosity functions (Arnouts et al.
2007; Cirasuolo et al. 2007; Beare et al. 2019). Some of
these galaxies may host an obscured AGN (Ell-AGN, see
Appendix A). At z > 2 the luminoity function is extrapo-
lated, starting from the observed K-band luminosity func-
tion by Cirasuolo et al. (2007), by keeping the characteristic
luminoslity constant and decreasing the number density as
1+2)7".

Based on these galaxy populations, we assign to each simulated
galaxy a set of SED models (Polletta et al. 2007; Rieke et al.
2009; Gruppioni et al. 2010; Bianchi et al. 2018) to extract the
photometric fluxes expected in different filters. The probability
of each template varies with redshift and IR luminosity, follow-
ing Herschel observations, when available. A large set of physi-
cal properties, such as stellar mass, star-formation rate (SFR), ac-
cretion luminosity, and metallicity are then assigned considering
available theoretical or empirical relations or by fitting the em-
pirical SED assigned to each simulated galaxy using the software
SED3FIT (for AGN; Berta et al. 2013) or the multi-wavelength
analysis of galaxy physical properties MAGPHYS (for non-active
objects; da Cunha et al. 2008).

The presence of strong emission lines inside broad-band fil-
ters can create a boost to the observed fluxes (e.g., Stark et al.
2013; Bisigello et al. 2017). Therefore, before deriving the Eu-
clid, Rubin/LSST and Spitzer expected fluxes, we first use the
best-fit templates previously mentioned to recover the stellar
continuum and remove any nebular emission line already in-
cluded in the empirical templates. This is performed in order
to include line ratios that are not fixed for each template but
may change with other physical properties, e.g., gas metallicity.
Then, we incorporate optical emission lines due to star formation
(i.e., hydrogen lines, [Ou]3727, [Nem]3869, [N 1]6548,6584,
[0 m]4959,5007, [Su]6717,6731, and [S m]9069,9532]) using a
set of empirical relations starting from the SFR (Kennicutt 1998;
Pettini & Pagel 2004; Kewley et al. 2013; Jones et al. 2015; Do-
pita et al. 2016; Kashino et al. 2019; Proxauf et al. 2014; Min-
gozzi et al. 2020). Given its complex nature, the Ly« line is not
included at the moment in the simulation, but this will only im-
pact the photometry of the most star-forming galaxies at z > 5.

We also include the contribution to the emission lines men-
tioned above, from the narrow-line gas emitting regions, by con-
sidering the theoretical predictions from the photo-ionization
models developed by Feltre et al. (2016) using CLOUDY (ver-
sion c13.3; Ferland et al. 2013). The emission coming from the
broad-line regions is not modelled and therefore emission lines
of AGNI1 should be considered as lower limits, as they contain
only the narrow-line component. The impact of this underesti-
mation depends on the redshift and filters considered and thus
we discuss it later along with the results (Sect. 3). We refer to
section 2.3 of Bisigello et al. (2021) for more details regarding
emission lines.

Overall, SPRITZ is consistent with a large set of observa-
tions out to z =~ 6, including luminosity functions and number
counts from X-rays to radio, AGN diagnostic diagrams (e.g.,
Baldwin et al. 1981, and Appendix B), the global galaxy stel-
lar mass function, and the SFR versus stellar mass plane. We
refer to Bisigello et al. (2021, 2022) for more comparisons with
observations, while in Appendix B we verify the accuracy of the
AGN near-IR colours in the simulation.

2.1.1. SPRITZ simulated Euclid catalogues

With SPRITZ we simulated two different catalogues, mimicking
the EWS and the EDS. We perturbed the flux densities associ-
ated with each simulated galaxy, considering a Gaussian func-
tion with standard deviation equal to the expected photometric
uncertainties. For the Euclid filters, the standard deviation as-
sociated with each flux density is the sum, in quadrature, of
the background flux density error (okg) and the photon noise
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(0 noise).> The latter is derived as

fe 1

5 Tref

, ey

O noise =

where f5. is the expected survey depth at 5o, r is the radius
of each simulated galaxy based on an assumed galaxy mass-size
relation (van der Wel et al. 2014), and r,.¢ is the median effec-
tive radius of galaxies with flux densities equal to f5.. In our
simulated catalogues this is equal to 0”25 for the EWS and 07
16 for the EDS. In SPRITZ, we assumed two different mass-size
relations for star-forming and passive galaxies, but we did not
force the radius of AGNI1 to be equal to the filter point-spread-
function, which is the case for unresolved galaxies, but it de-
pends on the contribution of the AGN in the different filters. This
has a negligible impact of the final S/N, with an overestimation
below 30% for all filters and the larger difference happening for
the most massive, hence the brightest, objects. The background
noise is derived as

O
Obkg = O noise fgky 172 P

where fiy is the reference sky surface background and corre-
sponds to 22.33,22.10, 22.11, and 22.28 AB mag arcsec™2 in the
I, Yy, Js, and H; filters, respectively. We do not include Galactic
extinction in the simulation, assuming observed magnitudes will
be corrected accordingly. The observational depths expected in
the EWS are presented in Euclid Collaboration: Scaramella et al.
(2022) and reported in Table 1, while we expect the EDS to be 2
magnitudes deeper.

@

2.1.2. SPRITZ simulated LSST catalogues

It is necessary to take into account that the depths of the op-
tical ancillary data will evolve with time. In particular, in the
north, the Ultraviolet Near-Infrared Optical Northern Survey
(UNIONS; Ibata et al. 2017) is gathering observations in the «, g,
r, i, and z filters to reach final 5 o~ depths of 24.35, 25.25, 24.85,
24.35, and 24.15 mag, respectively. Among these, only the depth
of the i band is expected to evolve with time, from 23.95 to 24.35
from the first to the fifth year of Euclid observations (i.e., first
and third data release, DR). In the south, the first year of Euclid
observations® will rely on the public Dark Energy Survey (DES;
Abbott et al. 2021), which includes g, r, i, and z filters at So
depths of 25.25, 24.85, 23.95, and 24.15 mag, respectively. The
absence of a u filter precludes the use of some of the colour se-
lections considered in the next sections. From the second year
of Euclid observations, Rubin/LSST data should be available,
reaching depths of 25.90, 27.10, 27.20, 26.50, and 25.80 in the
u, g, r, i, and z filters at the fifth year of Euclid observations (Guy
et al. 2022). For the first Rubin/LSST year of observations we as-
sumed 5 o depths of 24.45, 25.65, 25.75, 25.05, and 24.35 in the
u, g, r, i, and z filters (Brandt et al. 2018). All the considered
observational depths are summarised in Table 1 and we assume
that the Euclid Deep fields will have Rubin/LSST data 2 mag-
nitudes deeper than the depths available in the EWS. The main
results presented in this work are derived considering the depths
of the Euclid DR3 combined with Rubin/LSST data available in
the south, but we analyse the evolution of our selection criteria

2 The entire procedure described here is taken from
https://github.com/jcoupon/euclid_phz_testing

3 Assuming the Rubin/LSST survey starts in spring 2024.
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with time/depth in Sect. 3.3.5. The photometric noise for the an-
cillary filters is derived by directly scaling the expected survey
depths. For information on the methods used to combine Euclid
and optical ancillary data, we refer to Euclid Collaboration: Mel-
lier et al. (2024) and Guy et al. (2022).

2.1.3. SPRITZ simulated IRAC catalogues

As presented in detail in Euclid Collaboration: Moneti et al.
(2022), the EDF is also covered by Spitzer observations. How-
ever, while there is complete coverage from the two filters at the
shortest wavelengths, i.e. [3.6] and [4.5], only 21.8 deg2 of the
field are covered with the [5.6] and [8.0] filters. Therefore, the
selections by Stern et al. (2005) and Lacy et al. (2004), which
make use of all four filters, cannot be applied to the majority of
the objects. Instead it would be possible to apply a single IRAC
colour selection, like [3.6] — [4.5] > 0.16, as presented by Stern
et al. (2012). Therefore, we also tested if the additional informa-
tion given by the [3.6]—[4.5] colour could be used to improve the
selection based on the Euclid filters. The observational depths of
the IRAC bands vary a lot around the field, given that observa-
tions are taken from different legacy programs. The depths of
the Spitzer observations are not uniform, given that it is a collec-
tion of different surveys. In particular, the 5o depths are 23.9 at
3.6 um and 23.8 at 4.5 um in the EDF-South (EDF-S), while they
are 24.8 at 3.6 um and 24.7 at 4.5 um in the EDF-North (EDF-
N) and EDF-Fornax (EDF-F; EC: McPartland in prep.) fields. In
this work, selections are derived considering the deepest fields,
but we verify their effectiveness also in the EDF-S.

The two simulated catalogues contain only galaxies detected
(signal-to-noise ratio S/N > 3) in at least one Euclid filter, scal-
ing the noise levels starting from those reported in Table 1. The
redshift distributions of the galaxy populations in the two sam-
ples are shown in Fig. 1. When testing each colour selection, we
include only the sub-sample of galaxies with S/N > 3 in the four
filters considered in the selection. In Appendix C we investigate
the biases introduced by this additional requirement.

Table 1. Observational depths

South North

Filter DR1 DR2 DR3 DR1 DR3
I, 26.20 26.20 26.20 26.20 26.20
Y, 2430 2430 2430 2430 24.30
Jx 2450 24.50 24.50 24.50 24.50
H, 2440 2440 2440 2440 24.40
u - 2445 2590 2435 24.35
g 2525 25.65 27.10 2525 25.25
r 24.85 25.75 2720 24.85 24.85
i 2395 25.05 26.50 2395 24.35
z 24.15 2435 2580 24.15 24.15

Notes. The top table shows the observational depths (5 o) expected for
different Euclid data releases (DRs). To create the EWS mock cata-
logue we consider as reference the depths of DR3 in the south. The
optical depths refer to UNIONS in the North and to DES (DR1) and Ru-
bin/LSST (DR2-DR3) in the South (see Sec. 2.1.2). The observational
depths of the EDS are 2 magnitudes deeper.

2.2. Euclid mocks from observed galaxies

To validate results obtained with the Euclid mock catalogues
described above, we obtained additional mock catalogues start-
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Fig. 1. Redshift distribution of AGN-dominated, SF-dominated, com-
posite systems, and passive galaxies, observed (S/N > 3) in at least
one Euclid filter, as derived in the simulated Euclid catalogues obtained
from SPRITZ for the EWS (top) and the EDS (bottom). We use a red-
shift bin width of 0.2 for the histograms.

ing from observed galaxies using a complementary approach.
In particular, we take advantage of the publicly available Kilo-
Degree Survey (KiDS; de Jong et al. 2013) Bright ExtraGalac-
tic Objects (KiDS-BEXGO; Khramtsov et al. 2019), which is
based on KiDS Data Release 4 (Kuijken et al. 2019) and the
VISTA (Visible and Infrared Survey Telescope for Astronomy)
Kilo-degree Infrared Galaxy (VIKING; Edge et al. 2013) survey.
The KiDS-BEXGO catalogue was created using a tree-based
machine-learning algorithm and contains 2 X 10° quasi-stellar
objects (QSOs) and 4 x 10° galaxies with magnitude r < 22. The
catalogue contains 9-band Gaussian-aperture and point-spread-
function (GAaP; Kuijken et al. 2015) magnitudes (u, g, r, i, Z, Y,
J, H, and K;) in AB units and has been corrected for Galactic
extinction (using the Schlafly & Finkbeiner 2011 prescription).
To select objects with the most reliable photometry, we conser-
vatively removed masked regions (e.g., with star halos). Then,
we selected galaxies and QSOs considering a probability above
0.8 to be one or the other, as reported in the KiDS-BEXGO cat-
alogue. The catalogue was constructed and tested on QSOs and
does not include composite systems.

Euclid Collaboration: Schirmer et al. (2022) presented rela-
tions to convert the fluxes from several near-IR filters to the NISP
only filters. However, such transformations are not available for
the I; filter and were derived for a general galaxy population
without AGN. Following the method exploited in Ginolfi et al.
(2020), we therefore use a principal component analysis (PCA)

approach to link the available KiDS+VIKING filters to the Eu-
clid ones, using two different template sets for QSOs and galax-
ies. PCA is a parameter transformation technique that diagonal-
izes the covariance matrix of a set of variables (magnitudes in
our case). As a result, PCA produces the linear combinations of
magnitudes, known as eigenvectors (also called principal com-
ponents), which define the orientations of a hyper-plane. These
eigenvectors minimize the covariance and are, by definition, mu-
tually orthogonal. We apply the PCA to sets of four magnitudes,
safely assuming that the correlations among the different mag-
nitudes can be considered approximately linear. Among the four
principal components the one with the least variance is consid-
ered. Therefore this component can be set to zero and inverted
to give a prediction of the most dominant magnitude, which de-
pends on the others. The accuracy of the prediction is then cal-
culated by fitting the residuals to a Gaussian function.

In particular, for QSOs we used as reference a set of 28 em-
pirical and synthetic QSO templates at z < 6 taken from the
LePhare software (Arnouts et al. 1999; Ilbert et al. 2006).* We
derived the following relations linking KiDS and VIKING filters
to Euclid ones for QSOs,

I. =0.058+0.354r+0.451i+0.195Z,

Y =0.011+0.657Y +0.377J -0.035H ,

Je =0.026 -0.056Y +0.748 J + 0.307 H ,
H, =-0.019+0.0133Y -0.233J+1.219H,

3

where Z, Y, J, and H are the magnitudes of the VIKING filters,
and r and i are the magnitudes of the KiDS filters. With this
method, the I, Y;, J;, and H; magnitudes are derived with a
scatter of 0.05, 0.02, 0.03, and 0.05 mag, respectively.

To create mock Euclid and Rubin/LSST magnitudes for
galaxies, we adopted Bruzual & Charlot (2003) synthetic mod-
els, redshifted to 0 < z < 3, assuming a Chabrier (2003) IMF,
stellar metallicities in the range 0.2-2.5 Z;, an exponentially de-
clining star-formation history with time duration 7 ranging from
0.1 to 30 Gyr, and galaxy ages up to 13.5 Gyr. Internal extinction
is accounted for by using the Calzetti et al. (2000) extinction
curve with E(B—V) =0,0.1,0.2,0.3, 0.4, and 0.5, and emission
lines are added, using the prescription provided in the LePhare
software (Arnouts et al. 1999; Ilbert et al. 2006). Using the PCA
analysis we found that for galaxies, the Y, J and H VIKING
bands are good proxies for the Euclid Y, J:, and Hy bands. On
the other hand, for /; we derived the following relation:

I; =0.149+0.369r +0475i+0.154 Z , “)

with a scatter of 0.03 mag.

We used these relations to derive the Euclid magnitudes for
all objects (QSOs and galaxies) in the KiDS-BEXGO catalogue,
which is generally limited to z < 1. We did not include any ad-
ditional photometric error, in addition to the KiDS-BEXGO un-
certainties, as this survey is shallower than the depth expected
for both Euclid surveys. These two Euclidized catalogues have
the advantage of being based on real observed galaxies, but the
derived colours may be intrinsically correlated, given the PCA
analysis.

Article number, page 5 of 25

315

320

325

330

335

340



345

350

355

360

365

370

375

A&A proofs: manuscript no. output

(L—q@)/m>1
(B)

(lb—q)/m <
(A)

Colour 2
Colour 2

Selected [t selected

| 1
T T

l l
Colour 1 ! 1 colour 1

Fig. 2. Sketch of the two selection criteria considered in this work, re-
ferred to as type A (left) and type B (right). The grey areas indicate the
selected regions. The diagonal separation is defined by a line with slope
m and vertical intercept q.

3. AGN colour selections
3.1. Considered colour selections

Given the wavelength coverage of Euclid filters, we expect
AGNI (i.e., unobscured AGN-dominated systems) to be the eas-
iest AGN population to identify, since the optical continuum
fluxes of AGN2 (i.e., obscured AGN-dominated systems) and
composite systems are dominated or highly contaminated by the
stellar emission, while nebular emission lines coming from the
AGN component may contribute too little to the overall broad-
band fluxes. Indeed, we take the Y filter as an extreme example,
as it is the narrowest among the Euclid filters and therefore the
more sensitive to nebular emission lines. In this case, to pro-
duce a boost with respect to the continuum in the observed flux
3 times above the noise, a line needs to have an equivalent width
above 1800 A, 1000 A, and 500 A atz = 0,z = 0.7, and z = 2.4,
respectively. The same line needs to be brighter to produce a
similar boost with respect to the continuum in the other Euclid
filters, since they are wider than the Y; filter. For this reason, in
the next sections we first investigate a possible AGN1 colour se-
lection and, then, a selection for all AGN included in SPRITZ.
These colour selections are analysed considering only the four
Euclid filters, including both Euclid and Rubin/LSST filters, or
both Euclid and Spitzer 3.6- and 4.5-um filters. In the following
tests we separately considered the depths of the EDS and EWS,
and we assumed that stars have been previously selected and re-
moved from the sample.

We tested two different selection criteria (Fig. 2), which, in
the colour-colour plane, resemble in shape other colour selec-
tions present in the literature that focused on AGN (e.g., Lacy
et al. 2004; Stern et al. 2005). The considered selections are spe-
cific for the filters used in this work and correspond to

(cr <) Aea<h) Alca<mer+q), it(b-q)/m<1l (5)
(type A),

(cr<l) V(ea<h)V(a<mer+q), if(b—q)/m>1 (6)
(type B),

where ¢; and ¢, indicate two different colours, [; € [-1, 3)
and /, € [-1, 3) indicate the threshold in colour of the selection,

4 These templates include the SEDs named Sey2, QSO1, BQSOI,
TQSO1, QS0O2, Torus, Mrk231, 119254, and N6240 from Polletta et al.
(2007) and the templates with 90, 80 and 70% AGN contribution from
Salvato et al. (2009).
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while m € [-4,0) and g € [0, 4) indicate the slope and intercept
of the additional diagonal selection. We highlight that the ranges
spanned by the four parameters also include criteria in which the
additional diagonal selection is negligible or absent, i.e., (I, —
q)/m = [;. For all four variables we consider steps of 0.1. We
also tested a finer grid with steps of 0.01, but the improvement
in the selection was negligible (i.e., less than 0.1% in the metrics
explained below when selecting AGN1 in the EDS). Throughout
the text, we refer to the first selection, which includes the logical
AND operator (A), as type A and the second selection, which
includes the logical OR operator (V), as type B.

3.1.1. Evaluation metrics

To evaluate the quality of each colour-colour selection, we define
several useful metrics. The first is the purity of the selection,
defined as

N
P = L s
Nrp + Ngp

@)

where Nrp is the number of true positives, e.g., AGN correctly
recovered, and Npp is the number of false positive, e.g., non-
active galaxies wrongly identified as AGN. We also derive the
completeness of the selection, which is defined as

N-
C := L ,
Ntp + Npn

®)

where Npy is the number of false negative, e.g., AGN not re-
covered by the selection. Then, we calculate the F1-score (Dice
1945; Sgrensen 1948), which is the harmonic mean of the purity
and completeness, as a useful metric to quantify the selection
quality,

PC
P+C’

Fl:=2 ©))
All three quantities, i.e., purity, completeness, and F1-score,
range from a minimum of 0, indicating a poor selection, to a
maximum of 1 for an optimal selection. In this work we define
the best selection criterion as the one that maximises the F1-
score, but we will also report the best criteria with P > 0.9 or
C > 0.9, for the science cases that prefer purity over complete-
ness or the opposite. We chose the harmonic mean, instead of,
for example, the arithmetic or quadratic means, because it under-
weights extreme uninformative cases, e.g. selecting the entire
galaxy sample may result in C = 1 and P = 0.01, since AGN
are a minority, and this corresponds to a low F1 = 0.18 but to a
high arithmetic mean of around 0.5. In the next section, when we
select AGN1, we consider all the other objects, including other
AGN, as contaminants. On the other hand, when selecting all
AGN, we consider only inactive galaxies as contaminants. The
F1-scores derived for all colour combinations are reported in Ap-
pendix D, while in the next sections we limit our analysis to the
best colour selections.

3.1.2. Bootstrap analysis

In order to assess the uncertainties on the boundaries of each
colour selection and the corresponding metrics, we performed
the following bootstrap analysis. Each time we derive an opti-
mise colour selection for a specific survey depth or filter combi-
nation we repeated the analysis for that specific colour, but for
all parameters defining a selection with F1-score larger than 80%
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of the the maximum F1 value. We did not consider the entire pa-
rameter space for computational reasons. We then randomised
the fluxes considering the respective flux uncertainties, the ex-
pected sky background for Euclid filters (see Sect. 2.1.1), and the
scatter for the PCA analysis for KiDS objects. We performed the
bootstrap analysis, considering the entire sample in the EDS and
only 1% of the objects in EWS, selected randomly. We finally
derived a new selection criterion that maximises the F1-score.
We repeated the entire procedure 10 times to obtain uncertain-
ties associated to each best selection criteria and the associated
F1-score, completeness and purity.

3.2. Euclid-only colours

We now present the best colour selections using only Euclid fil-
ters, focusing first on the EDS and moving then to the EWS.

3.2.1. AGN1 in the EDS

In Fig. 3 we show the best selection criterion, which corresponds
to a type A criterion, recovered for AGNI1, derived considering
the area and depth expected for the EDS:

(k- Y. <0.3%00) A (I — H. < 0.57%) (10)
AL = He < =1.6707 (I - Y2) + 08709

This colour selection corresponds to a completeness C = 0.239+
0.005, a purity P = 0.230 + 0.004, and F1 = 0.235 + 0.002. Un-
certainties were estimated by a bootstrap analysis, as described
in Sect. 3.1.2. If we consider a different colour selection that
includes all four Euclid filters, i.e., I, — Yy and J; — Hz, we ob-
tain a smaller Fl-score, F1 = 0.189, since the slope between the
Je and H; filters is probably less informative than the slope be-
tween the I, and H; filters. Similarly, if we use a three-colour
criterion combining I, — Y, Y; — Ji, and J; — Hy, the Fl-score
is F1 = 0.239 (P = 0.228, C = 0.250), showing little improve-
ment with respect to the two-colour selection in Eq. 10 and re-
ducing the AGN1 sample by 2%, as it requires detection in all
the four filters. The statistics of all the other two-colours crite-
ria for AGN1 in the EDS using only Euclid filters are listed in
Table D.1.

In detail, among the galaxies that are wrongly identified as
AGNT1 by the colour selection in Eq. (10), 99.9% are dwarf ir-
regular and 0.1% are spiral galaxies. Dwarf irregulars have a
young stellar population with a weak 4000 A break. Therefore
the part of their SEDs observed by Euclid mimics AGN1 atz < 1
(Fig. 4). On the one hand, we expect dwarf irregulars to be more
difficult to observe with Euclid at increasing redshift, given that
their mean redshift in our mock catalogue is z = 1.1 and z = 1.3
in the EWS and EDS, respectively. On the other hand, high-z
star-forming galaxies may have an SED similar to dwarf galax-
ies, given their increasingly smaller stellar masses and higher
SFR, but at z > 1 the 4000 A break is inside Euclid’s wavelength
coverage and helps to discriminate among these different galaxy
populations.

We further investigate the best colour criterion reported in
Eq. (10) by considering how the F1-score varies with redshift
as well as analysing the normalised redshift distribution of Ngp,
Nen, and Nrp (Fig. 5). For this analysis, the redshift is the true
value and it is directly taken from the simulation. Ngp, Npn, and
Nrp are derived considering the sub-sample of galaxies in each
redshift bin (Az = 0.1) and without considering possible red-
shift uncertainties, which depends on the method used for the

m=—-1.6,q=0.8,/,=0.3,/,=0.5
3.0
y AGNl/
2.5]
201 N S LT
1.5
I
| 10y (AN s L
=~ o5l 0.034)
0.0] &
sl “F1=0.235 £ 0.002
~0.5{(C= ‘C=0.239 £ 0.005
1o §P=O.230i0.004
1 0 1 2 3
le — YE

Fig. 3. Best selection (type A) criterion for AGN1 in the EDS using only
Euclid filters (grey shaded area). The red shaded areas correspond to the
colour distribution of AGN1, while the blue lines are the contour levels
of the remaining galaxies. Levels correspond to 68%, 95%, and 99.7%
of the distribution. We also present example SED tracks for one AGN1
(yellow crosses) and one spiral galaxy (cyan circles) fromz = 0toz = 6,
with steps of Az = 1. As an indication of how strict the best selection
is, the two dashed green lines, which almost completely overlap with
the black one, show the extent of all the best selection criteria derived
with the bootstrap approach. The black dotted line and the black dash-
dotted line correspond to the best selection with P > 0.9 and C > 0.9,
respectively.
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Fig. 4. SEDs of AGN1 (red solid lines) and dwarf irregulars (blue solid
line), normalised at 1 pm. We also report the rest-frame wavelength ob-
served by the Euclid filters at different redshifts (black circles).

redshift estimation (Euclid Collaboration: Desprez et al. 2020;
Euclid Collaboration: Bisigello et al. 2023, Euclid Collabora-
tion: Humphrey et al. in prep.) and goes beyond the scope of
this work. From Fig. 5 it is evident that the selection does not
perform equally well at all redshifts, with the F1-score showing
peaks at z = 0.7,z = 1.9, and z = 3.5 with values at F1 ~ 0.66.
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Fig. 5. Normalised redshift distributions of the Nrp (blue filled his-
togram), Ngp (red dashed histogram), and Ngy (green dot-dashed his-
togram) for the Euclid-only selection criteria (Eq. 10) of AGN1 in the
EDS. The horizontal solid and dotted lines show the redshift range in
which Ha and the 4000 A-break, respectively, are inside the Iz Yg, or
Hy filters (Jg is not used in Eq. 10). We also report the variation of the
F1-score with redshift (cyan solid line and right vertical axis).

These peaks are due to the presence inside one of the Euclid fil-
ters of the 4000 A break, which is not prominent in AGN1. At
z > 6.6 there are no AGN1 detected in both Euclid colours, but
all AGN1 move out of the colour selection already at z = 4.4,
decreasing the F1 score to 0.

Given the variation of the F1-score with redshift, the AGN1
selection criteria presented in Eq. (10) is particularly effective in
the redshift range 0.7 < z < 4.4. When limiting only to those
redshifts, considering that this redshift selection depends on the
estimated redshift uncertainties that are not included and, more-
over, on a a galaxy/AGN pre-classification, we derive a com-
pleteness C = 0.238 + 0.005, a purity P = 0.988 = 0.001, and
F1 = 0.384 + 0.006. However, as discussed in Sect. 2.1, the hy-
drogen emission lines of AGN1 may be underestimated in our
model. This would make the selection less complete, when the
Ha nebular emission line is inside the Y (z ~ 0.7) or H; filter
(z ~ 2). Indeed, AGN1 would move to the right at z ~ 0.7, as the
Y; flux becomes brighter, and to the top of Fig. 3 at z ~ 2, as the
H,; flux becomes brighter.

We repeated the analysis only with AGN1 at z < 0.7. The
best selection uses the I, — Y; and Y; — J; colours with m =
-14,q9 = 0.2,1; = 0.1, and [, = 0.2, but the diagonal cut is
negligible. This colour selection produces an Fl1-score of F1 =
0.316 (Fig. 7, top panel). This selection is more pure than the
one derived for the full redshift range, but it is less complete.

Alternatively, instead of applying a redshift selection, which
has a precision varying with the redshift uncertainties, we could
include an additional magnitude limit, given that dwarf galax-
ies tend to be fainter than AGN1 at similar redshifts. However,
this does not show any major improvement over the selection re-
ported in Eq. (10), since an increase in purity due to the removal
of dwarf galaxies is counterbalanced by a decrease in complete-
ness given by the removal of AGN1 located at higher redshifts
(on average z = 2.5). This is illustrated in Fig. 6 using different
I;; limits.

An additional constraint could be given by morphological
information, which could help to distinguish point-like objects,
such as AGN1, from star-forming galaxies. For example, the I
filter is expected to resolve galaxies down to 108 My at z = 1,
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F1,PorC (<)

17.5

Fig. 6. Variation of the Fl-score (cyan solid line), completeness (red
dash-dotted line), and purity (green dashed line) with Iz magnitude
limit. Horizontal dotted lines show the values using Eq. (10) without
applying any additional magnitude cut.

considering the stellar mass-size relation given by van der Wel
et al. (2014). However, the details of such analysis, which cannot
be performed on integrated fluxes alone, will be left to future
work.

Using the same colours we search for a selection with a
high completeness, i.e., C > 0.9, but we obtain a low purity
P = 0.034, since the number of contaminants quickly exceed
the number of AGN1. This selection is shown in Fig. 3 as a
black, dash-dotted line and is defined by I, — H, < 0.9 or
I.—H; < —1.3 (I;-Y;)+1.5, with no additional . — Y} cut. At the
same time, looking for a selection with high purity, i.e., P > 0.9
(black dotted line in Fig. 3), results in a sample that is highly in-
complete, C < 0.01. This selection is defined by I; — H; < —0.2,
with no additional /; — Y; or diagonal cuts.

3.2.2. Comparison with KiDS

The majority (93%) of objects in the KiDS-BEXGO catalogue
are at z < 0.7, with a median redshift of z = 0.38. Therefore, we
decided to limit the comparison between these observed QSOs
and the SPRITZ simulated AGN1 to z < 0.7. Figure 7 presents
the best selection criterion derived for AGN1 in the EDS, limited
to galaxies at z < 0.7. The selection is performed using SPRITZ,
but we also show the colours of objects in the KiDS-BEXGO
catalogues. In the rest of this section we discuss the possible
reasons behind the differences in the colour distributions of the
two catalogues and the corresponding F1-scores.

First, it is necessary to remember that, because of the
PCA analysis used to estimate the Euclid fluxes in the KiDS-
BEXGO catalogues, there is correlation between the derived Eu-
clid colours, i.e., Yy and J; are both derived from a combination
of the Y, J, and H VIKING filters (see Eq. 3).

Second, as visible in the bottom panel of Fig. 8, the KiDS-
BEXGO catalogue is limited to I; < 22, not reaching the bulk
of the objects that are expected to be observed by Euclid. Even
when limiting the SPRITZ catalogue to all objects at z < 0.7 and
I; < 22, the redshift distribution is not the same as the KiDS-
BEXGO one (top panel of Fig. 8). Differences may arise from
the selection of the KiDS-BEXGO catalogue, since sources were
required to be detected in all nine KiDS and VIKING filters, or
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Fig. 7. Best selection (type A) criterion for AGN1 at z < 0.7 in SPRITZ
(top panel) and KiDS (bottom panel) in the EDS using Euclid filters
(grey shaded area). The red shaded areas correspond to the colour dis-
tribution of AGN1, while the blue lines are the contour levels of the
remaining galaxies. Levels correspond to 68%, 95%, and 99.7% of the
distribution. As an indication of how strict the best selection is, the
hatched green area limited by the two dashed green lines shows the ex-
tent of all the best selection criteria derived with the bootstrap approach.
The black dotted line and the black dash-dotted line correspond to the
best selections, with P > 0.9 and C > 0.9, respectively.

on an overestimation of bright galaxies in SPRITZ for z = 0.3—
0.5.

Finally, if we limit the SPRITZ sample to objects at z < 0.7
and /; < 22 and we weight the remaining galaxies in order to
have the same redshift distribution as the KiDS-BEXGO sam-
ples, the F1-score moves to 0.253 + 0.006, which is close to the

0.30 "
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Fig. 8. Normalised distributions of the redshift (top panel) and the I
magnitude (bottom panel) for the simulated catalogues from SPRITZ
(blue filled and green hatched histograms) and KiDS (hatched orange
histogram). Vertical lines in the top panel show the average redshift of
the two samples at z < 0.7.

value recovered for the KiDS-derived samples (F1 = 0.260 +
0.003). The completeness is however still higher than the KiDS-
BEXGO samples, i.e. C = 0.289 + 0.005, while the purity re-
mains lower, i.e. P = 0.225 + 0.007. Remaining differences may
arise from an underestimation of the broad component of hydro-
gen nebular emission lines in AGN1, since He is in the [ filter
at z < 0.4, causing a possible underestimation of the I, — Y;
and /I; — J;; colours of AGN1. Overall, the similarity between the
results of the two approaches, once redshift and magnitude dif-
ferences are considered, provides reassurance as to the validity
of the results presented here.

3.2.3. All AGN in the EDS

In this section we investigate colour selections to identify all
AGN types, including dust-obscured AGN2 and composite sys-
tems, instead of limiting the selection to AGN1. The statistics of
all the tested colour criteria to identify all AGN types in the EDS
with Euclid filters are listed in Table D.1.

The selection of all AGN types is challenging; all the colour
criteria based only on two or three Euclid filters provide F1-
scores between 0.115 and 0.124. However, these selections in-
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clude all objects, independently on their nature. To better under-
stand the meaning of such low F1-scores, we randomly assigned
each object to the AGN category, assuming we have no knowl-
edge on the expected number of AGN, and we derive the F1-
score associated with this random selection. This extreme and
unrealistic case corresponds to F1 = 0.116-0.124 (C = 0.500
and P = 0.066-0.071), depending on the Euclid filters con-
sidered. These results are similar to the best Fl-scores, which
are therefore not reliable selection criteria. At the same time, if
we limit our analysis to criteria corresponding to a large com-
pleteness C > 0.9 or a large purity P > 0.9, we obtain an ex-
tremely low purity (P < 0.1) or an extremely low completeness
(C ~107).

To improve the identification of these objects, it will there-
fore be preferable to rely on spectroscopic data, as provided by
Euclid, or the use of more complex identification methods, such
as machine-learning techniques (e.g., Euclid Collaboration: Sig-
nor et al. 2024). Ancillary X-ray observations may also help, but
not for the identification of the most obscured or intrinsically
faint AGN (Barchiesi et al. 2021, Euclid Collaboration: Selwood
in prep.). We will discuss later the impact of optical or near-IR
ancillary observations on the selection of these AGN.

3.2.4. AGN1 in the EWS

We now investigate AGN selection in the EWS. The statistics for
all tested selection criteria for AGN1 in the EWS are listed in Ta-
ble D.2. The best selection criterion in the EWS can be different
than the one in the EDS, because the two surveys include differ-
ent AGN populations, given the different areas and observational
depths. In particular, the brightest and rarest objects that will be
present in the EWS have a low probability to be observed as part
of the EDS, while the faintest and most numerous sources that
will be observed in the EDS will not be detectable in the EWS.
At the same time, the same object will have larger observational
uncertainties in the EWS than in the EDS.

The best selection criterion using only two Euclid filters, as
shown in Fig. 9, is

(1. - Yo < 05%98) A (I~ J < 0.7°53)
A [l = Ty < =2.1235 U - Yo) + 0,975

an

This selection provides an Fl-score of 0.224 + 0.001, derived
from a low purity (P = 0.166 + 0.015) and a low completeness
(C = 0.347 + 0.004). However, as visible from the bootstrap
analysis, the vertical and horizontal selection has negligible ef-
fect, since it is mainly important to apply a diagonal separation.
Comparable results (i.e., a difference in F1 of 0.002, Table D.2)
are obtained using I; — Y; and I; — H; colours, which are the
colours used in the EDS selection criteria. If we consider ex-
actly the same colour selection derived for the EDS, we ob-
tain F1 = 0.211, with a purity P = 0.193 and a completeness
C = 0.233. The difference in the completeness is probably due
to a slightly redder I, — H; colour distribution for AGNI. In-
deed, the median I. — H;; colour for AGNI1 is 0.04 redder in the
EWS than in the EDS, while it remains similar for the contam-
inants. A decrease in purity is instead driven by an extension of
the blue tail of the colour distribution in the EWS with respect
with the EDS. This happens for both AGN1 and contaminants,
but it is more prominent for the latter. Indeed, the number den-
sity of the contaminants matches the AGN1 one (i.e. P = 0.5) at
I, — H; = 0.23 in the EWS and at I; — H; = 0.40 in the EDS.
As for the EDS, the best selection criterion is affected by
strong contamination by dwarf irregular galaxies (98% of the
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Fig. 9. Best selection (type A) criterion for AGN1 in the EWS using
Euclid filters (grey shaded area). The red shaded areas correspond to
the colour distribution of AGN1, while the blue lines are the contour
levels of the remaining galaxies. Levels correspond to 68%, 95%, and
99.7% of the distribution. We also present example SED tracks for one
AGNT1 (yellow crosses) and one spiral galaxy (cyan circles) from z = 0
to z = 6, with steps of Az = 1. As an indication of how strict the best
selection is, the hatched green area limited by the two dashed green
lines shows the extent of all the best selection criteria derived with the
bootstrap approach. The black dotted line and the black dash-dotted line
correspond to the best selections with P > 0.9 and C > 0.9, respectively.

false positives), particularly at z < 0.7 (Fig. 10). Limiting the
sample above this redshift improves the selection to F1 = 0.445,
P =0.706, and C = 0.325. In general, the F1-score varies with
redshift; it reaches a maximum of 0.679 at z = 2.3, but AGNI1
move completely out of the selection at z = 5. The proposed
colour selection is therefore is particularly effective at 0.7 < z <
5. Moreover, we verify that applying a magnitude cut combined
with the colour selection proposed in Eq. 11 does not improve
the Fl-score (Fig. 11), as an improvement in completeness is
counterbalanced by a reduction in completeness.

Next, if we consider the same colours, but we search for a
selection with a high completeness, i.e., C > 0.9, we obtain an
extremely low purity P < 0.015. At the same time, the highly
pure selection defined results in a very incomplete sample with
C < 0.002.

Considering a three-colour selection based on all Euclid
filters bring a light improvement in the selection, increasing
the Fl-score to F1 = 0.232 + 0.001, which corresponds to a
lower completeness C = 0.219 + 0.007, but a higher purity
P =0.248 +0.005 than the two-colour selection. The projections
of these three-colour selection criterion is shown in Fig. 12) and
corresponds to:

(k= ¥y < 0.6:51) A (Yo = Ju < L1X33) A (Js = Hy < 0.7759)

AN
A Ve = T < 27704 (I — Y) + 0.9
AN

|7 — Hy < ~1.8708 (Y, — 1) + 0,973 -
(12)
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Fig. 10. Normalised redshift distribution of the Npp (blue filled his-
togram), Ngp (red dashed histogram), and Ngy (green dot-dashed his-
togram) for the Euclid-only selection criteria (Eq. 11) of AGNI in the
EWS. The horizontal solid and dotted lines show the redshift range in
which Ha and the 4000 A-break, respectively, are inside the Iz Yg, or
Jg filters (Hg is not used in Eq. 11). We also report the variation of the
F1-score with redshift (cyan solid line and right vertical axis).
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Fig. 11. Variation of the F1-score (cyan solid line), completeness (red
dash-dotted line), and purity (green dashed line) with /; magnitude limit
for AGNI1 in the EWS. Horizontal dotted lines show the values using
Eq. 11 without applying any additional magnitude cut. The decrease of
the purity for Iz < 20 is due to objects at z < 0.05.

This criterion has a I —Y; colour cut consistent with the best two-
colour criterion in Eq. 11. We also note that requiring a detection
on all four Euclid filters, i.e. adding the H; with respect to the
two-colour criterion, results on a decrease of 4% in the number
of detected AGNI1.

3.2.5. All AGN-types in the EWS

In this section, we present the search for a selection criterion
in the EWS for all AGN, including AGN2 and composite sys-
tems. This task is challenging, as it was for the EDS. Colour
selections solely based on two or three Euclid filters correspond
to F1-scores between 0.153 and 0.156 (see Table D.2 for the
full list). The optimal selection criterion does not serve our pur-
poses and provides no discriminatory power because it includes
all available galaxies. To understand better how poor these selec-

1.0

Ye—JE

0.51

0.01

—0.51

le—Ye
I]_ = 06, I2 = 11, I3 =0.7
F1=0.232+£0.001

C=0.219+0.007
P=0.248 = 0.005

Je— He

Ye—JE

Fig. 12. Two-dimensional projections of the the best three-colour selec-
tion criterion for AGN1 in the EWS using Euclid filters (grey shaded
area). The red shaded areas correspond to the colour distribution of
AGNI1, while the blue lines are the contour levels of the remaining
galaxies. Levels correspond to 68%, 95%, and 99.7% of the distribution.
We also present example SED tracks for one AGN1 (yellow crosses)
and one spiral galaxy (cyan circles) from z = 0 to z = 6, with steps of
Az = 1. As an indication of how strict the best selection is, the hatched
green area limited by the two dashed green lines shows the extent of all
the best selection criteria derived with the bootstrap approach.

tions are, randomly assigning each object in the full catalogue
to the AGN category would corresponds to F1 = 0.153-0.156
(C = 0.500 and P = 0.090-0.092), depending on the colours
considered. Given the limited utility of such selections, we do
not analyse them further.
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3.3. Euclid and LSST colours

In this section we investigate if the colour selections based only
on Euclid observations could be improved once additional op-
tical ancillary data are available, e.g., u, g, r, i, and z imaging
by Rubin/LSST. These additional data could help break degen-
eracies between the different galaxy templates, improving the
selection of AGN.

3.3.1. AGN1 in the EDS

As a first step, we concentrate on the selection of AGN1 in the
EDS. The colour selection that maximises the F1-score is shown
in Fig. 13 and corresponds to

13)
Al = He < 12707 = 2) + L7704]

(B = He < 11709) A (u—2 < 1.2709)

This selection has an Fl-score of 0.841 + 0.005 and identifies
AGNI1 with a purity P = 0915 + 0.019 and a completeness
C = 0.775 = 0.012. The selection is effective out to z = 2.1,
where the Fl-score remains above 0.5. Limiting the sample to
this redshift produce only minor changes, i.e. F1 = 0.858+0.002,
P = 0.898 + 0.014, and C = 0.820 + 0.013, since the number
of objects detected in all four filters and inside the selection at
higher redshifts is limited.

Using the same colours and no redshift cut, but looking for
a selection with a completeness C > 0.9, we obtain P = 0.403
and F1 = 0.556. This selection, which is shown as a black dash-
dotted line in Fig. 13, is defined by u—z < 1.4, I, — H; < 1.2 and
I, —H; <-20(u—-2) +3.1.

We note that underestimation of the broad component of the
Ha in SPRITZ, as mentioned in Sect. 2.1.1, would lead to an
overestimation of I — Hg colour at z < 0.4. It would also result
in an underestimation of the u# — z colour in the range z = 0.25—
0.40. These changes would make the colour selection of AGN1
less complete at z = 0.25-0.4, but more complete at z < 0.25.
The statistics of all the other colour criteria for AGN1 in the EDS
using Euclid and Rubin/LSST filters are listed in Table D.3.

3.3.2. Al AGN in the EDS

The selection of all AGN types is improved by the inclusion of
Rubin/LSST filters. The best selection criterion (type A) corre-
sponds to

(I — Yo < 1.775) A (- r <0375,
A [k = Yo < =3.520 (g = 1) +0.9750] .

(14)

where the horizontal and vertical cuts have only minor impor-
tance. Such a colour selection results in F1 = 0.272 + 0.001,
P = 0.576 + 0.009, and C = 0.179 + 0.001 (Fig. 14). The
statistics of this selection are better than those derived using only
Euclid filters, but 60% or less than the ones obtained using us-
ing Rubin/LSST and Euclid filters for AGN1. The majority of
false negatives correspond to composite systems, i.e., 65% of
SF-AGN and 23% of SB-AGN, since their broad-band photom-
etry is dominated by the stellar continuum. At the same time, the
majority of false positives are dwarf irregulars (88%) and spirals
(12%), with an optical continuum that is, by definition, similar
to the one for AGN2 and SF-AGN. The colour criterion overall
selects 8% of SF-AGN, 21% of SB-AGN, 16% of AGN2, and
58% of AGN1, showing that the latter are the AGN population
that is most easily separable from inactive galaxies.
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Fig. 13. Best selection (type A) criterion for AGN1 in the EDS using
Euclid and Rubin/LSST filters (grey shaded area). The red shaded ar-
eas correspond to the colour distribution of AGN1, while the blue lines
are the contour levels of the remaining galaxies. Levels correspond to
68%, 95%, and 99.7% of the distribution. We also present example SED
tracks for one AGN1 (yellow crosses) and one spiral galaxy (cyan cir-
cles) from z = 0 to z = 6, with steps of Az = 1. As an indication of how
strict the best selection is, the two dashed green lines show the extent of
all the best selection criteria derived with the bootstrap approach. The
black dash-dotted line corresponds to the best selection with C > 0.9.

As visible in Fig. 15, the selection criterion is mainly ef-
fective for z = 1.7-2.5, where F1 remains equal or larger than
0.5. Limiting the analysis to this redshift interval, we obtained
F1 = 0.739 + 0.003 with a purity P = 0.765 + 0.006 and com-
pleteness C = 0.715 + 0.001. The selection includes 78% of
SF-AGN, 59% of SB-AGN, 88% of AGN1, and 48% of AGN?2.
The F1-score does not improve, particularly if we focus only on
AGN-dominated systems instead of applying a redshift selec-
tion, yielding F1 = 0.338.

If we consider the same g — r and I; — Y; colours, but we
search for a selection with a high completeness, i.e., C > 0.9, we
obtain an extremely low purity P < 0.06, since it is necessary
to select almost all available sources. At the same time, a very
pure selection (i.e. P > 0.9) corresponds to a low completeness
C <£0.125.

3.3.3. AGN1 in the EWS

As for the EDS, the addition of the Rubin/LSST filters improves
the selection of AGN1. The best selection criterion for AGN1 in
the EWS is based on the u —z and I; — H; colours, as for the EDS
(Fig. 16):

(B — He < LI0) A (u—2z < 1.23) (15)
Al = Hy < 13703 = 2) + 1.979] .

This selection is consistent with the one for the EDS within the
confidence interval. This selection performs similarly than the
one in the EDS, with the maximum F1-score that is F1 = 0.861 +
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Fig. 14. Best selection (type A) criterion for all AGN in the EDS using
Euclid and Rubin/LSST filters (grey shaded area). The red shaded areas
correspond to the colour distribution of all AGN, while the blue lines
are the contour levels of the remaining galaxies. Levels correspond to
68%, 95%, and 99.7% of the distribution. We also present example SED
tracks for one AGN1 (yellow crosses), for one AGN2 (green squares),
and one spiral galaxy (cyan circles) from z = 0 to z = 6, with steps of
Az = 1. As an indication of how strict the best selection is, the hatched
green area limited by the two dashed green lines show the extent of
all the best selection criteria derived with the bootstrap approach. The
black dotted line and the black dash-dotted line correspond to the best
selection with P > 0.9 and C > 0.9, respectively.

0.004, in comparison with F1 = 0.841 + 0.005 in the EDS, with
C =0.813+£0.011 and P = 0.922+0.017. As for the EDS, the F1-
score remains above 0.5 at z < 2.1, but limiting the selection to
this redshift results on marginal improvement, i.e., F1 = 0.874 +
0.001, P =0.900 = 0.011, and C = 0.850 + 0.010.

Finally, using the same colours but imposing C > 0.9, which
could be preferred by science cases that value completeness over
purity, we found a selection identified by I, — H; < 1.3, u—z <
1.2, and I; — H; < —0.8 (u — z) + 1.8. This criterion corresponds
to P = 0.586 and F1 = 0.710.

3.3.4. All AGN in the EWS

As for the EDS, adding the Rubin/LSST filters allows for finding
a selection (type B) for all AGN, corresponding to

16)

This selection produces C = 0.310 + 0.001, P = 0.236 + 0.002,
and F1 = 0.268 + 0.001 (Fig. 17). The performance is slightly
better that for the EDS, although it is based on a different set of
Rubin/LSST filters and it is well below the results for AGNI1.
Considering the g —r colour and the same criteria as for the EDS
would slightly decrease the Fl-score to 0.112, since the purity
increases from 0.236 to 0.467, but the completeness decreases
for 0.310 to 0.064, as a result of both AGN and galaxies being
on average redder in g — r.

£ = Yo < 09700 =) + 0.8700] A (- r<0.2%) .

F1
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Fig. 15. Normalised redshift distribution of the Ntp (blue filled his-
togram), Npp (red dashed histogram), and Ngy (green dot-dashed his-
togram) for the Euclid and Rubin/LSST selection criteria of all AGN in
Eq. (14). The horizontal solid and dotted lines show the redshift range
in which He and the 4000 A-break, respectively, are inside the Iz Y,
r or g filters. We also report the variation of the F1-score with redshift
(cyan solid line and right vertical axis).
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Fig. 16. Best selection (type A) criterion for AGN1 in the EWS using
Euclid and Rubin/LSST filters (grey shaded area). The red shaded ar-
eas correspond to the colour distribution of AGN1, while the blue lines
are the contour levels of the remaining galaxies. Levels correspond to
68%, 95%, and 99.7% of the distribution. We also present example SED
tracks for one AGN1 (yellow crosses) and one spiral galaxy (cyan cir-
cles) from z = 0 to z = 6, with steps of Az = 1. As an indication of how
strict the best selection is, the two dashed green lines show the extent of
all the best selection criteria derived with the bootstrap approach. The
black dash-dotted line correspond to the best selection with C > 0.9.

In the best selection criterion, the majority (80%) of false
negatives, i.e., AGN not correctly identified, are SF-AGN, i.e.,
composite galaxies hosting an intrinsically faint AGN. However,
even if we focus on AGN-dominated systems, i.e., AGN1 and
AGN2, the completeness reaches C = 0.623, but the overall F1-

Article number, page 13 of 25

750



755

760

765

770

775

A&A proofs: manuscript no. output

6n= -0.9,g=08,1=02,b=-1.0

F1=0.268 £ 0.001
C=0.310%0.001

3.

2.5

2.0;

1.5

1.0

le—YE

0.5;

0.0

—0.51

Fig. 17. Best selection (type B) criterion for all AGN in the EWS using
Euclid and Rubin/LSST filters (grey shaded area). The red shaded areas
correspond to the colour distribution of all AGN, while the blue lines
are the contour levels of the remaining galaxies. Levels correspond to
68%, 95%, and 99.7% of the distribution. We also present example SED
tracks for one AGN1 (yellow crosses), for one AGN2 (green squares),
and one spiral galaxy (cyan circles) from z = 0 to z = 6, with steps of
Az = 1. As an indication of how strict the best selection is, the hatched
green area limited by the two dashed green lines show the extent of
all the best selection criteria derived with the bootstrap approach. The
black dotted line and the black dash-dotted line correspond to the best
selection with P > 0.9 and C > 0.9, respectively.

score is very low, i.e., F1 = 0.109, because of a very low purity in
the sample selection (P < 0.1). The F1-score of the best selection
varies with redshift, but it is above 0.5 on a narrow redshift range
(i.e., z = 1.8-2.0). Moreover, the number of detected sources
quickly drops at z > 2.3. Overall, limiting the selection to z =
1.7-2.3, similar to the EDS, increases the F1-score to 0.589
0.003, because of an increase of both the completeness (C
0.609 + 0.004) and the purity (0.571 + 0.002).

Finally, if we look for a selection criterion based on the same
I; — Yy and u — r colours, but with C > 0.9, we obtain a quite
low purity P = 0.08, since AGN and non-active galaxies share
almost the same region in colour space. For the same reason, a
pure selection criterion, described by u —r < 0.3, I; — ¥; < 0.4,
and I;-Y; < =2.7 (u—r)+1.4, resultsin P = 0.901, but C = 0.048
and it mainly selects AGNI.

I+

3.3.5. Evolution with the survey depth

As mentioned in Sect. 2.1.2, ancillary data in the South will be-
come deeper over time. Having deeper observations implies a
reduction of the photometric uncertainties, but also the inclusion
of fainter objects, which may be at higher redshift, intrinsically
fainter, or more dust obscured. Therefore, we explore the impact
of such evolution on our colour selections.

In Fig. 18 and 19 (top panels) we report how the F1-score
will change with time, adopting the colour selections using an-
cillary data. For comparison, we also include the Fl-scores in
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Fig. 18. Top: variation of the F1-score with time due to the increas-
ing depths of optical ancillary data. The depths of the ancillary data in
the North remains constant with time, but we include them for com-
parison. The Fl-score here corresponds to AGN1 derived using Eu-
clid and Rubin/LSST filters. Bottom: variation of the number of AGN1
(solid lines) or non-AGNI1 (i.e., all other AGN, SF and passive galaxies,
dashed lines) with time normalised to the number of AGN1 or non-
AGNI observed by the fifth year in the south. In the south no u-band
filter observations will be available in the first year, so the analysis starts
from the second year. Some of the F1-scores decrease with time because
shallower u band observations correspond to smaller samples and the
brightest AGN are the easiest ones to identify.

the North, which depths remain constant with time. Encourag-
ingly, our selection criteria are quite stable for AGN1 and all
AGN, with differences in the F1-score less than 0.07 and 0.08,
respectively. In particular, the F1-score generally decreases with
time. This counter-intuitive result is due to the increasing depth
of both Euclid and ancillary data, the sample of galaxies initially
available will be smaller than the one at the end of the mission
(bottom panels in Fig. 18 and 19) and it will mainly include the
brightest AGN, which are the easiest ones to identify. Therefore,
if preferred, an additional selection in #-band magnitude could
improve the colour criteria presented before, although decreas-
ing the overall completeness of the selected sample.

3.4. Euclid and IRAC colours

As previously mentioned, the EDS will have ancillary data avail-
able at 3.6 and 4.5 um with Spitzer-IRAC. As a first step, the
detection in both IRAC filters is alone a good discriminator. In-
deed, depending on the observational depths, only 22-34% of
non-active galaxies are expected to have S/N > 3 in both IRAC
filters, compared with 28-42% of AGNI1 and 54-72% of all
AGN. This is encouraging for the use of IRAC filters to select
AGN, but also highlights that, unfortunately, these existing ob-
servations are not as deep as the Euclid data in order to observe
all AGN.

In addition, these colours have been previously used to se-
lect AGN1 using the selection [3.6] — [4.5] > 0.16 (Stern
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Fig. 19. Same as Fig. 18, but considering all AGN.

et al. 2012). Using our mock observations, this selection cor-
responds to F1 = 0.039 + 0.006 and F1 = 0.207 + 0.018 for
AGNI1 and all AGN in the EDS, respectively. In both cases, the
low Fl-score is due to a low purity (P = 0.020 = 0.003 and
P =0.145+0.018) with a large completeness (C = 0.676+0.018
and C = 0.365+0.004). As visible in Fig. 20, even after imposing
a detection in both IRAC filters, the criterion is effective at se-
lecting AGN-dominated systems, which, however, are outnum-
bered by the red tail of the colour distribution of objects without
an AGN, in particular SBs. As suggested by other colour criteria
(e.g., Lacy et al. 2004; Donley et al. 2012; Stern et al. 2005) it is
necessary to have information in the other two IRAC filters (i.e,
[5.6] and [8.0]) in order to effectively remove contaminants.

The two longest wavelength IRAC bands are unfortunately
available only for a part of the field. Therefore, in the next section
we analyse whether combining the [3.6] — [4.5] colour with a
Euclid one could improve over the IRAC-only or Euclid-only
colour selections.

3.4.1. AGN1 in the EDS

In Fig. 21 we show the best selection criterion using Euclid
together with the 3.6- and 4.5-um IRAC bands. The selection
(type A) corresponds to

(1. - He < 1.0739) A (13.61 - [4.5] > ~0.1709) an

A {IE — H, <2.0709([3.6] - [4.5]) + o.otg;})} :

This selection is an improvement with respect to the Euclid-only
criterion, as it results in F1 = 0.591 + 0.002, C = 0.562 + 0.010
and P = 0.624 + 0.008. The selection is particularly effective
between z = 0.7 and 2.4, where the F1-score remains above 0.5.
Indeed, if we limit the selection to only this redshift interval, the
overall statistics improve to F1 = 0.859 = 0.005, P = 0.982 +
0.002 and C = 0.764 + 0.008, resulting on the best selection for
AGNT1 in a specific redshift range.

105<

Z 103 -
[J AGN1
.1 AGN2
10% i Composite
2 Not AGN
-1.0 =05 0.0 0.5 1.0
[3.6]-[4.5]

Fig. 20. [3.6] — [4.5] colour distribution for objects in our mock cat-
alogue in the EDF, divided by different AGN populations and ob-
jects without an AGN. We include only objects with S/N > 3 in
both IRAC filters. The vertical black line corresponds to the selection
[3.6] — [4.5] > 0.16 (Stern et al. 2012).

False positives are as follows: 75% are dwarf irregulars; 13%
are star-forming galaxies; and 11% are dust-obscured AGN, i.e.,
AGN?2 and SB-AGN. As partially visible in Fig. 21, the tracks
of both star-forming galaxies, and dwarf irregulars (not shown),
are outside the AGN1 selection criterion, but photometric uncer-
tainties in the IRAC bands scatter some of these objects inside
the selection. Indeed, the median S/N for false positive dwarfs
galaxies is 4.9 and 3.3 in the 3.6- and 4.5-um filters. For the same
reason, if we increase the S/N threshold for a detection in all
bands from 3 to 5 or 10, the F1-score increases to 0.711 +0.0024
and 0.765 +0.0024, respectively. This is driven by an increase in
the purity to 0.885 + 0.008 for S/N > 5 and 0.951 + 0.008 for
S/N > 10, while the completeness remains around 0.6. At the
same time, when increasing the S/N threshold, dust-obscured
AGN account for 47% and 98% of the false positives, showing
that the increase in purity is mainly driven by the removal of
non-active galaxies. However, it is necessary to consider that in-
creasing the S/N threshold has also an impact on the number of
selected (true and false positives) sources, as they decrease from
(1371+40) sources deg 2 for S/N > 3 to (811+17) sources deg >
for S/N > 5 and (575 + 7) sources deg~> for S/N > 10.

Leaving the threshold to S/N = 3, but looking for a selection
with C > 0.9, we obtain a selection described by [3.6] — [4.5] >
—0.2 and I; — H; < 1.2, which, however, corresponds to a low
purity, i.e. P = 0.085. A selection with a high purity P > 0.9
corresponds to C = 0.192 and is described by [3.6] —[4.5] > 0.2,
I, — H; < 0.5 and [3.6] — [4.5] > 0.9 (I; — Hy) + 0.1.

3.4.2. All AGN in the EDS

We now move to analysing the selection of all AGN using both
Euclid and the 3.6- and 4.5-um Spitzer/IRAC bands. As reported
in Table D.3, the Fl-scores obtained combining both facilities
varies between 0.207 and 0.222, which is similar to the F1-score
obtained using only 3.6- and 4.5-um Spitzer/IRAC bands (i.e.,
0.207 + 0.018). Indeed, the majority of these selections include
no colour cut in the Euclid filters or only a very marginal one,
since composite systems and optically obscured AGN have
colours similar to non-active galaxies in the optical. Differences
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Fig. 21. Best selection (type A) criterion for AGN1 in the EDS us-
ing Euclid and IRAC filters (grey shaded area). The red shaded areas
correspond to the colour distribution of AGN1, while the blue lines
are the contour levels of the remaining galaxies. Levels correspond to
68%, 95%, and 99.7% of the distribution. We also present example SED
tracks for one AGN1 (yellow crosses) and one spiral galaxy (cyan cir-
cles) from z = 0 to z = 6, with steps of Az = 1. As an indication of
how strict the best selection is, the hatched green area limited by the
two dashed green line shows the extent of all the best selection crite-
ria derived with the bootstrap approach. The black dotted line and the
black dash-dotted line correspond to the best selection with P > 0.9 and
C > 0.9, respectively.

in the Fl-score arises from selection effects, since we request a
detection in the four filters used in each colour-colour criterion
(Fig. C.2).

4. Conclusions

Efficiently identifying AGN in large surveys is a key priority
to properly track accreting SMBHs over a large fraction of the
history of the Universe. Euclid will observe millions of AGN,
many of which will have spectroscopic information, but for the
majority of them we will need to rely only on Euclid photom-
etry or a restricted set of ancillary data, e.g., Rubin/LSST or
Spitzer/IRAC. In this work, we have simulated Euclid-like pho-
tometry to forecast the effectiveness of the Euclid mission in de-
tecting AGN under a variety of selection techniques. A summary
of the most promising selection criteria is reported in Table 2,
while we report our main results below.

First, AGN1 can be identified in EDS (EWS) using only Eu-
clid filters with a completeness of 0.239 + 0.005 (0.347 + 0.004)
and a purity of 0.230 + 0.004 (0.166 + 0.015). The purity in the
EDS greatly improves to 0.988 + 0.001 if we restrict the sam-
ple to 0.7 < z < 4.4. If redshift information is not available, it
is preferable to include an additional selection able to separate
AGNI1 from dwarf galaxies, derived for example from morpho-
logical information.
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Second, the inclusion of optical ancillary filters, such as
those from Rubin/LSST, greatly improves the selection of AGN1
in both Euclid surveys. Of particular importance are the u and z
filters, which allow for the selection of AGN1 with a complete-
ness 0.775 £0.012 and 0.813 £ 0.011 and a purity 0.915 +0.019
and 0.922+0.017 in the EDS and EWS, respectively. Using such
criteria we expect to select 7 x 10* AGN1 candidates in the EDS
and 107 in the EWS. However, the efficiency of these colour se-
lections decrease at z ~ 2.1.

Third, in the EDS the combination of Euclid filters and
the Spitzer/IRAC 3.6- and 4.5-um filters is a valid alternative
to select AGNI1, at least in the redshift range z = 0.7-2.4,
where the proposed selection corresponds to a completeness
C =0.764 £ 0.008 and P = 0.982 + 0.002.

Finally, the selection of all AGN, including optically ob-
scured AGN and composite systems, is challenging, both with
Euclid filters and with Euclid filters supplemented by optical or
IRAC bands. The best colour selection yields a purity and com-
pleteness of 0.765 + 0.006 and 0.715 + 0.001, achieved using
Rubin/LSST and Euclid filters in the EDS at 1.7 < z < 2.5.
To improve over such colour selections it will be necessary to
include ancillary information, e.g., spectroscopic data, longer
wavelength data, or morphological information, or to adopt
more complex methods, such as machine learning algorithms, as
demonstrated, for example, in Euclid Collaboration: Humphrey
et al. (2023) for the selection of passive galaxies.
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Appendix A: SPRITZ updates

We have applied updates to some of the luminosity functions re-
ported in the original version of SPRITZ in order to improve the
comparison with additional observational results, without reduc-
ing the agreement with observations already tested.

Firstly, in the original SPRITZ the redshift evolution of the
SB-AGN population corresponded to the one presented by Grup-
pioni et al. (2013), in which both the luminosity and the number
density at the knee of the modified Schechter function continu-
ously increases with redshift, as (1 + 2)¥ with k > 1. However,
this representation produces an overestimation of the galaxy stel-
lar mass function (GSMF) of AGN when compared to the values
estimated by Bongiorno et al. (2016). To overcome this issue, we
performed a new fit to the number density at the knee, using a
new functional form:

if z < zo;

@ (1 + 7)o
Q=40 ’ A.l
{ le > 7o ( )

constant,

The best non-linear least-squares fit (Virtanen et al. 2020) corre-
sponds to @3[10’3Mpc‘3] = 0.0181 £ 0.0074, k¢ = 2.15 £ 0.88,
and z¢ = 1.34 + 0.45.

Secondly, looking again at the observed AGN GSMF by
Bongiorno et al. (2016), the SF-AGN population produces an
overestimation at z < 1.5 at the low-mass end of the function
(i.e., M, < 10'3M,). In this case, we modified the faint-end
slope of the IR luminosity function (a modified Schechter func-
tion) of this population, which was not constrained by the origi-
nal Herschel observations, from @ = 1.2 to @ = 1.0. At the same
time, it was necessary to decrease the number density at the knee
by 0.5 dex. These changes increase the agreement with the AGN
GSMF, while keeping agreement with other observed distribu-
tions, such as (but not limited to) the IR luminosity function. A
comparison between the observed AGN GSMEF, the original and
the new SPRITZ AGN GSMF is reported in Fig. A.1.

Lastly, in the original SPRITZ, AGN are only present inside
SF galaxies. We decided to overcome this limitation by includ-
ing AGN in quiescent galaxies (QS), which we call Ell-AGN,
following the observational results of Aird et al. (2018). As re-
ported in Fig. A.2, we parameterise their observed fraction of
AGN in quiescent galaxies as a function of redshift as

a(l+2)y°,
a(l+2)¢(1+2.75)/0<,

if z <2.75,

if z > 2.75, (A.2)

fAGN = {

witha = 0.19 £ 0.05, b = 3.54 + 0.30, and c = —12.10 £ 10.16.
Using this fraction, we extract a random number of elliptical
galaxies from SPRITZ to which we assign AGN. We then as-
sign each a black-hole accretion rate, following again a redshift-
dependent function that well describes the observed average val-
ues by Aird et al. (2018),

a(l+2)P,
a(l+2)°(1+ 1.5,

ifz < 1.5,

ifz> 1.5, (A-3)

log10({AsBHAR)) = {

with @ = —0.87 + 0.30, b = -0.18 £+ 0.14, and ¢ = 0.37 +
0.10. We then derive the X-ray luminosity between 0.5 and 2 keV
following the definition of the black hole accretion rate presented
in the same paper. However, given the small fraction of Ell-AGN,
they have a negligible impact on global statistics, such as the
GSMF mentioned above.
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Fig. A.1. AGN GSMF observed by Bongiorno et al. (2016, blue
squares) compared with the original (yellow dashed lines) and updated
(cyan solid lines) SPRITZ AGN GSMFs. Shaded regions show the prop-
agated uncertainties of the starting AGN infrared luminosity functions.

Appendix B: AGN colours in SPRITZ

In this section we show that the colours of AGN in SPRITZ are
consistent with colour selection criteria available in the literature
(e.g., Stern et al. 2005; Donley et al. 2012). The criteria consid-
ered here are based on near-IR colours, which are redward of

the Euclid wavelength coverage and therefore cannot be used to 1395
identify AGN using Euclid data alone. Bisigello et al. (2021) also
showed that galaxies and AGN in SPRITZ are correctly placed

in one of the AGN diagnostic diagrams based on optical nebular
emission lines (Baldwin et al. 1981).

In Fig. B.1 we show the Spitzer/IRAC [3.6] — [4.5] and 1400
[5.8] — [8.0] colours for galaxies in the Euclid mock catalogue
of the EDS at z < 4, together with the colour selection identified
by Stern et al. (2005), valid over the same redshift range. For
this comparison we consider the true colours, without any pho-
tometric uncertainties. A total of 99.3% of the AGN-dominated 1405
systems are included in this colour selection, with a small frac-
tion of contaminants, i.e., 7% of objects without AGN activity.

On the other hand, only 34% of the composite systems are se-
lected. This is consistent with other results in the literature using
samples of AGN observed at different wavelengths (e.g., Eckart 1410
et al. 2010; Stern et al. 2012).

We test the colours of AGN in the Euclid mocks using other
two-colour selections (Lacy et al. 2004; Donley et al. 2012)
based on Spitzer/IRAC fluxes. As shown in Fig. B.2, AGN in
the Euclid mock catalogue occupy the expected colour space. 1415

1390
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Fig. A.2. Top: fraction of AGN among quiescent galaxies as a function
of redshift. Bottom: average black-hole accretion rate as a function of
redshift. Data points are slightly shifted horizontally for clarity.

On the one hand, 87% of AGN-dominated systems are inside
the Donley et al. (2012) colour criterion, which is fine-tuned to
select objects showing a power-law component in the near-IR,
with only 2% of non-AGN objects falling inside this selection.
On the other hand, the less conservative criterion from Lacy et al.
(2004) selects all AGN-dominated systems and 96% of compos-
ite galaxies present in the Euclid mock catalogue. We therefore
conclude that the near-IR colours of AGN in SPRITZ are consis-
tent with observed AGN.

Appendix C: Selection effects of the colour cuts

In this work we test different colour selections to separate AGN1,
or all AGN types, from other galaxy populations. The main Eu-
clid mock catalogues contain all objects that have a detection,
i.e., S/N > 3 at the depth of the EWS or of the EDS, in at least
one Euclid filter. It will, however, be difficult to obtain any in-
formation on the nature of the sources with a detection in a sin-
gle band. We therefore include in the analysis of each colour
selection only the sub-sample of galaxies with S/N > 3 in all
the filters included in each colour. In this appendix we analyse
the observational biases introduced by the inclusion of this ad-
ditional S/N threshold with respect to the original sample that
requires a detection in a single band.
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Fig. B.1. AGN colour selection from Stern et al. (2005) applied to galax-
ies in SPRITZ at z < 4, without including any photometric uncertainties.
Data points indicate objects dominated by AGN activity (red circles),
dominated by star formation (blue crosses), composite systems (green
squares), and passive galaxies (black triangles).
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Fig. B.2. AGN colour selection from Donley et al. (2012, solid black
line) and Lacy et al. (2004, dashed black line) applied to galaxies in
SPRITZ, without including any photometric uncertainties. Data points
indicate objects dominated by AGN activity (red circles), dominated by
star formation (blue crosses), composite systems (green squares), and
passive galaxies (black triangles).

In Fig. C.1 we focus on the colour criteria using only Euclid
filters. Imposing S/N > 3 in three or four Euclid filters selects an

almost constant percentage of galaxies, with a minimum when 1440
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the detection in all filters is required and a maximum when the
detection in Y; is not required. Percentages range from 66 to 73%
for AGN1 in the EWS, from 79 to 84% for AGNI1 in the EDS,
from 55 to 64% for all AGN in the EWS, and from 63 to 71%
for all AGN in the EDS.

70

—e— All AGN, EWS
E“‘ —=— Not AGN, EWS
Z 601 —— AGN1, EWS
& Not AGN1, EWS
‘GEJ --+- All AGN, EDS
O 507 -=- Not AGN, EDS
& 454 -4+- AGN1, EDS

w0 Not AGN1, EDS

le & Je & He |

Fig. C.1. Percentage of AGN]1, all AGN, non-AGN1 or non-AGN se-
lected by assuming a S/N > 3 in three or four Euclid filters with respect
to the complete SPRITZ Euclid catalogue. Solid and dashed lines show
the percentage in the EWS and EDS, respectively.

In Fig. C.2 we report the fraction of objects detected (i.e.,
S/N > 3) in the 3.6- and 4.5-um IRAC filters and in two Euclid
ones. We considered both the depths in the EDF-S and the depths
in the EDF-F and EDF-N.
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5 | e T 4
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Fig. C.2. Percentage of AGN1, all AGN, non-AGN1 or non-AGN se-
lected by assuming a S/N > 3 in two Euclid filters and the 3.6- and
4.5-um IRAC filters with respect to the complete SPRITZ Euclid cata-
logue. Dashed line show the percentage in the EDS-S, while the dotted
line shows the one in the EDS-F and in the EDS-N.

We consider the selections using Euclid and Rubin/LSST fil-
ters in Fig. C.3. Here we can see that the depth of the u filter
does not match the depth of the other filters in the EDS for ob-
jects that are not AGN1. Therefore, by imposing a detection in
the u filter we select around 60% of AGNI1, but less than 40% of
other objects. This may be one of the reasons behind the large
F1-score obtained for AGN1 in the EDS. At the same time we
see smaller variations depending on the Euclid filters included

in the different colour criteria, with local minima and maxima
when we impose a detection in the Y; and J; filters or in the I;
and H; filters, respectively.

Appendix D: F1-scores for all colour combinations

In this appendix we provide tables with the F1-scores derived
for all colour combinations, either involving only Euclid filters
(Tables D.1 and D.2) or both Euclid and Rubin/LSST filters (Ta-
bles D.3 and D.4). In all tables we report the F1-scores derived
when selecting AGN1 and, in parentheses, the values derived
when analysing all AGN. We highlight in bold the maximum
F1-values derived.
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Fig. C.3. Same as Fig. C.1, but considering Rubin/LSST and Euclid filters.

Table D.1. Best F1-values for different colour-colour selections using Euclid filters for the EDS.

Colours Y: — J:

I, - Jg

I - Y,
0.193(0.121)

I, - J; I, - H

IE_HE
YE_JE
YE_HE
‘]E_HE

Notes. The main values are for selection of AGN1, while values in parentheses correspond to the selection of all AGN types. Bold-faced values

0.235(0.121)
0.128(0.121)
0.232(0.121)
0.189(0.123)

are the best ones among all selections.

Table D.2. Same as Table D.1, but for the EWS.

0.180(0.115)
0.140(0.121)
0.142(0.123)
0.180(0.116)

0.171(0.123)
0.168(0.121)
0.155(0.116)

0.039(0.124)
0.053(0.124)

0.053(0.124)

Colours I.-Y; I. — Jg I, — H; Y. — J; Y. — Hg
I.—J. 0.224(0.153) ...

I, — H. 0.220(0.153) 0.190(0.155) ..

Y —J:  0.224(0.153) 0.175(0.154) 0.183(0.155) ..

Y. — H; 0.22000.153) 0.177(0.155) 0.181(0.153) 0.051(0.156) ..

J: — Hy  0.208(0.155) 0.190(0.156) 0.169(0.156) 0.056(0.156) 0.056(0.156)

Table D.3. Same as Table D.1, but considering colour-colour selections using Euclid and Rubin/LSST and two IRAC filters in the EDS.

Colours I.-Y; I, — Jg I, — H; Y. — J: Y. - H; J. — Hg
u-—g 0.392(0.236) 0.190(0.190) 0.336(0.196) 0.021(0.226) 0.050(0.224) 0.056(0.145)
u-—r 0.646(0.231) 0.480(0.194) 0.600(0.197) 0.033(0.190) 0.076(0.190) 0.079(0.171)
u—1i 0.757(0.193) 0.756(0.164) 0.787(0.167) 0.086(0.139) 0.127(0.137) 0.113(0.130)
u—2z 0.792(0.195) 0.817(0.173) 0.841(0.174) 0.239(0.161) 0.280(0.161) 0.204(0.146)
g-r 0.618(0.272) 0.649(0.226) 0.640(0.214) 0.063(0.170) 0.083(0.168) 0.072(0.170)
g-—i 0.503(0.212) 0.666(0.214) 0.698(0.204) 0.152(0.149) 0.172(0.155) 0.106(0.140)
gz 0.430(0.159) 0.620(0.165) 0.669(0.155) 0.270(0.151) 0.333(0.143) 0.176(0.127)
r—i 0.225(0.160) 0.336(0.167) 0.330(0.150) 0.238(0.157) 0.220(0.127) 0.087(0.118)
r—z 0.171(0.138) 0.291(0.154) 0.328(0.156) 0.248(0.139) 0.278(0.134) 0.145(0.121)
i—-z 0.168(0.118) 0.152(0.117) 0.195(0.112)  0.107(0.122) 0.126(0.122) 0.106(0.120)

[3.6] — [4.5] 0.445(0.207) 0.418(0.214) 0.591(0.219) 0.250(0.208) 0.281(0.208) 0.248(0.222)
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Table D.4. Same as Table D.1, but considering colour-colour selections using Euclid and Rubin/LSST filters for the EWS.

Colours I.-Y; I, — Jg I, — Hy Y. — J: Y. — H; J. — H;
u-—g 0.397(0.292) 0.223(0.254) 0.331(0.259) 0.029(0.288) 0.064(0.287) 0.056(0.265)
u-—r 0.654(0.268) 0.558(0.251) 0.619(0.254) 0.051(0.232) 0.102(0.235) 0.084(0.230)
u—1i 0.764(0.223) 0.790(0.215) 0.805(0.214) 0.111(0.202) 0.171(0.203) 0.125(0.201)
u—2z 0.810(0.215) 0.851(0.213) 0.861(0.211) 0.289(0.217) 0.315(0.216) 0.231(0.213)
g-r 0.631(0.233) 0.686(0.232) 0.675(0.226) 0.085(0.165) 0.112(0.164) 0.085(0.183)
g-—i 0.550(0.176)  0.726(0.206) 0.752(0.199) 0.180(0.168) 0.218(0.168) 0.122(0.167)
g-z 0.501(0.166) 0.684(0.170) 0.736(0.165) 0.316(0.159) 0.366(0.159) 0.195(0.159)
r—i 0.297(0.153) 0.417(0.150) 0.439(0.152) 0.292(0.157) 0.284(0.157) 0.113(0.158)
r—z 0.283(0.151) 0.357(0.149) 0.407(0.151) 0.302(0.156) 0.343(0.156) 0.171(0.157)
i—z 0.272(0.151)  0.207(0.148) 0.230(0.150) 0.158(0.154) 0.176(0.155) 0.130(0.156)

Article number, page 25 of 25



