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ABSTRACT

We forecast the expected population of active galactic nuclei (AGN) observable in the Euclid Wide Survey (EWS) and Euclid Deep Survey (EDS).
Starting from an X-ray luminosity function (XLF), we generated volume-limited samples of the AGN expected in the Euclid survey footprints.
Each AGN was assigned a spectral energy distribution (SED) appropriate for its X-ray luminosity and redshift, with perturbations sampled from
empirical distributions. The photometric detectability of each AGN was assessed via mock observations of the assigned SED. We estimate 40
million AGN will be detectable in at least one Euclid band in the EWS and 0.24 million in the EDS, corresponding to surface densities of
2.8 x 10° deg™2 and 4.7 x 10° deg 2. The relative uncertainty on our expectation for Euclid detectable AGN is 6.7% for the EWS and 12.5% for the
EDS, driven by the uncertainty of the XLF. Employing Euclid-only colour selection criteria on our simulated data we select a sample of 4.8 x 10°
(331deg™?) AGN in the EWS and 1.7 x 10* (346 deg?) in the EDS, amounting to 10% and 8% of the AGN detectable in the EWS and EDS.
Including ancillary Rubin/LSST bands improves the completeness and purity of AGN selection. These data roughly double the total number of
selected AGN to comprise 21% and 15% of the Euclid detectable AGN in the EWS and EDS. The total expected sample of colour-selected AGN
contains 6.0 x 10° (74%) unobscured AGN and 2.1 x 10° (26%) obscured AGN, covering 0.02 < z < 5.2 and 43 < log,(Lyoi/ergs™") < 47. With
these simple colour cuts expected surface densities are already comparable to the yield of modern X-ray and mid-infrared surveys of similar area.
The EWS sample is most comparable to the WISE C75 AGN selection and the EDS sample is most similar to the yield of the collated Spitzer
cryogenic surveys when considering Euclid bands alone, or the XXL-3XLSS survey AGN sample when also considering selection with ancillary
optical bands. We project that 15% (7.6%) of the total Euclid detectable population in the EWS (EDS) will exhibit X-ray fluxes that could be
detected in the XMM-COSMOS survey, showing that the vast majority of Euclid-detected AGN would not be detectable in modern medium-depth

X-ray surveys.

Key words. surveys — galaxies: active — quasars: general

1. Introduction

Active galactic nuclei (AGN) mark a phase of luminous accre-
tion of matter onto a central supermassive black hole (SMBH).
AGN therefore indicate periods of growth for the massive com-
pact objects, thought to ubiquitously occupy the centers of mas-
sive galaxies (Magorrian et al. 1998). A co-evolution between
AGN and their host-galaxies has long been invoked through a
series of observational relations linking their respective physical
properties (e.g. Ferrarese & Merritt 2000; Giiltekin et al. 2009).
The interaction of AGN and their host-galaxies, or AGN feed-
back (Fabian 2012, and references therein), is a crucial mech-
anism to reproduce observed galaxy properties (Granato et al.
2004; Shankar et al. 2006; Marulli et al. 2008) and quench star
formation in massive galaxies (Gabor et al. 2010; Dubois et al.
2013; Piotrowska et al. 2022). In cosmological simulations AGN
feedback has been identified as a necessary ingredient to repli-
cate present day distributions of galaxies (e.g. Bower et al.
2006; Croton et al. 2006; Sijacki et al. 2007; Schaye et al. 2015;
Rosito et al. 2021; Ward et al. 2022).

The statistical evolution of galaxy and AGN populations over
cosmic time can be described by a luminosity function (LF).
AGN LFs have been of central importance since quasars (i.e.
high-luminosity unobscured AGN) were first discovered as dis-
tinct cosmological objects, as early as 1968 (Schmidt 1968).
The six decade-spanning field of work has seen AGN LFs con-
structed in the radio (e.g. Dunlop & Peacock 1990), submillime-
ter (e.g. Vaccari et al. 2010), infrared (IR; e.g. Gruppioni et al.
2013; Lacy et al. 2015), ultraviolet (UV)/optical (e.g. Boyle et al.
1987; Pei 1995; Kulkarni et al. 2019; Adamsetal. 2023), X-
ray (e.g. Miyajietal. 2000; Ueda et al. 2003; La Franca et al.
2005; Uedaetal. 2014; Airdetal. 2015; Buchneretal. 2015;
Fotopoulou et al. 2016a), and bolometric (e.g. Hopkins et al.
2007; Shen et al. 2020) domains, spanning a wide range of red-
shifts.

By deriving and comparing LFs from differently selected
samples of galaxies or AGN, their formation histories can be
compared and inferred (e.g. Daietal. 2009; Gruppioni et al.
2013; Lacy et al. 2015). For example, the evolution of nuclear
obscuration in AGN can be probed by measuring and comparing
the LFs of obscured and unobscured AGN. Such studies found
that high-luminosity obscured AGN peak in space density at a
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higher redshift than their unobscured counterparts, hinting at an
evolutionary scenario (e.g. Lacy et al. 2005; Hopkins et al. 2008;
Glikman et al. 2018).

Almost all studies have shown that the AGN LF has a strong
evolution with redshift, which is an ubiquitous feature across
different wavebands (e.g. Boyle et al. 2000; Ueda et al. 2003;
Richards et al. 2006a; Hasinger et al. 2005; Hopkins et al. 2007;
Gruppioni et al. 2013; Buchner et al. 2015; Fotopoulou et al.
2016a; Shen et al. 2020). This evolution is not a simple change
of normalisation but also affects the slope of the parameter-
ising function. For example, X-ray and some optical, radio,
and IR studies report a flattening of the faint-end slope of the
AGN LF with increasing redshift. This implies the peak space-
density of low-luminosity AGN is at a lower redshift than that of
bright quasars, indicating a “cosmic downsizing” of AGN (e.g.
Cowie et al. 1996; Hasinger et al. 2005; Aird et al. 2015). AGN
feedback is often invoked as the mechanism behind this phe-
nomenon, shutting down the supply of in-falling cold gas to the
central SMBH via galactic-scale dust ejection with powerful out-
flows or by the gradual heating of the host-galaxy’s dark matter
halo (e.g. Fabian 2012, and references therein).

The European Space Agency (ESA) Euclid space telescope
(Laureijs et al. 2011; Euclid Collaboration: Mellier et al.
2025), successfully launched in July 2023, is the pre-
mier dark energy mission of ESA. Euclid will observe
~14500deg®> of the extra-Galactic sky over a six-year
period, providing high spatial resolution imaging sampled at
01 pixel™" in the optical (Euclid Collaboration: Cropper et al.
2025) and ~07”3pixel”! in the near-infrared (NIR;
Euclid Collaboration: Jahnke et al. 2025) for billions of
astrophysical sources (Euclid Collaboration: Scaramella et al.
2022). Despite having a primary mission focussed on cosmol-
ogy, the rich data set generated by the Euclid surveys will drive
significant progress in many areas of astronomy. To effectively
exploit Euclid data for AGN legacy science we must first
understand the available sample size and characteristics of the
AGN detectable with Euclid photometry.

This work aims to forecast the expected number of z < 7
unobscured and obscured AGN observable with Euclid pho-
tometry in the Euclid Wide Survey (EWS) and the Euclid
Deep Survey (EDS). We first determine the sample size and
properties of AGN detectable with Euclid photometry, before
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focussing on the sample of AGN we can select with Euclid
and Vera C. Rubin Observatory/Large Synoptic Survey Tele-
scope (Rubin/LSST; Ivezi¢ et al. 2019) photometric criteria. For
a comprehensive analysis of 7 < z < 9 AGN in Euclid we
refer the reader to Euclid Collaboration: Barnet et al. (2019). We
compared the output of our simulations at z ~ 7 with those of
Euclid Collaboration: Barnet et al. (2019) in the Appendix.

In Sect. 2 we introduce the X-ray LF (XLF) utilised in this
work. Section 3 outlines our AGN sample generation method
from input data to resulting photometry. Our main results for the
number of detected AGN in the Euclid surveys are presented
in Sect. 4. The drivers and impact of uncertainty within our
framework, the expected sample sizes of AGN selected using
Euclid photometric colour criteria, and comparisons to the yield
of AGN from surveys in different wavebands are discussed in
Sect. 5.

Throughout this work we refer to AGN as unobscured
or obscured based on their optical properties, that is unob-
scured AGN denote Type 1 AGN with broad permitted emis-
sion lines (full-width at half-maximum; FWHM >2000kms™!)
and obscured AGN signifies Type 2 AGN with no observable
broad line components. We assume a ACDM cosmology with
Hy =70kms™! Mpc_l, Q= 0.3 and Qp = 0.7. All magnitudes
are in the AB system (Oke & Gunn 1983) unless stated other-
wise.

2. X-ray AGN luminosity function
The differential LF, d¢(L,z)/dL, is defined as the number of

AGN per unit comoving volume per unit luminosity interval
dp(L,z)  d°N
dL  dv.dL

(L,2), ey
where N is the number of AGN with luminosity L in the comov-
ing volume V. at redshift z and ¢ is the comoving number density
(dN/dV.). The expected number of AGN, (NN), in luminosity and
comoving volume interval AL AV (Az) can be extracted from a
differential LF as defined in Eq. (1) via the calculation

N = f max  (Zmax(L) do(L,z) dV,
CJn. I dL  dzdQ

(z) Q(L,z)dzdL, 2)

min

where Ly, and L, are the minimum and maximum of the lumi-
nosity interval AL respectively, Zmi, 1S the minimum of the red-
shift interval Az, zmax (L) is either the maximum redshift at which
an object of luminosity L can still be detected or the maximum
of the redshift interval, dV./dzdQ is the differential comoving
volume element of the Universe at redshift z, and Q(L, 7) is the
sky coverage available for an object of luminosity L and redshift
z. The sky coverage available for an object is calculated from the
flux-area curve of the survey(s) for which the expectation value
of the number of objects is being derived.

This work concerns the determination of the total popula-
tion of z < 7 AGN detectable with Euclid. We therefore require
an analysis that represents both unobscured and obscured AGN
as they are observed in the Universe. Given these considera-
tions, we adopted the observed 5-10keV XLF constructed in
Fotopoulou et al. (2016a). The 5-10 keV band avoids absorption
of the X-ray spectrum up to obscuring hydrogen column densi-
ties of Ny ~ 102 cm™2. The observed 5-10keV fluxes of AGN
with Ng = 102 cm™2 are >90% of the intrinsic flux for z > 1 and
>80% at lower redshifts. This means the 5-10keV band selects
an unbiased population of Compton-thin (Mg < 10**cm™2)

AGN (Della Ceca et al. 2008). Even though the 5-10keV XLF
is constrained by observations up to z ~ 4, we show in Fig. 1
that our extrapolations are consistent with the latest XLF con-
straints at much higher redshifts (z ~ 6; e.g. Wolf et al. 2021;
Barlow-Hall et al. 2023). AGN LFs constructed in IR bands,
which also incorporate both unobscured and obscured AGN,
are not well constrained beyond z ~ 3 (e.g. Gruppioni et al.
2013; Lacy et al. 2015) and hence require greater extrapolation
than the XLF with no high-redshift constraints to compare to.
Whilst UV/optical AGN LFs are constrained by observations up
toz ~ 7 (e.g. Wang et al. 2019; Matsuoka et al. 2023), this wave-
band probes only the unobscured (quasar) population. Thus,
strong assumptions are required to incorporate obscured AGN.
By using an extrapolated XLF the total AGN space density,
which is consistent with the latest observational constraints, is
preserved and treated self-consistently.

Furthermore, the 5-10keV band is straightforwardly rec-
onciled with the 2-10keV band assuming a power-law spec-
trum with a representative photon index. This is advanta-
geous because there are a wide range of established models
and empirical analyses connecting 2-10keV emission of AGN
with bolometric luminosity (Shen et al. 2020; Duras et al. 2020),
UV/optical emission (Lusso et al. 2010), obscuration properties
(Merloni et al. 2014), and broad-band spectral energy distribu-
tion (SED) shapes (Salvato et al. 2009; Fotopoulou et al. 2016b;
Shen et al. 2020). We leverage these models in our work to pro-
duce robust multiwavelength photometry that represent the best
of our current knowledge in connecting X-ray luminosity and
redshift of AGN with observed multiwavelength emission from
empirical data.

Whilst the 5-10keV band is highly complete for Compton-
thin AGN, the effect of absorption is more substantial for AGN
with Ny = 10%* cm™2, especially at low redshifts. At z > 2 more
than 80% of the intrinsic flux can still be observed. Our choice
of the 5-10keV XLF is therefore incomplete for Compton-thick
AGN (Ng = 10%*cm™2) in the local Universe. The fraction
of missed Compton-thick AGN in hard X-ray observations is
uncertain, with estimates ranging from 20-40% depending on
redshift (Civano et al. 2015; Laloux et al. 2023; Pouliasis et al.
2024) and up to 80% depending on the selection (Fiore et al.
2008). Modelling of the cosmic X-ray background averaged
across redshifts and luminosities suggests Compton-thick AGN
should be at least as abundant as Compton-thin AGN probed by
2-10keV XLFs (Gilli et al. 2007). The nature of Compton-thick
objects can in principle be confirmed by subsequent observa-
tions at higher X-ray energies (e.g. 14-195keV) and/or at IR
wavelengths, which correct the usual 2-10keV X-ray emission
(e.g. Spinoglio et al. 2022). The number of confirmed hard X-
ray identified Compton-thick AGN in the z < 1.5 Universe is
only in the tens of sources (e.g. Ajello et al. 2012; Civano et al.
2015; Marchesi et al. 2018), which if missed by our analysis
would make a negligible difference to our results. Comparing
IR and hard X-ray selected samples of AGN at 0.2 < z < 1.2,
Mendez et al. (2013) derive an upper limit suggesting that ~10%
of IR-selected AGN are Compton-thick. Compton-thick objects,
at least those not optically obscured, will be detected using
Euclid photometry and spectroscopy. We therefore assess that
the numbers of detectable AGN presented in this work may be a
conservative estimate due to the selection effects biased against
heavily obscured and Compton-thick AGN in the X-ray regime.
It is plausible that Compton-thick AGN will add up to an addi-
tional ~10% to our Euclid detected AGN estimates at z < 2.

In Fotopoulou et al. (2016a) XLF parameters were estimated
using a sample of 1 115 X-ray selected AGN with 0.01 < z < 4.0
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and 41 < log,,(Lx/ergs™!) < 46. The sample was compiled
from a mixture of wide area, medium area, and pencil-beam X-
ray fields: The Monitor of All-sky X-ray Image extra-Galactic
survey (MAXI; Uedaetal. 2011), The XMM-Newton Hard
Bright Serendipitous Survey (HBSS; Della Ceca et al. 2004),
XMM-COSMOS (Cappelluti et al. 2009), XMM-Lockman Hole
(Brunner et al. 2008), XMM-Chandra Deep Field South (XMM-
CDFS; Ranallietal. 2013), Chandra-COSMOS (Elvis et al.
2009), AEGIS-X Deep (AEGIS-XD; Nandra et al. 2015), and
Chandra-Chandra Deep Field South (Xue et al. 2011). Using
Bayesian model selection a luminosity-dependent density evo-
lution (LDDE) model was shown to best describe the data. In
LDDE models the number density of AGN changes over cosmic
time with low-luminosity and high-luminosity AGN evolving on
different timescales. This evolution is implemented through the
luminosity dependence of the critical redshift, z.

The LDDE model presented in Fotopoulou et al. (2016a)
uses the formalism introduced by Uedaetal. (2003) and is
described by the following

d¢(L,z) _ de(L, z=0)
dlog,o L  dlog,o L

e(L, 2), 3)

where d¢(L, z)/dlog;, L represents the differential LF, d¢(L, z =
0)/dlog;, L describes the local (z ~ 0) LF and e(L, z) denotes
the LF evolution factor. The local XLF is well described by a
broken power-law distribution

dg(L,z=0) A
dlog,o L (LY 4 (L)*’
810 (Lo) + (Lo)
where A is the LF normalisation, L is the luminosity at which

the break occurs and y, v, are the slopes of the power-law above
and below L. The evolution factor has the form

(L+ 2" + (1 +2)"
1+z \ P! 1 -2’
(1) "+ (52)
where pj, p; are slopes of the evolution factor broken power law
and z. is the luminosity-dependent critical redshift, expressed by

“

elL, )=

&)

z; for
«0={ (&

where z{ is the high-luminosity critical redshift. The & exponent
and L, luminosity are parameters calculated in the fit of the XLF.
For the main simulation, we used the mode of the parameter pos-
teriors presented in Fotopoulou et al. (2016a) given in Table 1.
The impact of the parameter uncertainties as well as extrapola-
tion of the XLF is examined in Sect. 5.1.

Throughout this manuscript we primarily consider X-ray
luminosity and fluxes in the 2-10keV domain in ergs~' and
ergs~! cm™2, respectively. When used as input to the XLF we
convert to the 5-10keV domain by assuming an AGN X-ray
spectrum following a power-law distribution, F(E) oc E™" where
I" is the photon index. We take I' = 1.9, the midpoint of the range
of ' = 1.8-2.0 found for samples of radio-quiet AGN (e.g.
Nandra & Pounds 1994; Reeves & Turner 2000; Piconcelli et al.
2005; Page et al. 2005; Young et al. 2009).

We compare the XLF invoked in this work with a selection of
AGN LFs in Fig. 1. Over the full redshift range considered in this
work we compared to the well established log;,(Nu/ cm™?) <24
hard XLF of Ueda et al. (2014) and the bolometric quasar LF
of Shen et al. (2020). At z > 4 we regard the Harikane et al.

L>L,

L < La > (6)

for
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Table 1. Parameter values employed for the XLF of Fotopoulou et al.
(2016a).

Parameter Value
log,o(Lo/ergs™")  43.77
Y1 0.87
)2 5.89
)2 -2.30
z 2.12
log,o(Lo/ergs™)  44.51
a 0.24
log,o(A/Mpc™)  -5.97

Notes. These values denote the mode of the posterior draws sampled in
the Bayesian analysis of the LDDE XLF.

(2023) faint unobscured AGN LF derived using The James Webb
Space Telescope (JWST; Gardner et al. 2006) Near InfraRed
Spectrograph (NIRSpec) deep spectroscopy. In the high-redshift
(z z 6) regime we consider the z > 6 Sloan Digital
Sky Survey (SDSS; York et al. 2000) quasar LF of Jiang et al.
(2016), which was used to derive z > 7 AGN expecta-
tions for Euclid in Euclid Collaboration: Barnet et al. (2019),
the recent Schindler et al. (2023) z ~ 6 quasar LF derived
from Pan-STARRS1 (PS1; Baifiados et al. 2016, 2023) and Sub-
aru High-z Exploration of Low-Luminosity Quasars (SHELLQs;
Matsuoka et al. 2018) survey observations, as well as constraints
placed on the XLF at z > 6 by Wolfetal. (2021) using the
extended ROentgen Survey with an Imaging Telescope Array
(eROSITA; Merloni et al. 2012).

We converted the Shen et al. (2020) bolometric LF to the
2-10keV domain using the X-ray bolometric correction of
Duras et al. (2020), which is adopted throughout this work due to
its universal applicability to obscured and unobscured AGN over
7 dex in luminosity. The bolometric correction Kx = Lyo/Lx 1S
parameterised as

A @)
where (a, b, ¢)=(10.96, 11.93, 17.79).

To convert the high-redshift quasar UV LFs of Jiang et al.
(2016) and Schindler et al. (2019) to the 2-10keV domain
we followed the inverse of the method outlined in Ricci et al.
(2017). Briefly, we calculated the UV monochromatic luminos-
ity at 1450 A, Ly4s0, from the absolute magnitude at 1450 A,
M450, using

Kx(Lyo) = a [1 + (M) ]’

Ligso = 4nd” 1070410 f, ®)

where d = 10pc = 3.0857 x 10"”cm and fy = 3.65 x
1072 erg s~ em™ Hz ™! is the zero-point. Next, a UV power-law
SED L, oc v* (e.g. Giallongo et al. 2015) with @, = —0.44 for
1200A < 2 < 5000A (Natali etal. 1998; Vanden Berk et al.
2001) and @, = —1.57 for 228 A < 1 < 1200 A (Telfer et al.
2002) was adopted to obtain the monochromatic luminosity at

2500 A, L>s00. This was converted into a monochromatic lumi-
nosity at 2keV, L, .v, through the equation

logm Lrev = (0.952 = 0033)10g10 L>so0 — (2138 +0.975), (9)

derived in Lusso et al. (2010). Both monochromatic luminosities
are in ergs~' cm™2 Hz™!. Finally, an assumed X-ray power law
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Fig. 1. Comparison of different AGN LFs homogenised to the 2-10keV X-ray band. Corresponding absolute UV magnitudes at 1450 A, Myso,
are displayed on the upper axes. In each panel the LFs are realised for the central redshift value. The hard X-ray LF of Fotopoulou et al. (2016a)
employed in this work is shown in black. The grey shaded regions depict the 1o~ uncertainty. For reference, we plot the Fotopoulou et al. (2016a)
XLF evaluated at z = 0.1 as orange dotted lines in each panel. The hard XLF of Ueda et al. (2014) is shown in green, with the green shaded regions
corresponding to the 1o uncertainty generated with sampling from the published parameter uncertainties. The magenta lines portray the bolometric
quasar LF of Shen et al. (2020), converted to the X-ray domain. The light blue lines portray the Harikane et al. (2023) z > 4 faint unobscured AGN
LF derived with JWST/NIRSpec deep spectroscopy. In the final panel the Jiang et al. (2016) z > 6 SDSS quasar LF is represented by the blue
curve. The solid orange curve gives the Schindler et al. (2023) z ~ 6 quasar LF derived from Pan-STARRS1 and SHELLQs observations. The red
uncertainty interval represents eROSITA high-redshift constraints on the XLF (Wolf et al. 2021). In all cases dashed curves and hatched uncertainty

intervals indicate extrapolation.

with photon index I' = 1.9 was used to acquire the integrated
2-10keV X-ray luminosity.

Across the redshift range probed here, the Fotopoulou et al.
(2016a) and Uedaetal. (2014) XLFs are consistent within
lo- uncertainties. Both of these XLFs are also consistent
within 1o with the recent z < 4 XLF determination of
Pecaetal. (2023). At z > 4, where constraining observa-
tional data are sparse and we must extrapolate the XLFs, there
is some tension on the normalisation. The Ueda et al. (2014)
and Shen et al. (2020) parametrisations show a steeper decline
in space density at log,y(La-1jokev/ergs!) > 44 compared
to that of Fotopoulou et al. (2016a). The UV/optically derived
quasar LFs of Jiangetal. (2016) and Schindler et al. (2023)
agree with this decline. The recent X-ray derived result of
Wolf et al. (2021) however, advocates for a higher space den-

sity of log,o(La-10kev/eIg s™!) ~ 46 AGN at z > 6, demonstrat-
ing consistency with our extrapolation of the Fotopoulou et al.
(2016a) XLF. Through similar means, Barlow-Hall et al. (2023)
also derived constraints on the high-redshift XLF that are
consistent with Wolf et al. (2021). Our extrapolation of the
Fotopoulou et al. (2016a) XLF is therefore in agreement with the
most recent XLF constraints across the entire redshift range con-
sidered in this work.

We verified that the space density of our simulated Euclid-
detectable unobscured AGN are consistent with empirical
UV/optical quasar samples at | < z < 6. Inthe 6 < 7z < 7
regime there is a space-density excess of up to an order of mag-
nitude in our simulated sample at —26 < Mi450 < —23. Recent
results from observations with JWST point towards a steeper
than expected AGN LF at low luminosities (M4s0 > —22)
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Fig. 2. Sketch outlining the method adopted in this work to attain obser-
vational expectations for AGN in the Euclid surveys.

in the z > 3 regime (e.g. Harikane et al. 2023; Kocevski et al.
2023; Maiolino et al. 2024), with some results suggesting that
the space density of AGN is up to an order of magnitude greater
than extrapolations of quasar UV LFs (Matthee et al. 2024).
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Additionally, there are hints that the UV/optical AGN LF gives
an underestimated space density at z ~ 4 due to the incomplete-
ness of canonically used colour selections (e.g. Boutsia et al.
2018). We also observe an excess of Euclid-detectable unob-
scured AGN in our simulation compared to empirical UV /optical
quasars across all probed luminosities at z < 1. It is known that
XLFs give a higher space density of AGN at low redshifts com-
pared to UV/optical quasar LFs (compare to e.g. Kulkarni et al.
2019). As explored in Ricci et al. (2017), much of this excess is
due to the obscured AGN incorporated in the XLF. Some of these
AGN, particularly those with high-luminosities, were assigned
as unobscured by the Merloni et al. (2014) probabilistic model
in our SED assignment prescription (Sect. 3.3), driving this com-
parative excess.

3. Method

We now describe the main methodology, going from input XLF
to output AGN photometry. We explain the adopted Euclid sur-
vey parameters and modelling in Sect. 3.1. In Sect. 3.2 we
explain the calculation to generate the volume-limited samples
of AGN. The SED assignment model is presented in Sect. 3.3.
Finally, Sect. 3.4 describes how we derive the final photomet-
ric measurements and assess Euclid detectability of each AGN
in our sample. We present a flowchart outlining the adopted
methodology in Fig. 2.

3.1. Euclid surveys

The Euclid space telescope possesses two photometric instru-
ments: the Visible Imager (VIS, Euclid Collaboration: Cropper
et al. 2025) and the Near Infrared Spectrograph and Photome-
ter (NISP, Euclid Collaboration: Jahnke et al. 2025). The VIS
instrument carries a single broadband optical filter, Ig (5300—
9200 A) which covers the wavelength range of the traditional
riz bands. NISP possesses three near-infrared (NIR) photometric
filters (Euclid Collaboration: Schirmer et al. 2022): Yg (9500—
12120 A), Jg (11 680-15670 A), and Hg (15220-20210 A).

Over its six year nominal lifetime, Euclid will perform two
core surveys. The EWS is a program observing ~14 500 deg?
of the extra-Galactic sky with Euclid’s four photometric filters
(Euclid Collaboration: Scaramella et al. 2022). The EDS will
provide observations two magnitudes deeper than the EWS for
several distinct fields totalling 50 deg?. The EDS not only helps
with calibrations of the EWS data but also extends the scientific
scope of Euclid to fainter galaxies and AGN. Throughout this
work we adopt the expected EWS photometric depths presented
in Euclid Collaboration: Scaramella et al. (2022) for a 5o point
source detection, summarised in Table 2.

The high Galactic latitude of the extragalactic observations
made with Euclid means that there will be minimal Galactic
extinction, with only 7-8% of the Euclid sky exceeding a Galac-
tic E(B — V) of 0.1 (Galametz et al. 2017). Due to this and the
assumption that observed magnitudes will be corrected accord-
ingly, there is no need to account for the effects of Galactic
extinction on observed magnitudes throughout this work.

The EWS and EDS areas' of 14500 deg2 (4.42sr) and
50 deg? (0.015 s, Euclid Collaboration: Scaramella et al. 2022)
were adopted as the available area applied to every source
within our 2-10keV flux limits for our sample generation

' In X-ray studies a full flux-area curve governed by the detector char-
acteristics would be considered. Here, we assume homogeneous sensi-
tivity across the full Euclid survey coverage for simplicity.
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Table 2. Euclid photometric filters.

Band A (A) EWS Limiting Mag  EDS Limiting Mag
Ir 7200 26.2 28.2
Yg 10810 24.3 26.3
Je 13670 24.5 26.5
Hg 17710 24.4 26.4

Notes. Corresponding effective wavelengths (l.g) are given in
angstrom. Observational depths (5o~ point source) for the EWS and EDS
are based on values reported in Euclid Collaboration: Scaramella et al.
(2022).

calculation. We imposed an upper flux limit of Fy_igkev, upper =
10" ergs™' cm™2 to prevent sources with un-physically large
incident fluxes being recovered by the XLF integration for our
volume-limited sample. The upper flux limit is the observed
flux of the brightest source in the ROtogen SATellite (ROSAT;
Truemper 1982) All Sky Catalog (RASS; Boller et al. 2016).

We also applied a lower flux limit of Fao_jokev.iower =
107 ergs™'ecm™2. This value was empirically determined
to probe beyond FEuclid’s optical magnitude limits with
an appropriate margin. The lower flux limit was deter-
mined as the incident flux when the Shen et al. (2020) mean
quasar SED was scaled to the minimum X-ray luminosity
(logo[La-10kev/erg s™'] = 41.8) and maximum redshift (z = 7)
probed in this work. Determining an area minimum flux limit
ensures the completeness of our simulated AGN samples at the
lowest fluxes, close to the Euclid detectability threshold, whilst
saving on computation by not simulating a large amount of
sources that cannot be detected with Euclid.

3.2. AGN sample generation

We integrated the XLF to create a volume-limited sample of
statistically expected X-ray AGN present in the EWS and EDS
footprints. We performed this calculation following Eq. (2) with
the EWS and EDS areas described in Sect. 3.1. In each instance
we integrated the XLF over 0.01 < z < 7 with a constant redshift
interval of 6z = 0.01.

We defined the X-ray luminosity integration range to
correspond to a bolometric luminosity interval of 43 <
log,o(Lvot/ergs™) < 50, corresponding to the approximate
range for which observed AGN are present in the bolomet-
ric LF data of Shen et al. (2020). We calculated the analogous
2-10keV luminosity range by adopting the 2-10keV AGN
bolometric correction of Duras et al. (2020). This hard X-
ray bolometric correction is a universal bolometric correction
equally applicable to X-ray selected obscured and unobscured
AGN population over the range 41 < log,,(Lvoi/ergs™") < 48,
the greatest range in luminosity available for such a relation. We
therefore integrate our XLF in the 2-10keV luminosity range
41.8 < logg(La-10kev/erg s71) < 46.3, with a constant interval
of 6log;y Lo—10kev = 0.1. Adopting the conversion introduced
in Sect. 2 using Eq. (8) and (9), this L,_jokev integration range
corresponds to the M 4509 range —29.0 < My450 < —17.2.

The result of our integration is a set of distinct
(6logy La-10kev, 602) bins with the expected number of AGN,
(N), within the corresponding X-ray luminosity and redshift
range. We neglected all integration bins where (N) < 1 as it does
not make sense to treat parameter ranges where we statistically
expect fewer than one AGN. These cases arise due to the statisti-

cal nature of the operation. For our final volume-limited sample,
we re-sampled our integration bins with (N) > 1. Accordingly,
bin i corresponding to an X-ray luminosity, redshift interval of
(0log;o La-10kev, i» 02i) and expectation value (N) = N; first has
N; rounded to an integer and is then re-sampled to become N;
AGN in our data set. Each separate AGN is assigned an X-ray
luminosity and redshift value sampled uniformly from the parent
integration bin parameter range (6 log;y Lo—10kev, i» 0Zi).

3.3. SED allocation model

AGN have variations in spectral shape which can correlate with
the luminosity and redshift. The shape of the SED is a result of
the interplay between the black hole accretion rate (BHAR) of
the AGN and the star-formation rate (SFR) of the host galaxy.
In cases with high obscuration of the AGN, low BHAR or high
SFR, observed AGN SEDs can have significant contributions
from its host galaxy which results in composite sources.
Aiming to encapsulate the diversity of observed AGN SEDs
and their variations, a number of characteristic SEDs are adopted
in this work. We incorporate probabilistic spectral variations
(e.g. dust extinction, optical to X-ray slope) sampled from empir-
ical distributions to recreate the heterogeneity of observed AGN
fluxes and colours. Our model ensures that AGN in our sam-
ple with similar luminosities and redshifts have realistic multi-
wavelength variation in their SEDs, creating a range of photo-
metric detectability when normalised at the same wavelength.

3.3.1. AGN optical class assignment

As our XLF incorporates unobscured and obscured AGN in an
unbiased fashion up to Ny ~ 10>} cm™2, we introduced a proba-
bilistic model to assign a particular AGN as either unobscured or
obscured, optically. For this purpose, we leveraged the optically
obscured AGN fraction evolution of Merloni et al. (2014).

In Merloni et al. (2014), the optically obscured AGN frac-
tion (fopsc) a@s a function of redshift and L,_joxev Was derived
from a sample of 1310 X-ray selected AGN from the XMM-
COSMOS field in the redshift range 0.3 < z < 3.5. Within their
sample AGN were classified as optically unobscured or obscured
based on their optical/NIR properties. AGN were considered
unobscured if there were broad emission lines (FWHM >
2000kms™!) in their optical spectra and obscured otherwise. If
no optical spectra were available for a given AGN they were
instead classified via the best-fit template class obtained by
SED fitting. The optically obscured fraction evolution is param-
eterised as

Jobse = B(1 + Z)(s, (10)

where B and ¢ are luminosity-dependent parameters. The 2—
10keV luminosities and redshift values in our work exceed
the ranges considered in Merloni et al. (2014), we therefore
extrapolated their function to higher and lower luminosities
and to higher redshift. This results in low X-ray luminosi-
ties giving obscured AGN fractions greater than unity at z >
3. We therefore truncate the maximum obscured fraction at
100%. This modification implies that objects with z > 3 and
log,o(La-1okev/e1g s71) < 43.5 are assured to be assigned as
obscured AGN. The resulting implementation of the model
obeys

fobse = min[B(1 +2)°, 1]. (11)

The luminosity dependent values of the parameters B and ¢ are
presented in Table 3. The redshift evolution of the optically
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Table 3. Luminosity-dependent parameter values used in this work for
the Merloni et al. (2014) optically obscured AGN fraction (Eq. (10)).

log g(Lo-1okev/ergs™) B 0

<435 0.71 0.26

43.5-44.3 046 0.17

>44.3 0.05 1.27
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Fig. 3. Evolution of the Merloni et al. (2014) optically obscured AGN
fraction as a function of redshift for different L,_jgx.v values. The
data points with error bars show the empirical data reproduced from
Merloni et al. (2014), which was used to derive their model. The dashed
lines depict extrapolation of the model.

obscured fraction of AGN for three L, oy Vvalues, spanning
the range considered in this work are depicted in Fig. 3.

In practise for each simulated AGN we calculated fyps cor-
responding to its (Ly—jokev, 2) co-ordinate and used this as the
probability that the AGN is optically obscured. We drew a ran-
dom number from a uniform distribution between 0 and 1. If the
number was below the corresponding obscured AGN fraction the
AGN was assigned as obscured and vice versa for unobscured.
This is a binary choice between AGN optical types which in real-
ity is a continuum of different obscuration fractions. The binary
optical AGN classification is for simplicity. Empirically sampled
E(B - V) for intrinsic reddening of our AGN SEDs is introduced
in Sect. 3.3.4.

3.3.2. Unobscured AGN

To model unobscured AGN we adopted the broad-band mean
quasar SED assembled in Shen et al. (2020) that spans from
ultra-hard X-rays to far-infrared (FIR). This SED represents
the average continuum emission of unobscured AGN neglecting
emission line contributions. The SED was utilised in Shen et al.
(2020) for their bolometric AGN LF derivation, calculating bolo-
metric corrections and reconciling unobscured AGN emission
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Fig. 4. Broad-band mean quasar SED introduced in Shen et al. (2020)
which we assign to unobscured AGN in this work, normalised at 1 pm.
This SED is a combination of multiple templates from the literature: IR
template of Richards et al. (2006b, red), optical/UV SED template of
Krawczyk et al. (2013, blue), EUV power-law model based on the spec-
tral index of Lusso et al. (2015, orange), which is directly connected
(magenta) to the X-ray template of Hopkins et al. (2007, green). The
template in this figure is a rest-frame realization of the SED with no
IGM absorption, generated with the mean @, of Lusso et al. (2010),
(@ox) = —1.37. The blue shaded region indicates the range in possible
realisations of the optical portion of the SED considering @, values
with the reported dispersion of 0.18.

between different wavebands. The full SED model, across all
wavelengths is shown in Fig. 4.

In the optical/UV, the SED template of Krawczyk et al.
(2013) was adopted. This mean template was derived from
96 716 luminous broad-lined quasars that do not show signs of
dust reddening, covering the wavelength range 912 A-30 um.
The incorporated quasars are at 0.064 < z < 5.46. In the IR
regime, the Krawczyk et al. (2013) SED template is extended
to 100 um using the Richards et al. (2006b) SED. This IR SED
includes dust emission, removing the need for an additional
dust emission model. On the short wavelength side, the opti-
cal/UV SED is extended into the extreme UV (EUV; 1 < 912 A)
using a power-law model, f, o« v®, with spectral index @, =
—1.70 (Lusso et al. 2015). This model extends from 600 A to
912 A, where the flux is directly connected to an X-ray SED
template. The X-ray SED adopted in this work is that used
in Hopkins et al. (2007). Extending shortwards of 0.5 keV, this
template follows a power law with intrinsic photon index I = 1.8
and an exponential cut-off at 500keV. Following Ueda et al.
(2003), a reflection component is included with a reflection solid
angle of 27, inclination cos i = 0.5 and Solar abundances.

To scale the X-ray and optical portions of the SED, an
optical-to-X-ray luminosity relation must be utilised. The lit-
erature reports a non-linear correlation between the X-ray and
optical luminosities for unobscured AGN (Steffen et al. 2006;
Just et al. 2007; Lusso et al. 2010). In particular this relates the
luminosities at 2 keV and 2500 A with the expression
log,o L,(2keV) = Blog,, L, (2500 A+, (12)
where L, is the luminosity density in units of erg s~ Hz™!. This
relation can be parameterised by the optical-to-X-ray spectral
index, @, defined as

(13)

L,2keV
aox=0.384log10( v(2ke )).

L,(2500 A)
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Lussoetal. (2010) reported a mean ao value (@) =
—1.37 £ 0.01 with a dispersion of 0.18, for a sample of 545
X-ray selected unobscured AGN from the XMM-COSMOS
survey observed at 0.04 < z < 425 with 40.6 <
log,o(La-10kev /€18 s7!) < 45.3. The sample used in Lusso et al.
(2010) has similar properties to the AGN expected to be probed
in this work. Therefore, for each simulated unobscured AGN we
drew a value of a,y from a normal distribution centered on 1.37
with a standard deviation of 0.18. A single a,x value sampled
with empirical scatter can be adopted in this case because no
significant correlation is observed between @.x and redshift or
Ly 1oxev for X-ray selected samples (Lusso et al. 2010). Draw-
ing aox values from an empirically derived distribution perturbs
the normalisation of the optical-IR portion of the SED with
respect to the X-ray luminosity, allowing us to introduce nat-
ural variations in AGN flux within this single SED model for
unobscured AGN.

3.3.3. Obscured AGN

X-ray selected obscured AGN display a considerable range of
spectral shapes. Hard X-rays allow AGN to be selected even with
a substantial portion of their optical AGN emission obscured by
dust. Spectral shapes therefore range from Seyfert 2-like SEDs
with high AGN contribution to that of quiescent and star-forming
galaxies (SFG) when host-galaxy contamination is high.

To assign appropriate obscured AGN SEDs depending on
both X-ray luminosity and redshift we leveraged the SED fit-
ting results of Fotopoulou et al. (2016b). SED fitting was per-
formed with UV-mid-infrared (MIR) photometry of the 1000
brightest X-ray sources in the XXL survey (Pierre et al. 2016),
which includes 972 unobscured and obscured AGN in the red-
shift range 0.01 < z < 4. This XXL survey sample covers
an area of 50deg? with a medium X-ray flux limit of 4.8 x
10" ergs™ em™ in the 2-10keV band, providing a middle
ground between deep and all-sky surveys. Properties reported
for AGN in this field should thus provide a realistic represen-
tation of those expected to be encountered with Euclid. The
extensive multiwavelength followup programme in the XXL
fields has provided a means to connect X-ray AGN emission
with empirical broad-band SEDs in a self-consistent manner.
The SED templates used in the fitting are drawn from those
used in the Ilbert et al. (2009) SED fitting analysis of Cosmic
Evolution Survey (COSMOS; Scoville et al. 2007) sources and
Salvato et al. (2009) SED fitting of XMM-COSMOS sources,
therefore ensuring compatibility in colour distributions and AGN
populations with the AGN used to derive the Merloni et al.
(2014) optically obscured AGN fraction (Sect. 3.3.1), which
incorporates data from the XMM-COSMOS survey. The tem-
plates in Fotopoulou et al. (2016b) are categorised into QSO,
AGN, Starburst (SB), SFG, and Passive categories. The sources
were assigned in each category prior to the SED fitting, using a
Random Forest classifier as described in Fotopoulou & Paltani
(2018). The SED templates used in this work have therefore
been demonstrated to well approximate the empirical colour-
distributions of X-ray selected AGN. In all cases, rather than the
assignment of a particular SED meaning that the AGN has solely
the properties of its assigned class, it means the observed pho-
tometry of the AGN is best described by the allocated template.

For the purposes of assigning obscured AGN spectra we
dropped all sources which have a best-fit template in the QSO
category, leaving a sample of 652 AGN. Within the SED cat-
egory denominated ‘AGN’ in Fotopoulou et al. (2016b) there
are three characteristic SED shapes; Seyfert 2-like, QSO2-like,
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Fig. 5. Representative SEDs utilised for each obscured AGN SED class
(‘PASS’: pink, ‘SFG’: brown, ‘SB’: purple, ‘QSO2’: orange, ‘SEY2’:
green, ‘SB-AGN’: red) in this work. Based on the SED shapes in
Fotopoulou et al. (2016b). Grey dotted lines highlight the rest-frame
wavelength of the [O 1IT]A5007 A and Ha emission lines. Templates are
assigned based on the relative probability of each template class in high-
and low-luminosity groups at a given redshift.

and SB-AGN composite-like. We therefore split the AGN cate-
gory into three further classes based on the characteristic shapes,
resulting in six SED classes considered for obscured AGN in
this work: (1) PASS, (2) SFG, (3) SB, (4) QSO2, (5) SEY2, and
(6) SB-AGN. These six obscured AGN classes provide a range
of different AGN-galaxy contributions and stellar populations as
observed for X-ray AGN. We selected a singular SED from the
set of SEDs belonging to each defined class which was used to
represent its class throughout this work. The selected represen-
tative SED for each class is presented in Fig. 5.

All the obscured AGN SEDs adopted here are empirical and
therefore include nebular emission lines. We note the presence of
particularly prominent emission lines in the SED templates for
our AGN-dominated classes (QSO2, SEY2, and SB-AGN). All
three of these representative SEDs include the Ha emission line.
The QSO2 template additionally features the Hg line. The SEY2
template includes [O 11145007 Aand the template for SB-AGN
incorporates a range of prominent emission lines from Ly « at
1216 A to [S1I]19533 A.

To include an X-ray luminosity dependence in our obscured
AGN SED assignment we split the XXL obscured sources
in each of our six SED classes into high and low X-
ray luminosity groups, creating 12 SED groups in total.
We defined high X-ray luminosity sources as those with
log,o(La-10kev /€18 s71) > 44 and low X-ray luminosity sources
as those with log;o(Lz-10kev/erg s7h) < 44. We fit log-normal
probability distributions to the redshift-space distribution of
our 12 SED groups. The resulting normalised probability dis-
tributions for each class were then extrapolated to z = 7.
The normalised and extrapolated redshift-space probability dis-
tributions are presented in Appendix A. For a given source
with a (log;y Ly-10kev, 2) co-ordinate we used our log-normal
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distribution fits in the appropriate X-ray luminosity group to find
the probability of the source occurring in each SED class at its
given redshift. These six probabilities were scaled to provide a
summed total probability of unity. We used these scaled proba-
bilities to draw an SED class for each obscured AGN.

The adopted methodology provides a template appropriate
for the X-ray luminosity and redshift of the obscured AGN.
SED templates are more probable if they were assigned more
frequently in the XXL SED fitting analysis at a given redshift,
therefore reflecting the available empirical data. In both the high-
and low-luminosity groups the AGN-dominated SED classes
(QS0O2, SEY2, and SB-AGN) are most probable at z > 1.5. The
SB SED class has a similar probability as the AGN-dominated
classes in the high-luminosity group in this redshift regime. For
both luminosity groups at z < 1.5 there are no dominantly prob-
able SED classes but a balanced chance of any of the classes
being assigned to an AGN.

None of the SED templates assigned to obscured AGN in
this work extend to X-ray wavelengths. We therefore adopted
bolometric corrections to appropriately scale the SEDs con-
sidering their respective L_joiev values. We first transformed
from 2-10keV luminosity to the bolometric domain with the
bolometric correction of Duras et al. (2020). Following this,
we leveraged the zero-intercept 2 um bolometric correction of
Runnoe et al. (2012) to transform from a bolometric luminosity
to the AL,(2 um) luminosity, which we used to scale our SEDs.
We opted to scale our SEDs at 2 um in the rest-frame as the cor-
responding portion of the SED is free from major effects of dust
reddening, non-continuum emission features and polycyclic aro-
matic hydrocarbon (PAH) emission. Furthermore, because our
obscured AGN SEDs are derived from X-ray observations, three
of our classes (PASS, SFG, SB) do not contain significant AGN
contributions to their optical-MIR AGN emission (Fig. 5). Due
to this, scaling these SEDs at wavelengths longer than ~2 pum
results in erroneous photometry.

The Runnoe etal. (2012) 2 um bolometric correction was
originally derived from a sample of UV-bright unobscured AGN,
which is not the context in which we are applying it here. We
argue however that at rest-frame NIR wavelengths the average
SEDs of obscured and unobscured AGN are remarkably similar
(e.g. Alonso-Herrero et al. 2006; Polletta et al. 2007, see Fig. 3
in Hickox et al. 2017). In this regime there is a minimum in AGN
emission where the accretion disc power-law continuum emission
in unobscured AGN falls off and the black body emission of the
torus begins, which is ubiquitous to all AGN. NIR bolometric cor-
rections for unobscured or obscured AGN are seldom investigated
in the literature, largely due to complications in deconvolving the
AGN and host-galaxy contribution to spectra at these wavelengths
(Elvis et al. 1994; Richards et al. 2006b; Runnoe et al. 2012). Due
to the compatibility of obscured and unobscured AGN spectra
at 2 um and the sparsity of alternative options we elected to use
the Runnoe et al. (2012) 2 um bolometric correction in this work
whilst accepting that it is a limitation of our method.

We apply both the X-ray and 2 um bolometric corrections
for the bulk of this work employing the nominal parameter val-
ues reported in their respective works (i.e. neglecting parameter
uncertainty). We adopted this procedure so that we can fully con-
strain the impact of the bolometric correction dispersion on our
resulting AGN number estimates (see Sect. 5.1).

3.3.4. Intrinsic and IGM extinction

Extinction is the combination of the absorption and scattering of
photons by intervening dust and gas along the line of sight. We
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treat two different sources of extinction in AGN SEDs; intrinsic
extinction and intergalactic medium (IGM) extinction. Intrinsic
extinction is caused by dust and gas originating at the redshift
of the source, often in the host-galaxy. This form of extinction,
often referred to as reddening, is most severe in the UV/optical
but acts on wavelengths up to the IR regime, causing variations
in observed SEDs and therefore observed colours. IGM extinc-
tion considers the absorption and scattering of photons by inter-
vening gas and dust in the line of sight to astrophysical sources at
cosmological distances. Specifically, photons with wavelengths
shorter than the rest-frame Ly « transition (1216 A) are attenu-
ated by intergalactic HT.

To apply intrinsic reddening with realistic E(B — V) val-
ues for AGN SEDs, we again leveraged the results of the XXL
SED fitting analysis of Fotopoulou et al. (2016b). Their analy-
sis was conducted on 972 X-ray selected AGN in the XXL sur-
vey. Intrinsic X-ray properties of the AGN were derived directly
from their X-ray spectra, while optical and longer wavelength
properties related to the AGN host-galaxies were ascertained via
broad-band SED fitting of the multiwavelength photometry of
each source. Relevant to this section, the SED fitting allowed the
best-fit SED template for each AGN to be determined along with
estimations of the intrinsic E(B — V).

We divided the SED fitting results into two classes; (1) XXL-
QSO0 and (2) XXL-AGN, defined as all sources with a best-fitting
SED template belonging to the QSO class or not, respectively.
We constructed E(B — V) probability distributions for the XXL-
QSO0 and XXL-AGN classes based on source frequency at each
discrete E(B — V) value used in the analysis of Fotopoulou et al.
(2016b). The discrete colour excess values lie in the range 0.0 <
E(B - V) < 0.5 in steps of 0.05. The results of 1000 draws of
each XXL AGN E(B — V) distribution created for this work is
depicted in Fig. 6. For reference, we also plot 1000 draws of
the distribution of all XXL sources analysed in Fotopoulou et al.
(2016b) and 1000 draws of the E(B — V) distribution derived
from SDSS quasars (Hopkins et al. 2004).

Our distributions show the XXL-QSO class have generally
lower E(B — V) values than the XXL-AGN class. XXL-AGN
sources account for the higher colour excess values observed in
the all-sources distribution. This is expected as QSOs are by def-
inition less obscured than AGN due to the requirement of a clear
viewing angle towards the central engine to observe a QSO-like
spectrum. Comparing the SDSS quasar E(B — V) distribution to
that of the XXL-QSO class, it is clear that X-ray selected AGN
probe higher E(B — V) values than their optically selected coun-
terparts. This is mainly due to optical selection effects. It is there-
fore beneficial to adopt an XXL-based E(B — V) distribution for
our analysis as it provides a less biased distribution of E(B — V)
values.

We found no significant trend between E(B — V) values
and L,_jgkev, redshift or SED fitting template class in the XXL
data. Therefore, in our analysis we used our XXL-QSO distri-
bution to sample E(B — V) values for dust extinction in unob-
scured AGN SEDs and the XXL-AGN distribution for obscured
AGN SEDs. Intrinsic extinction was applied to our SED mod-
els assuming a Small Magellanic Cloud (SMC) extinction law
(Prevot et al. 1984). The SMC extinction law has been demon-
strated to be appropriate for use with AGN (e.g. Hopkins et al.
2004; Salvato et al. 2009) for all but the most extremely red-
dened objects (Zafar et al. 2015).

We applied IGM extinction to all our SEDs following
the redshift-dependent prescription presented in Madau (1995).
Although updated versions IGM extinction models are avail-
able (e.g. Meiksin 2006; Inoue et al. 2014; Thomas et al. 2017)
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Fig. 6. Comparison of 1000 draws from the unobscured and obscured
AGN E(B - V) distributions used in this work. The distributions
are based on the XXL AGN E(B — V) distribution derived in
Fotopoulou et al. (2016b, grey shaded). The XXL-QSO distribution
(blue) is the distribution found for XXIL. AGN assigned the QSO class
template and is used for unobscured AGN in this work. The XXL-AGN
distribution (red) is constructed for all XXL sources not assigned the
QSO class and is used for obscured AGN in this work. For compari-
son, we also include the E(B — V) distribution found for SDSS quasars
(green, Hopkins et al. 2004).

we assert that the adopted method is sufficient for the analy-
ses described in this study. Only the Euclid Iy band is affected
by IGM extinction at the highest redshifts probed in this work
(z 2 6.5), with the largest effect being for ancillary bands con-
sidered from Rubin/LSST. We are not assessing photometric
dropouts and therefore it is beyond the scope of this work to
include a more detailed IGM extinction model.

3.4. Assessing AGN detectability

We assigned every source in our EWS and EDS AGN samples an
appropriate broad-band SED according to the models described
in Sect. 3.3. We scaled and transformed each SED to retrieve
an incident flux SED in line with the appointed luminosity and
redshift co-ordinate of the AGN. The detectability of each AGN
was assessed by performing a synthetic photometric observation
of its assigned SED using Euclid’s filter transmission curves. To
perform this mock observation we used the sedpy Python pack-
age (Johnson 2019). We additionally observed each SED with a
selection of ancillary bands from other facilities, which we out-
line in Appendix B.

When considering Euclid photometric bands, we per-
turbed the resulting fluxes based on the associated uncer-
tainty for each Euclid filter following the prescription of
Euclid Collaboration: Bisigello et al. (2024). In this formulation
fluxes are perturbed considering a normal distribution where the
standard deviation is equal to the expected photometric uncer-
tainty for each AGN. The photometric uncertainty in each Euclid
filter is described by the sum in quadrature of the photon noise
(Ornoise) and the background flux density error (o). The photon

noise is defined as

Sso 1

14
5 (14)

O noise =

where fs, is the 5o survey depth in each filter (Table 2), r is the
projected radius of each source, and r.¢ is the median effective
radius of a source with flux densities equal to f5,. As we do not
assign our AGN a physical size or physical properties (e.g. stel-
lar mass) that can be used to derive a physical size we assumed
that r = rr = 0723. This corresponds to the radius of the pho-
tometric aperture used to measure the flux of a point source,
1.25 times the FWHM of the Euclid point spread function (PSF;
Euclid Collaboration: Scaramella et al. 2022). This assumption
neglects the dependence of 0ise On source radius. Our mod-
elling therefore results in an underestimation of the photometric
uncertainty for low-redshift extended objects and an overestima-
tion for high-redshift truly point-like objects. The background
flux error component is derived as

o = e |
g — Unoise f Pl
sky U1

where f is the flux of the object and fy, represents the ref-
erence sky surface background corresponding to 22.33, 22.10,
22.11, and 22.28 mag arcsec™2 for I, Yg, Jg, and Hg, respec-
tively. Resultant observed magnitudes generated with perturbed
fluxes were used to determine if each AGN will be detectable
with Euclid. The photometry prescription used here assumes that
all flux is captured by photometric measurements. Our derived
AGN colours are validated in Appendix C.

We stress that an AGN deemed to be detectable with Euclid
photometry in this work does not necessarily mean it will be
identified as an AGN. Rather, it is expected to be detected above
50 in the photometric filters of the corresponding Euclid survey.
We consider the selection of Euclid detectable AGN via photom-
etry in Sect. 5.2.

15)

4. Results

Our main results for the number and surface densities of AGN
with >50 Euclid photometric detections in the EWS are pre-
sented in Table 4 and for the EDS in Table 5. We report our
forecast for each of Euclid’s four photometric filters individu-
ally, for AGN detectable in at least one filter, and simultaneously
in all filters. We present more details in Appendix D, giving full
breakdowns of the fields presented here for the total AGN sam-
ple as well as splits into unobscured and obscured AGN.

Of the AGN detectable in at least one Euclid filter in the
EWS, 3.9%x 107 (98%) lie in the redshift range 0.01 < z <
4, where our XLF is well constrained by observations, and
1.4%x10° (2%) at 4 < z < 7. In the EDS, 2.3 x 10° detectable
AGN (96%) are in the redshift range 0.01 < z < 4, while
8.7%x 10° (4%) are in the range 4 < z < 7. In the case of
both Euclid surveys the vast majority of the detectable AGN are
derived from the well constrained region of the input XLF. Over
the full redshift range 0.01 < z < 7, we find Euclid-detectable
AGN in the EWS comprise 31% unobscured sources and 69%
obscured. In the EDS we find 21% of Euclid-detectable AGN
will be unobscured with 79% obscured.

We present the distribution of our predicted AGN numbers
in redshift bins for the EWS and EDS in Figs. 7a and 7b,
respectively. Both distributions show a space-density peak of
detectable AGN at z ~ 1. This is consistent with the redshift
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Table 4. Expected number of AGN detectable with Euclid photometry in the EWS.

Band Detectable AGN  Surface Density (deg™>) Unobscured AGN  Obscured AGN 001 <z<4 4<z<7
Ig 3.1x107 22x10° 1.2 x 107 1.9 x 107 3.0 x 107 1.1 x 10°
Y 2.2x 107 1.5% 103 8.7 x 10° 1.3 x 107 2.1 x 107 8.4 x 10
Je 3.0x 107 2.1x10° 9.7 x 10° 2.0 x 107 2.9 x 107 1.0 x 10°
Hg 3.5%x 107 24x10° 9.9 x 10° 2.5x 107 3.4 %107 1.1 x 10°
(Ig | Yg | Jg | Hg) 4.0x 107 2.8x10° 1.2 x 107 2.8 x 107 3.9 %107 1.4 x 10°
(Ig A Yg A Jg A Hi) 2.1x107 1.4x%10° 8.4 x 10° 1.2x 107 2.0 x 107 7.2 %10

Notes. Numbers are reported on a per-filter basis as well as the number of AGN detectable in at least one Euclid filter, (Ig | Ye | Jg | Hg), and
the number of AGN detectable in all Euclid filters, (Ig A Yg A Jg A Hg). Corresponding surface densities of Euclid detectable AGN are presented
as well as splits by obscured/unobscured classification and redshift range. Detailed breakdowns of this information by optical classification is

provided in Appendix D.

Table 5. Expected number of AGN detectable with Euclid photometry in the EDS.

Band Detectable AGN  Surface Density (deg™>) Unobscured AGN  Obscured AGN 001 <z<4 4<z<7
It 1.9 10° 3.8x10° 4.9 % 10* 1.4 % 10° 1.8x10°  6.8x10°
Ye 1.6x10° 3.2x10° 4.4 % 10* 1.2x10° 1.5x10° 53x10°
Je 2.0x10° 4.0x 103 4.5 x 10* 1.5 x 10° 19x10° 63 x103
Hg 23x%x10° 4.5%10° 4.5 % 10* 1.8 x 10° 21x10° 7.6x10°
(Ig | Y& | Jg | HE) 24x10° 4.7x10 4.9 % 10* 1.9 x 10° 23x10° 87x10°
(Ig A Yg A Jg A Hg) 1.6x10° 3.1x10° 43 x10* 1.1 x10° 1.5x10°  4.8x10°

Notes. Numbers are reported on a per-filter basis as well as the number of AGN detectable in at least one Euclid filter, (Ig | Yg | Jg | Hg), and
the number of AGN detectable in all Euclid filters, (Ig A Yg A Jg A Hg). Corresponding surface densities of Euclid detectable AGN are presented
as well as splits by obscured/unobscured classification and redshift range. Detailed breakdowns of this information by optical classification is

provided in Appendix D.

at which the number density of moderate luminosity X-ray AGN
peaks, as described by our XLF (Fotopoulou et al. 2016a). From
Fig. 7a we see that for z < 5.5 filters Ig (blue), Jg (green) and
Hpg (black) yield similar numbers of AGN in the EWS. For red-
shifts greater than this the yield of AGN detectable in the short-
est wavelength Ig filter drops dramatically. This is caused by the
portion of the AGN SED affected by IGM extinction shifting
into the Ig pass-band. From z > 6.4 AGN detections in the Ig
band are limited to only the most luminous sources. This effect
is also observed in the EDS redshift distributions (Fig. 7b), how-
ever with a marginally shallower fall-off at z ~ 6 due to the
deeper limiting magnitude of EDS allowing more AGN in this
regime to be detected with the Ig filter.

The predicted density distributions of Euclid detectable
AGN observed magnitudes as a function of redshift are depicted
in Figs. 8 and 9 for EWS and EDS, respectively. Comparing
between the two surveys, we see that in each filter the deeper
limiting magnitude of the EDS allows a high density of AGN
close to the detection limit to be observed at z = 2. Access to
this parameter space in the EDS will therefore allow a greater
surface density of AGN to be detected. The current deepest avail-
able NIR survey, ultra-VISTA (McCracken et al. 2012), reaches
a similar depth to the EDS over 1.5 deg?. The EDS will match the
depth of ultra-VISTA and surpass the area coverage by a factor
of 30.

For both the EWS and EDS the Yg band yields the small-
est number of detectable AGN and Hg is capable of detecting
the highest. There are a few effects driving this result. The Yg
filter (along with Jg) is the narrowest Euclid band. This means
less photons will be captured by the bandpass. The Hg followed
by Ig bands are the widest Euclid bandpasses, generating the
reciprocal of this effect. Alongside this consideration, Yg has the
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shallowest limiting magnitude of the Fuclid bands which will
inhibit the detection of sources close to the detection limit com-
pared to other, marginally deeper filters. The respective wave-
length coverage plays an important role in the AGN yield of each
band. Each un-reddened SED assigned in this work normalised
at 1 um is presented in Fig. 10, with the effective wavelength
position of each Euclid filter plotted for the redshift range cov-
ered by our samples. It is clear that the longer wavelength band-
passes (Jg, Hg) will capture more flux from each SED compared
to the shorter wavelength bands due to the shape of the SEDs
where the flux diminishes at shorter wavelengths. This effect
is apparent particularly at higher redshifts (z > 4). With the
addition of dust extinction to our SEDs the wavelength cover-
age driven performance difference is further accentuated for the
longer wavelength Euclid bands. We find specifically that more
obscured AGN assigned the ‘QSO2’ and ‘SEY2’ SED classes
are detected as the bandpass wavelength increases. It appears
that the increased ability to detect obscured AGN to higher red-
shifts is the main driver for the differences in the number of AGN
detected with each Euclid filter.

The order of relative performance of each Euclid band dif-
fers slightly between the EWS and EDS samples. For the EWS
we see that in descending order the most AGN are detectable
with Hg > Ig > Jg > Yg. In contrast, the results from the
EDS go as Hg > Jg > Ig > Yg. The main difference between
the two samples is that the EWS probes the bright-end slope of
the XLF, detecting the brightest sources from across the extra-
Galactic sky, whereas the EDS with its deeper limiting magni-
tudes and smaller area yields detectable AGN which lie on the
faint-end slope of the XLF. Due to our optical type assignment
model (see Sect. 3.3.1) less luminous AGN are more likely to
be assigned as obscured, with this probability increasing with
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Fig. 7. Predicted redshift distributions of Euclid detectable AGN in the
redshift range 0.01 < z < 7 in the EWS (top) and EDS (bottom). The
data are binned in steps of 6z = 0.25. Separate distributions are pre-
sented for AGN detectable in each of Euclid’s photometric filters; Ig
(blue), Yg (red), Jg (green), and Hg (black).

redshift. We therefore find that more AGN are assigned as
obscured in our EDS sample which probes the fainter AGN pop-
ulation. Our obscured AGN SED assignment model based on
XXL SED fitting data (Sect. 3.3.3) allocates AGN2-like SEDs
(classes ‘QS0O2’, ‘SEY?2’, ‘SB-AGN’) with the highest proba-
bility to the low-luminosity group at higher redshifts. Pairing
these factors together results in the EDS sample having a com-
parably higher number of AGN assigned AGN2-like SEDs com-
pared to the EWS which contains more bright unobscured AGN.
Referring to Fig. 10 and as discussed above, the longer wave-
length bandpasses (Jg, Hg) perform better at detecting AGN
with AGN2-like SEDs and therefore in the EDS the Jg fil-
ter detects more AGN than Ig due to the increased fraction of
obscured AGN in the sample.

5. Discussion
5.1. Uncertainties

Throughout this work we make a number of key assumptions
regarding models and empirical values adopted. Each of these
choices introduces an element of uncertainty into our overall
estimates of AGN numbers. In this section we work through
our methodology and address four key assumptions we have
made. We assess the impact each of these has on our predictions
and attempt to quantify and understand the major drivers of the
uncertainties within our framework. Many of the assumptions
and choices we have made are due to inherent ambiguity in our
current knowledge and understanding of astrophysical relations,
particularly at higher redshifts. This work will therefore serve
to point towards relations and models that can be extended and
improved upon with data from future facilities, some of which
may be addressed with Euclid itself.

5.1.1. Extrapolation of the XLF

Through necessity we extrapolated the XLF used in this work
in redshift space. The data used to constrain the XLF lies in the
range 0.01 < z < 4.0. The lack of constraining observations
at the low-luminosity end of the XLF, particularly at high red-
shift, leads to substantial uncertainty in the XLF in this regime.
Our results for the EDS probe this area of parameter space and
therefore will be most heavily affected by the uncertainty in this
extrapolation.

To understand the impact of extrapolating the XLF to higher
redshifts we made use of parameter posterior distributions gen-
erated during the construction of the XLF in Fotopoulou et al.
(2016a). For the nine XLF parameters (given in Table 1) we
obtained the final three hundred samples before final conver-
gence, which we found effectively samples the 68% credible
interval (analogous to a +10 interval in frequentist statistics) of
each parameter. From these parameter sets we generated three
hundred corresponding realisations of the XLF. We followed
through our method (Sect. 3) for both the EWS and EDS using
each XLF realisation to assess the uncertainty on our numbers
of Euclid detectable AGN. We carried out our EWS analysis in
this section with reduced resolution to save on computation?.

Figure 11 presents the fractional uncertainty on the num-
ber of AGN detectable in at least one Euclid band for both
the EWS and EDS, binned in redshift (Az = 0.25) and bolo-
metric luminosity (Alogo[Lyol/erg s7'1 = 0.25). For refer-
ence, we plot curves corresponding to the 50% completeness
flux limits of the 7Ms exposure of the Chandra Deep Field-
South (CDFS, Fy 71y = 2.5 x 107%ergs™ cm™2; Luo et al.
2017), representing the deepest currently available X-ray survey
and the medium-depth X-ray survey XMM-COSMOS (black,
Fy 1okev = 5.6 x 1075 ergs™' em™2; Cappelluti et al. 2009).
We additionally show the sample limiting flux of the XXL
1000 brightest AGN sample (XXL-1000-AGN) as used in
Fotopoulou et al. (2016b) for SED fitting (blue; Fr_jokev =
4.8 x 107" ergs~! cm™2; Fotopoulou et al. 2016b), which we
leveraged for our SED assignment procudure (Sect. 3.3). We
homogenised each flux limit to the 2-10 keV band, where appli-
cable, assuming an X-ray power law with photon index I' = 1.9

2 Specifically, for XLF integration bins with (N) > 100, we re-sampled
the data to treat one AGN in our data set to represent every 100 AGN.
Any remainder AGN were treated as individual AGN with (N) = 1, the
same as for integration bins where (N) < 100. We found that compared
to our full resolution treatment of the EWS there is a difference of only
1% in the resulting number of Euclid-detectable AGN.
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Fig. 8. Observed magnitude vs redshift density distributions for observable AGN in Euclid’s four photometric filters in the EWS. Two-dimensional
histograms representing the density of observed AGN are plotted in grey-scale. Subplots correspond to I (top left), Yg (top right), Jg (bot-
tom left), and Hg (bottom right). The data are binned with 40 bins in the x and y domains, giving two-dimensional AGN density in units of
Nagn/(0.2z, 0.3 mag). Contours of constant log,, Nagn are plotted for log,, Nagn = (1, 2, 3, 4, 5). Lines depicting the limiting magnitude in the

EWS for each filter are plotted in dashed magenta lines.

and converted to the bolometric domain assuming the X-ray
bolometric correction of Duras et al. (2020). In general, for both
the EWS and EDS the uncertainties are lowest in the regions
where the XLF is well constrained by data at z < 3 and
log,o(Lvoi/e1g s71) ~ 44-46. This also corresponds to the region
where we expect the majority of AGN selected from the Euclid
data via colour cuts lie (Sect. 5.2). There is a clear increase in
the fractional uncertainty with increasing redshift at all luminosi-
ties, which is expected as a manifestation of the decreasing avail-
ability of constraining observations as redshift increases. At low
bolometric luminosities (log;o[Lvoi/erg s71] < 44.5), the uncer-
tainty increases at a greater rate with increasing redshift than at
higher luminosities owing to the poorer sampling of the XLF
by data at low luminosities. We find that for both the EWS and
EDS the fractional uncertainty increases with increasing lumi-
nosity. This is because higher luminosity AGN can be probed by
Euclid to larger redshifts, which in turn have a higher associated
uncertainty. We therefore find that the uncertainties on the num-
ber of Euclid detectable AGN from the XLF are dominated by
correlations with redshift.

In our EDS analysis, we find the median number of AGN
observable in at least one Euclid band over the entire red-
shift range 0.01 < z < 7 is (2.4 +0.3)x 10°. The associated
uncertainty corresponds to 12.5% of the total number of Euclid
observable AGN. Considering different redshift ranges, the frac-
tional uncertainty is 7.2% in the z < 1 regime, 12.6% over the
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range 1 < z < 4, and 37.5% at 4 < z < 7. As expected, we
find that the EDS probes the low-luminosity end of the XLF to
higher redshifts than the EWS. Despite some of the largest rela-
tive uncertainties (240%) in this region, we predict that the EDS
is capable of probing AGN up to and beyond the flux limit of the
7Ms CDEF-S, across a much larger area. Therefore, even if only
a small number of AGN are indeed present in this regime and
observed by Euclid, constraints on the AGN LF can be vastly
improved.

In our EWS analysis, the median number of AGN observable
in at least one Euclid filter is (4.1 £0.2) x 10”. The associated
uncertainty corresponds to 6.7% of the total number of Euclid
observable AGN across the entire probed redshift range. The
fractional uncertainties for the EWS in different redshift ranges
are 6.1% at z < 1, 7.1% in the range 1 < z < 4, and 28.8% in the
4 < z < 7 regime. This marks an approximately halved relative
uncertainty derived from the XLF between the EDS and EWS.
In turn, this is a consequence of the EWS observing AGN that
occupy the well constrained bright end of the XLF, whilst the
EDS will probe AGN which occupy the faint end of the XLF,
where the greater uncertainties are present.

For comparison, we ran our EDS XLF uncertainty anal-
ysis utilising the hard XLF of Uedaetal. (2014). To obtain
an uncertainty using the Ueda et al. (2014) XLF we generated
three hundred realisations using three hundred sets of Gaussian
sampled parameters considering their published 1o~ parameter
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Fig. 9. Same as Fig. 8 for the EDS. Contours of constant log,, Nagn are plotted for log,, Nagn = (1, 2, 2.5).

uncertainties. Following our method as above, we found a total
of (2.6 £0.8) x 10° AGN detectable in at least one Euclid band.
This is consistent with our results adopting the Fotopoulou et al.
(2016a) XLF within our derived XLF uncertainty and makes an
almost indistinguishable difference to our final result. Analysing
the redshift-dependent uncertainties, we find that within the
well-constrained z < 4 regime the number of Euclid detectable
AGN derived with the Fotopoulou et al. (2016a) and Ueda et al.
(2014) XLFs agree within 1o in all redshift bins. In the extrapo-
lated z > 4 region, the Ueda et al. (2014) XLF predicts a steeply
decreasing yield of detectable AGN with increasing redshift
compared to the Fotopoulou et al. (2016a) XLF. This is consis-
tent with the space-density decline observed in Fig. 1. The dis-
parity between results with the two XLFs reaches 1dex in the
5.5 < z < 6.0 bin. The relative uncertainty of the Ueda et al.
(2014) XLF predictions increases significantly with increasing
redshift, inflated by the lower numbers of detectable AGN, up
to 100% in the 5.5 < z < 6.0 bin. A larger overall relative
uncertainty of 30% is found with the Ueda et al. (2014) XLF,
where the relative uncertainty is larger than obtained with the
Fotopoulou et al. (2016a) XLF at all redshifts. The larger uncer-
tainty in the low-redshift regime has a greater impact when prop-
agated through our method to Euclid detectable AGN as there are
more observable AGN in this domain. In Sect. 5.2 we demon-
strate that Euclid is expected to identify ~4 x 10* AGN in the
EWS at z > 4 using colour cuts alone. These data will serve to
point towards which extrapolation of the LF is correct.
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Starburst-AGN composite (‘SB-AGN’; red).
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2017) and medium-depth X-ray survey XMM-COSMOS (black, F_jorev = 5.6 X 10715 erg s™! cm™2; Cappelluti et al. 2009). We additionally show
the sample limiting flux of the XXL 1000 brightest AGN sample (XXL-1000-AGN) as used in Fotopoulou et al. (2016b) for SED fitting (blue;
Fa_1okev = 4.8 x 107 erg s7! cm™2; Fotopoulou et al. 2016b). The flux limits were homogenised to the 2-10keV band assuming an X-ray power
law with photon index I = 1.9, where applicable, and converted to the bolometric domain assuming the X-ray bolometric correction of Duras et al.

(2020).

5.1.2. Extrapolation of the optically obscured AGN fraction

The extrapolation of the Merloni et al. (2014) optically obscured
AGN fraction evolution led to some modification at lower lumi-
nosities where the fraction would exceed 1.0 beyond z = 3. We
also found that when extrapolated beyond z = 6.5 the obscured
fraction of the highest luminosity AGN becomes greater than
that of the medium luminosity sources (Fig. 3). This is touched
upon in Merloni et al. (2014), where it is described that the
incidence of obscuration shows significant redshift evolution
only for the most luminous AGN, which appear to be more
commonly obscured at higher redshifts. Treister & Urry (2006)
also reported the relative optically obscured fraction of X-ray
selected AGN increases with redshift in the range 0 < z < 4,
when corrected for optical counterpart selection effects.

In regard to X-ray obscuration, a range of works present
evidence that the absorbed but Compton-thin fraction of
X-ray AGN increases with redshift at fixed luminosity (e.g.
La Franca et al. 2005; Hasinger 2008; Treister et al. 2009;
Aird et al. 2015). Aird et al. (2015) report with low signif-
icance that the absorbed fraction of the highest luminosity
AGN may increase more substantially with redshift than lower
luminosity AGN, remarkably similarly to our extrapolation of
the Merloni et al. (2014) model, albeit over a smaller redshift
range (see Airdetal. 2015, Fig. 15). The heavily obscured
(log,o[Ng/cm™2] > 23), high-redshift (3 < z < 6) frac-
tion of AGN across a range of luminosities is suggested
to be ~0.6—0.8 (e.g. Vitoetal. 2018; Signorini et al. 2023;
Pouliasis et al. 2024). No dependence on X-ray luminosity or
redshift is found for these values, however the derived fractions
are higher than the local Universe obscured fraction for the same
column density (53%; Burlon et al. 2011).

In the high X-ray luminosity regime, Vijarnwannaluk et al.
(2022) report that the obscured (log;o[Ny/cm™2] > 22) frac-
tion of X-ray selected AGN with log,,(Lx/ergs™") > 44.5
lies around 76% at z = 2. This again marks an increase
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compared to obscured fractions derived in the local Universe.
Buchner et al. (2015) similarly report that averaged over cos-
mic time, obscured AGN with loglo(NH/cm‘z) > 22 account
for 77% of the number and luminosity density of the AGN
population with log,,(Lx/ergs™!) > 43. They also describe
evidence of a redshift evolution, with the obscured fraction of
Compton-thin AGN increasing towards z = 3 where it is 25%
higher than the local Universe value. Malizia et al. (2012) per-
formed a study on the X-ray and optical obscuration properties
of a sample of International Gamma-Ray Astrophysics Labo-
ratory/IBIS (INTEGRAL/IBIS; Winkler et al. 2003) AGN span-
ning the redshift range 0.0014 < z < 3.7. They present evi-
dence that the X-ray absorbed (loglo[NH/cm’z] > 22) frac-
tion of AGN is a function of both X-ray luminosity and red-
shift, with the absorbed fraction increasing with increasing
redshift but decreasing with increasing luminosity. They also
determine that when corrected for bias, X-ray absorbed AGN
account for up to 80% of the population, in agreement with the
results discussed above. Furthermore, they determine that the
optically obscured and X-ray obscured classifications agree in
88% of AGN. Assuming the agreement of X-ray and optical
obscuration in the majority of objects (e.g. Malizia et al. 2012;
Merloni et al. 2014; Burtscher et al. 2016; Fotopoulou et al.
2016b), we expect the fraction of optically obscured AGN to
correlate with these general trends.

Obscurationin AGN is driven by attenuating gas and dust from
both the AGN torus and ISM of the host galaxy in the line-of-sight
to the observer. The contribution from the AGN torus is suggested
to decrease with increasing AGN luminosity, a trend described
by the receding torus model (e.g. Lawrence 1991; Simpson 2005;
Assef etal. 2013). A similar idea is proposed in the AGN evo-
lution scheme of Hopkins et al. (2008), in which obscured AGN
precede an unobscured AGN phase after blowing out gas and dust
accumulated from galaxy mergers. The latter model provides a
reasoning for the earlier peak in space density of obscured AGN
compared to unobscured (e.g. Lacy et al. 2015). Gilli et al. (2022)
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suggests that host galaxy ISM plays a larger role with increasing
redshift, with z > 6 AGN expected to be primarily obscured by
the ISM of their hosts.

Considering the results above, for low X-ray luminos-
ity AGN extrapolated to higher redshifts our model may
over-predict the obscured fraction of AGN by 20-40%. In
this regime, the overall trend of the optically obscured
fraction of AGN increasing from local values is pre-
served and in agreement with the literature. For medium
and high X-ray luminosities our extrapolated model agrees
with observational trends of optically obscured fractions
of AGN increasing with redshift and the highest lumi-
nosity AGN having a more significant evolution compared
to medium luminosity counterparts. Overall, the extrapolated
model used in our method is consistent with the available lit-
erature, however at high redshifts it is not feasible to discern the
true evolution of the optically obscured fraction due to lack of
observable objects with the current technological limitations.

5.1.3. AGN bolometric correction dispersion

Intrinsic scatter in bolometric corrections is to be expected as
AGN spectra are diverse and exhibit different scaling from object
to object with the population following a correlated trend rather
than an exact underlying rule. We decided to conduct our anal-
ysis using a nominal bolometric correction conversion as a pop-
ulation average. To test the impact of this assumption on our
overall estimates of Euclid observable AGN we re-ran our anal-
ysis for the EDS, separately enabling scatter for each bolometric
correction, for three hundred runs each.

We explored the dispersion for the employed bolometric cor-
rections in Duras et al. (2020) and Runnoe et al. (2012) through
Gaussian sampling of each parameterising variable considering
the 1o uncertainties reported in their respective publications. For
the Duras et al. (2020) X-ray bolometric correction we sampled
an additional factor derived from the reported intrinsic spread of
0.27 dex. New parameter and intrinsic spread values were drawn
for each obscured AGN we consider.

Introducing scatter in the X-ray bolometric correction we
find a median number AGN detectable in at least one Euclid
band of (2.150 +0.001) x 10°. The 1o uncertainty of our anal-
ysis corresponds to 0.05% of the total number of Euclid observ-
able AGN. This difference is marginal to the overall results of
our analysis.

Completing the analysis with scatter in the 2 um bolometric
correction we report a median number of AGN detectable in at
least one Euclid band of (2.156 +0.001) x 10°. Identical to our
X-ray bolometric correction uncertainty analysis, the uncertainty
associated with the 2 um bolometric correction corresponds to
0.05% of the total number of Euclid observable AGN.

5.1.4. Unobscured AGN emission lines

The Shen et al. (2020) mean quasar SED used to model unob-
scured AGN in this work lacks AGN emission lines. Strong AGN
emission lines, such as the Ly and He hydrogen recombination
lines, are demonstrated to cause significant deviations to pho-
tometric colours. These changes are a strong function of red-
shift as the emission lines are shifted in and out of different
photometric filters (Temple et al. 2021). We focussed on Ly«
and Ha in the present analysis because these emission lines
are the most prominent emission line features in many AGN.
The findings of this section therefore provide a lower limit to

the overall effect the inclusion of emission lines has on our
results.

The Ha+[N11] emission line complex is composed of the
broad and narrow component Ha emission line and narrow [N
M]16549 and [N 11]46583 lines. Ha has a rest-frame wavelength
of 6563 A and is hence redshifted beyond the extent of the Hg
band at z = 2.05. The analysis of Ha in this section is there-
fore limited to the redshift range 0.01 < z < 2.05. Ly« is also
comprised of a broad and narrow component and has rest-frame
wavelength 1216 A. Ly« therefore enters the I band at z = 3.4.
Accordingly, the analysis of the impact of including Ly« in our
unobscured AGN template is constrained to 3.4 < z < 7.0.

To attain realistic Lya and Ha+[N11I] flux excess values we
exploited measurements of stacked quasar templates produced in
Euclid Collaboration: Lusso et al. (2024). We refer the reader to
the aforementioned work for full details of the spectral construc-
tion and analysis, however we give a brief overview here. Nine
empirical SDSS quasar stacked spectra were generated from
a parent sample of 91579 SDSS-DR7 quasars following the
method of Lusso et al. (2015). Each empirical stack was binned
in HB equivalent width (EW) and FWHM ranges. The nine tem-
plates were modified using a grid of redshifts, E(B — V), and
bolometric luminosities. The ranges of these parameters were
constructed to probe the expected observed parameter space of
unobscured AGN in Euclid. The spectra were scaled to the given
luminosity, optically reddened with the assigned E(B — V) value
and the Prevot et al. (1984) SMC law, and finally redshifted with
IGM extinction applied via the curve of Prochaska et al. (2014).
Across the parameter grid a random sub-sample of 1248 of these
spectra that satisfied the Euclid depths of VIS and NISP (50)
were selected.

The emission line fluxes for each of the empirical unob-
scured AGN spectra included in the final sample were
measured using the Quasar Spectral Fitting library (QSFIT,
Calderone et al. 2017; Selwood et al. 2023) AGN spectral fit-
ting package. We leveraged the QSFIT spectral fitting results to
obtain the Ha+[N1I] complex integrated luminosity excess for
each of the nine unobscured AGN templates. For each empirical
template the median luminosity and its median absolute devia-
tion (0-map) Was determined. We then assigned each unobscured
AGN in our EWS and EDS samples a random unobscured AGN
template class and sampled a corresponding Ha+[N 11] luminos-
ity based on the derived median and o\ap values determined for
the corresponding template class. Transforming to a He+[N11]
complex flux excess, we added the flux perturbation to the mea-
sured incident flux in the Euclid photometric band associated
with the Ha observed-frame centroid. We then re-calculated the
apparent magnitude considering the emission line perturbation.
Adopting this procedure we assessed the number of AGN that
would become observable in any Euclid band with the addition
of the Ha+[N I1] emission line complex in our unobscured AGN
SED. We followed the same procedure for Lye measurements,
however due to there only being ~300 spectra with z > 3.4 in the
Euclid Collaboration: Lusso et al. (2024) sample we do not sep-
arate by template class. Instead, we take the median Lya lumi-
nosity and omap of the full z > 3.4 sub-sample.

In our EWS sample, there are 1.0 x 107 candidate unob-
scured AGN in the Ho+[N11] range 0.01 < z < 2.05. We found
4644 (0.05%) of these AGN become newly observable with the
inclusion of Ha+[N1I]. There are 1.9 x 10° unobscured AGN
at 3.4 < z < 7.0 of which 119 (0.006%) become observable
with the inclusion of Lya. In total a lower limit of 4763 out of
1.2x 107 (0.04%) unobscured AGN could have been observed
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with the inclusion of broad emission lines in our unobscured
AGN template.

For the EDS sample the inclusion of Ha+[N1I] results in
an additional 60 detectable unobscured AGN out of 3.3 x 10* at
0.01 < z < 2.05, a gain of 0.2%. There are 5.9 x 10° unobscured
AGN at z > 3.4 of which only two (0.03%) become observable
by Euclid with Lya considered. In total 62 of 3.9 x 10* (0.16%)
unobscured AGN could be observed with the inclusion of broad
emission lines in our unobscured AGN template.

The enhanced proportion of newly detected AGN from
Ha+[N11] in the EDS is due to the deeper apparent magnitudes
(i.e. fluxes) probed in the survey. As the 5o flux threshold is
deeper, a small change in the source flux provided by emission
lines is more likely to allow an AGN to breach this threshold
and become detectable with Euclid. In both surveys the inclu-
sion of Ly made a smaller difference to detectability compared
to Ha+[N11]. This is due to the higher redshift range where Lya
occupies the Euclid bands. The additive Ly flux excess in this
regime is comparatively smaller and so has a lower impact on
detectability than with Ha+[N1I]. We observe from Figs. 8 and
9 that whilst there is a high density of AGN near the detection
threshold at 0.01 < z < 2.05, the parameter space is more sparse
at z > 3.4. This means there are less AGN that could become
observable due to a flux perturbation from emission lines at
higher redshifts.

Despite these numbers amounting to a lower limit, the
derived number of newly observed AGN are a negligible per-
centage of the total observable sources and fall well within the
Poisson error (o = VN ) of our data sets. We therefore conclude
that the omission of AGN emission lines contributes a minimal
effect and uncertainty on our total AGN number estimates in the
Euclid photometric surveys.

5.1.5. Uncertainty comparison

Here we compare the uncertainties determined for different mod-
els and assumptions in this work. In Fig. 12 we present a colla-
tion of the relative uncertainties quantified in this section on the
number of AGN with a detection in at least one Euclid band. The
blue shaded region signifies the expected relative Poisson noise

(o = VYN) for our EDS detectable AGN.

The dominant source of uncertainty in our analysis is the
uncertainty in the XLF. The XLF relative uncertainty is several
orders of magnitude greater than any other source of uncertainty
quantified here and is the only source that generates an uncer-
tainty greater than the derived Poisson noise for our EDS sam-
ple. Amounting to 12.5% for the EDS and 6.7% for the EWS,
we may consider this the overall uncertainty of our detectable
AGN estimates. Well within the EDS Poisson noise, the second
largest uncertainty is driven by the IR and X-ray bolometric cor-
rection dispersion. These relative uncertainties are already neg-
ligible compared to that of the XLF.

We were unable to quantify the impact that extrapolating
the Merloni et al. (2014) optically obscured AGN fraction model
has on our results. Although we have established our extrap-
olation agrees with the general trends of literature results, the
ground truth of the redshift evolution and X-ray luminosity
dependence of the optically obscured AGN fraction remains
unresolved. Despite the complexity in constraining such depen-
dencies we hope that the extension of such models in the redshift
and luminosity domain can be an area of investigation with next-
generation facilities.

In a scenario where our predictions in this analysis are
proven to be in tension with Euclid observations, we can back-
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Fig. 12. Relative 10 uncertainty of the number of AGN detectable in
at least one Euclid band (Nagn) for each of the quantified sources of
uncertainty introduced in this work. Displayed in this plot are uncer-
tainties introduced by the X-ray luminosity function (XLF), infrared
bolometric correction dispersion (IRBC), X-ray bolometric correction
dispersion (XBC) and unobscured AGN emission lines (EL) for which
a lower limit was quantified using the Lya emission line and Ha+[N11]
complex. The expected relative Poisson noise for the EDS, calculated
as 0 = VNacn, is indicated by the shaded blue region.

propagate through our assumed models and framework to iden-
tify where disparities lie between our current understanding and
the ground truth. This will in turn serve to inform the community
of areas where there are gaps and inconsistencies in our current
modelling of AGN properties and demographics.

5.2. Photometric AGN selection in Euclid

Optical to MIR colour-colour cuts are often invoked to select
samples of AGN from photometric data sets (e.g. Stern et al.
2005; Donley et al. 2012; Assef et al. 2018). The colours used
in AGN selection exploit spectral features unique to AGN, such
as the MIR excess, to separate AGN from inactive galaxies and
stars in the colour-colour parameter space. Because they can be
quickly and cheaply applied to large data sets, simple colour
selection criteria are used in many cases as an initial selection
for candidates of a population before applying more complex
identification methods. This will likely be the use-case for colour
selection of AGN in Euclid.

Only a fraction of the AGN detected by Euclid (i.e. present
in at least one image) will actually be selected as AGN based on
Euclid photometry alone. Indeed, half of the obscured AGN SED
classes we assign in Sect. 3.3.3 (PASS, SFG, SB) are entirely
free from AGN spectral features in the Euclid wavelength range.
This means that without external data these AGN will appear
indistinguishable from non-active galaxies. Therefore, it will not
be possible to identify all of our Euclid detectable AGN using
photometric criteria, with Euclid data alone or otherwise.

Colour selection criteria for AGN using
Euclid photometry has been explored in depth in
Euclid Collaboration: Bisigello et al. (2024). Optimal selec-
tion criteria were derived for the EWS and EDS based on
Euclid photometry exclusively and with the inclusion of ancil-
lary photometric observations, such as with Spitzer/IRAC
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Table 6. Performance of Euclid photometry AGN selection criteria (Euclid Collaboration: Bisigello et al. 2024) discussed in Sect. 5.2 applied to

our samples of EWS and EDS AGN.

Survey Target Class Photometry Total Selected AGN  Surface Density (deg™2)  Unobscured AGN  Obscured AGN C P
EWS Unobsc. AGN Euclid 4.8x10° 331 4.4x10° 3.7%x10° 023 0.17
EWS Unobsc. AGN  Euclid, Rubin/LSST 5.7 % 10° 393 5.5% 100 1.8%10° 045 092
EWS All AGN Euclid, Rubin/LSST 6.0x 100 413 43x100 1.7x10° 0.51  0.19
EWS U Euclid, Rubin/LSST 8.1x10° 556 6.0 % 10° 2.1x10° 0.37 -
EDS Unobsc. AGN Euclid 1.7 %107 346 1.6 % 107 400 0.11 0.23
EDS Unobsc. AGN  Euclid, Rubin/LSST 2.0x10* 392 1.9x10* 390 045 092
EDS All AGN Euclid, Rubin/LSST 2.9x10* 579 2.0x10* 9.5%x 103 0.32 0.8
EDS u Euclid, Rubin/LSST 3.5%x10* 692 2.5%x10* 1.0x10* 0.22 -

Notes. We consider only AGN that are detected above the 5o limiting magnitude for the four constituent filters in each colour criterion, which
are given in Appendix E. For each criterion we report its target class, referring to the population of AGN the criterion aims to select, the total
number of selected AGN, the surface density of selected AGN in deg™2, the completeness (C) at the 50~ level in the relevant filters, and the expected
purity (P) for the criterion, as estimated in Euclid Collaboration: Bisigello et al. (2024). The final row for each survey denotes the union (U) of all

considered selection criteria.

(Fazio et al. 2004) and Rubin/LSST. Each selection was defined
to target either unobscured AGN or all AGN including obscured
and composite sources. Optimal criteria were derived to maximise
the F1-score, that is the harmonic mean of sample completeness
(C; fraction of selected AGN with respect to the total AGN
population) and purity (P; fraction of selected sample that are
AGN, not contaminants). Each criterion exhibits a selection
function with a unique redshift dependence. In the following, we
have applied each of the optimal colour selection criteria to our
samples of simulated AGN to assess how many Euclid detectable
AGN we can expect to select using Euclid colours. We verified
that the AGN colours derived with our models are consistent with
those derived in Euclid Collaboration: Bisigello et al. (2024)
over the relevant ranges for AGN selection.

We considered only AGN in our samples with 50 detec-
tions in the constituent bands for each colour criterion. For
AGN selection schemes incorporating Rubin/LSST bands we
considered the 5o point-source final co-added depths reported
in Ivezi¢ et al. (2019); (u, g, 1 i, 7, ¥)=(25.6, 26.9, 26.9, 26 .4,
25.6, 24.8). Detailed breakdowns of the photometric selection
criteria and the results of applying each to our data are provided
in Appendix E. We additionally present density plots depicting
our AGN sample with each colour selection criterion considered
in this section (Figs. E.1, E.2).

Table 6 provides a summary of the performance of each pho-
tometric selection criterion applied to our AGN sample. Abso-
lute expected numbers of selected AGN and surface densities are
presented as well as an assessment of the sample completeness.
In all circumstances the quoted completeness refers to the com-
pleteness of selected AGN relative to 5o detected AGN available
in the same bands. Due to our sample, by construction, contain-
ing only the expected colours of AGN and not other astrophysi-
cal sources we are unable to estimate the purity of our selected
samples, however we note the expected purity of each selection
criterion from Euclid Collaboration: Bisigello et al. (2024).

Adopting the Euclid-only unobscured AGN criterion, we
expect a completeness C = 0.23 in the EWS and C = 0.11 in the
EDS. When considering completeness with respect to available
unobscured AGN, the target class of the selection, the respec-
tive EWS and EDS completeness values rise to C = 0.52 and
C = 0.40. AGN selected using colour cuts with Euclid pho-
tometry alone represent 40% and 35% of the unobscured AGN
detectable in at least one Euclid band in the EWS and EDS,
respectively. The same samples correspond to 12% and 8% of
the total AGN population detectable in at least one Euclid band.

The surface densities resulting from these selections have a dif-
ference of only 15 deg™2 between the EWS and EDS, despite the
EDS probing two magnitudes deeper. The disparity stems from
the low overall completeness for the EDS selection. Although
there is around twice the surface density of detected AGN in
the EDS, the Euclid-only unobscured AGN selection has around
half the completeness. The inefficiency of the EDS selection is
noted in Euclid Collaboration: Bisigello et al. (2024), emerging
from the fact that most EDS AGN are expected to be faint, lying
on the detection boundary of each band.

The addition of Rubin/LSST bands, when available, are
expected to supplement the purity, completeness, and size of
AGN samples selected with Euclid data. Crucially, the inclu-
sion of ancillary data will allow the selection of obscured and
composite AGN as well as unobscured. To determine the total
sample sizes of selectable AGN with Euclid, we took the union
of all selected samples resulting from the criteria discussed in
this section, leveraging both Euclid and Rubin/LSST photome-
try. The total selected samples in the EWS and EDS have overall
completeness C = 0.37 and C = 0.22. Considering selected and
available unobscured AGN, the total samples have completeness
C = 0.66 and C = 0.58 in the EWS and EDS. The complete-
ness is C = 0.15 and C = 0.09 with respect to obscured AGN.
These total samples equate to 21% and 15% of the AGN found
to obtain a 5o detection in at least one Euclid photometric band
in the EWS and EDS, respectively.

Figure 13 presents redshift distributions, redshift-dependent
completeness, and Ly -z planes of the Euclid-only selection and
union of all selections for the EWS and EDS. The middle pan-
els of Fig. 13 show the completeness is highest for all selected
samples around cosmic noon (z ~ 2), matching the expecta-
tions of Euclid Collaboration: Bisigello et al. (2024). This marks
the redshift at which the 4000 A break enters the Y band,
providing one of the cruxes the photometric selection criteria
exploits to separate AGN from galaxies. An elevated complete-
ness is observed around this redshift for the total selected sam-
ple compared to the Euclid-only selected sample in both sur-
veys and is particularly accentuated for the EDS selections.
The shorter wavelength optical bands help to further distinguish
AGN colours from the generally redder galaxy colours.

The derived 50 level completeness for each of the applied
selection criteria may appear as a point of concern for our
samples. Many analyses however do not have the benefit of
first assessing the underlying population of available detected
sources. Those that do perform such an exploration report similar
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or diminished levels of completeness. For example, Assef et al.
(2018) estimate a completeness of 0.17 and 0.28 for their colour-
colour selections of AGN from the AIIWISE survey with a
reliability of 90% and 75%, respectively (see also Stern et al.
2012; Assef et al. 2013).

The redshift distributions (top panels of Fig. 13) show the
highest number of AGN are selected around around cosmic noon
in both surveys. This is congruent with the peak in the number of
detected AGN (Fig. 7) as well as the highest selection complete-
ness. AGN selected at z > 3 are dominated by those identified
by the Euclid-only unobscured AGN criterion. The addition of
ancillary photometry will help to distinguish AGN at low and
intermediate redshifts, whilst Euclid colours alone can identify
the luminous unobscured AGN at z > 3. We project ~4 x 10*
AGN at z > 4 will be selected in the EWS, with ~2000 selected
AGN at z > 4.5.

Unobscured AGN are selected efficiently in all cases, with
around half of the available AGN of this class identified using
Euclid photometry alone and up to two thirds when employ-
ing ancillary optical colours. Obscured AGN are less efficiently
identified with only a tenth of those available in the EDS selected
and a fifth in the EWS. Indeed, across all selections for both sur-
veys only ~15% of selected AGN have E(B — V) > 0.05. In
comparison, ~50% of the detected AGN available in the selec-
tion bands have E(B — V) > 0.05. The majority of the colour
selections used here were fine-tuned to identify the unobscured
population, hence it is no surprise the reddened population is
missed. It is clear however that there is an abundance of AGN
with higher E(B — V) available to be extracted from the data
through alternative means.

The obscured AGN which are identified in either survey
have the SB-AGN, SEY2, or SB SED classes. The SB-AGN
and SB classes have optical-NIR colours similar to unobscured
AGN (see Fig. C.1). As such these SED classes are often cap-
tured in the same selection cuts identifying unobscured AGN. No
obscured AGN with the PASS, SFG or QSO2 SED classes were
selected. These are all galaxy-dominated SEDs (see Fig. 10) with
optical-NIR colours that are hard to distinguish from inactive
galaxies. As such, we would not expect these classes to be effi-
ciently selected via Euclid photometry.

AGN will be selected over the bolometric luminosity range
43 < logy(Lpol / ergs™") < 47, a significant portion of the range
used as input for our simulation. The Ly -z planes in the bot-
tom panel of Fig. 13 show that ancillary photometry allows us
to select lower-luminosity AGN in both the EWS and EDS. This
is apparent compared to the Euclid-only unobscured AGN selec-
tion at 0.5 < z < 3 for both surveys. The range of the 1o verti-
cal bars suggest AGN selected around 0.5 < z < 3 in the EDS
are relatively lower-luminosity than those in the EWS. This is
due to the two magnitude deeper observations in the EDS reach-
ing a fainter population of AGN. The highest redshift selected
AGN from our simulation is at z = 5.16 and selected from the
EWS. Due to the much larger area probed by the EWS it is more
likely that exceptionally luminous high-redshift AGN will be
observed and selected. We discuss predictions of high-redshift
(z ~ 7) AGN detections in more detail compared with the results
of Euclid Collaboration: Barnet et al. (2019) in Appendix F.

The large disparity between the projected number of AGN
we will detect with Euclid versus those we can identify as AGN
should not be neglected. Our findings suggest work should be
undertaken to improve upon and devise new AGN selection
methods in order to maximize the AGN yield with Euclid as
well as other facilities. This is particularly crucial for interme-
diate and high-redshift AGN selection. We show in this work
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Fig. 13. Redshift distributions (top), redshift-dependent completeness
(middle), and Ly, -z planes (bottom) for the selected AGN in the EWS
(left) and EDS (right). AGN selected with Euclid-only photometric cri-
teria (blue) and the total selected sample defined as the union (U) of all
Euclid and ancillary ugrz photometric criteria discussed in Sect. 5.2 are
plotted for each panel. In all plots redshift is binned with width 6z = 0.5.
In the Ly, -z plane points represent the median, vertical lines represent
1o standard deviation and horizontal lines represent the width of the
redshift bin.

we expect to detect an abundance of AGN in this regime with
Euclid, however we lack a means to efficiently identify such
AGN from the data. Of course, this is partly due to Euclid prob-
ing wavelengths where it is difficult to distinguish AGN emission
from other populations of galaxies. A multiwavelength approach
where ancillary observations allow, or explore the viability of
machine learning driven techniques (Bisigello et al., in prep.;
Signor et al., in prep.) is necessary.

Before Rubin/LSST bands become available, it is possi-
ble to exploit readily accessible ancillary optical data to per-
form AGN selection in conjunction with Euclid bands. The
Dark Energy Survey (DES; Abbott et al. 2018), covering a foot-
print of ~5000 deg” in the southern hemisphere, provides opti-
cal to NIR photometry in the g, 7 i, z, ¥ bands to 5o pho-
tometric depths of 25.0, 24.5, 23.7, 22.6 and 21.3, respec-
tively. Unfortunately, a one-to-one mapping is not possible
with DES for the photometric selection criteria defined in
Euclid Collaboration: Bisigello et al. (2024) as DES lacks obser-
vations in a # band. The Ultraviolet Near Infrared Optical North-
ern Survey (UNIONS) however will observe ~5000 deg? of the
northern hemisphere in the gri bands and ~10000 deg? in the
crucial u band (Ibata et al. 2017). We assessed the number of
AGN in the EWS with a 50 detection in each DES band to be
1.2%x107 in g, 1.3x 107 in r, 1.1 x 107 in #, 6.1 x 10° in z and
2.1x10° in Y. For AGN in the EDS we predict 4.2 x 10’ in g,
43%x10%inr,3.4x10%ini, 1.9% 103 in zand 5.9x 10* in Y.

5.3. Comparison to other surveys

We compared the surface density of AGN in a mixture of wide
field and medium area surveys described in Table 7 to those pre-
dicted for Euclid in this work in Fig. 14. In terms of detectable
AGN, Euclid will detect far more AGN in the EWS and EDS
than are identified in other surveys that cover similar areas. Of
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Table 7. Characteristics and AGN identification statistics for a selection of medium area and wide field surveys across different wavebands, which

we use for comparison with our Euclid yields.

Survey Band Area (deg?)  Number of AGN  AGN Surface Density (deg™2) Reference(s)

EWS (detected) optical-NIR 14500 4.0x% 107 2800 This work

EWS (selected) optical-NIR 14500 8.1 x 10° 556 ?

EWS (selected, Euclid-only)  optical-NIR 14500 4.8x10° 331 ”

EDS (detected) optical-NIR 50 24x10° 4700 ?

EDS (selected) optical-NIR 50 3.5x%10% 692 ”

EDS (selected, Euclid-only)  optical-NIR 50 1.7 x 10* 346 ”

XMM-SERVS 0.5-10keV 13.1 10300 786 Chen et al. (2018);

Ni et al. (2021)

XXL-3XLSS 0.5-10keV 50 26 056 521 Chiappetti et al. (2018)

Spitzer cryogenic @ NIR-MIR 55 ~20000 364 Lacy & Sajina (2020)

eFEDS 0.2-2.3keV 142 22079 155 Liu et al. (2022);
Salvato et al. (2022)

DES optical-NIR 4913 945 860 193 Yang & Shen (2023)

SDSS optical 9376 750414 80® Lyke et al. (2020)

eRASS1© 0.52keV ~15000 645 000 43 Salvato et al. (in prep)

AlIWISE (R90) MIR 30093 4.54x10° 151 Assef et al. (2018)

ANIWISE (C75) MIR 30093 2.09 x 107 695 Assef et al. (2018)

Notes. The quoted area relates to the area considered in the survey AGN selection procedure as described in the corresponding reference(s). Euclid
survey detected and selected yields as plotted in Fig. 14 are provided. Detected samples refer to the number of AGN with a 5o detection in at least
one Euclid filter. “Selected” samples correspond to the union of all selection criteria considered in Sect. 5.2 and “selected, Euclid-only” samples
refer to AGN selected with selection criteria that incorporate Euclid bands exclusively. Collation of AGN identified in Spitzer Space Telescope
cryogenic surveys: The Spitzer Wide-Area Infrared Extragalactic Survey (SWIRE; Lonsdale et al. 2003), The AGN and Galaxy Evolution Survey
(AGES; Kochanek et al. 2012), The Spitzer First Look survey (Lacy et al. 2005; Fadda et al. 2006), and the Spitzer COSMOS survey (S-COSMOS;
Sanders et al. 2007). ®Lower limit as the sample includes only spectroscopically confirmed unobscured quasars. ?Extragalactic counterparts are
identified for eRASS1 soft band (0.5-2keV) sources in the area that overlaps with the Legacy Survey DR10 (Dey et al. 2019; Zenteno et al., in
prep.). A median AGN surface density is provided, given that the depth of eRASS1 increases getting closer to the South Ecliptic Pole (Liu et al.,

in prep.).

course in this case we are comparing detectable AGN in the
Euclid photometric surveys to AGN that have been selected
through various means in different surveys.

Considering AGN that are selected with Euclid-only photo-
metric criteria (see Sect. 5.2), we expect AGN surface densities
that are on par with surveys of similar area. In the EDS AGN
selected with Euclid-only unobscured AGN criteria yields an
AGN surface density of 346 deg™2, marginally lower than that
of the collated cryogenic Spitzer surveys and the XXL-3XLSS
survey. The XXL-3XLSS is the deepest X-ray survey we have
compared with in our analysis and is likely to recover AGN with
colours that cannot be selected using our photometric criteria as
some may appear indistinguishable from non-active galaxies in
the optical-NIR. The AGN surface density of 331 deg=2 derived
for the EWS using Euclid-only unobscured AGN colour selec-
tion is roughly double the AGN surface density found for DES
and AIIWISE, using their 90% reliability (R90) criterion. Work-
ing with Euclid photometry alone then, we predict that the sur-
face density of selected AGN in the EWS will be greater than
ground-based optical and space-based MIR peers.

Considering the total selected AGN sample (union of all cri-
teria discussed in Sect. 5.2), we forecast the EDS will yield a
greater AGN surface density than the XMM-3XLSS survey. The
total sample surface density is marginally below that of XMM-
SERVS, which marks the highest AGN surface density from a
survey considered in this analysis. The total selected AGN sur-
face density for the EWS will be greater than optical surveys
and comparable to the reported AGN surface density for the All-
WISE 75% completeness (C75) selection. Again, this empha-
sises that we expect Euclid to perform to a similar degree as a
space-based MIR counterpart in regard to AGN selection.

Towards the end of Euclid survey operations both the EWS
and EDS are expected to yield surface densities of selected AGN
that are similar or in excess of their wide and medium-field coun-
terparts across a range of wavebands. If AGN selection in Euclid
is improved upon by combining different techniques and fine
tuning the criteria considered here, Euclid may well surpass the
AGN selection performance of any prior surveys. This represents
a promising outcome considering that Euclid was not designed
for the facilitation of AGN identification.

5.4. Expected X-ray counterparts

We examined the range of 2-10keV X-ray fluxes probed by
Euclid detectable AGN in our samples. Figure 15 shows the two-
dimensional density distribution of our EWS AGN sample on a
2-10keV X-ray flux vs Euclid Hg apparent magnitude plane.
Hg was selected for this visualisation as we found the greatest
yield of Euclid detectable AGN in this band. The 2-10keV flux
limits of the X-ray surveys considered in this section are plotted
for reference: XMM-COSMOS (90% completeness, Fr_igkev =
9.3 x 107 ergs™! cm™2; Cappelluti et al. 2009), XXL-3XLSS
(90% completeness, Fy oy = 3.8 x 107“ergs™'ecm™;
Chiappetti et al. 2018), XMM-SERVS W-CDF-S field (90%
completeness, Fr_jokev = 2.9 X 10714 erg s7'em™2; Nietal.
2021), and the XXL 1000 brightest AGN sample (XXL-
1000-AGN) as used in Fotopoulou et al. (2016b) for SED fit-
ting (sample flux limit, Fp_joev = 4.8 X 1074 erg s~lem™2;
Fotopoulou et al. 2016b). The over-density of sources on an
approximately linear trend in the figure is populated by our AGN
SEDs and is a consequence of using the nominal X-ray and 2 um
bolometric corrections without considering their dispersion.
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Fig. 14. AGN surface density versus survey area comparison for a number of wide field and medium area surveys in different wavebands. Included
AGN surface densities are: EWS detectable AGN (magenta diamond, unfilled), EWS selected AGN (magenta diamond, solid fill), EWS selected
AGN using Euclid photometry only (magenta diamond, translucent fill), EDS detectable AGN (blue diamond, unfilled), EDS selected AGN (blue
diamond, solid fill), EDS selected AGN using Euclid photometry only (blue diamond, translucent fill), XMM-SERVS (black downward-facing
triangle, unfilled), XXL-3XLSS (black cross, unfilled), eFEDS (black square, unfilled), eRASS1 (black pentagon, unfilled), DES (green circle,
unfilled), SDSS spectroscopic lower limit (green lower limit), Spitzer Space Telescope combined cryogenic surveys (red plus, unfilled), AIWISE
R90 selection (red left-facing triangle, unfilled), and AIIWISE C75 selection (red right-facing triangle, unfilled). The considered Euclid detectable
AGN have >50 detection in at least one Euclid band. The plotted values and references for each survey are given in Table 7.

AGN detectable in the Hg band can exhibit 2-10keV X-
ray fluxes ranging from 8.8 x 1072 to 2.5x 107 ergs™! cm™2.
Therefore, the AGN population detectable with FEuclid
photometry will, in part, reside beyond the X-ray flux lim-
its of all the X-ray surveys considered here. Equally, there is
also a portion of parameter space where a population of AGN
detectable in modern X-ray surveys remain undetectable in the
Euclid Hg band. We therefore expect Euclid to probe a dif-
ferent population of AGN to those selected purely from X-ray
surveys, similarly to what is observed with MIR AGN selec-
tion (e.g. Eckartetal. 2010). It is likely that AGN detected
by Euclid but not in X-ray surveys are either low-luminosity
(logp[La-10kev/erg s71] ~ 42—43) AGN at intermediate (z ~ 1)
to high redshifts (z > 3), or AGN that are absorbed in the X-
rays. The smaller converse population observable in X-ray sur-
veys but not with Euclid are likely to be largely made up of
AGN that are under-luminous compared to their host galaxies
(e.g. Mendez et al. 2013).

To the flux limit of the deepest X-ray survey considered here
(XMM-COSMOS; Fy_jgrev = 9.3 x 107 ergs™! ecm™2, 90%
completeness Cappelluti et al. 2009), we assessed the number
of possible X-ray counterparts for our Euclid observable AGN.
We forecast 5.8 x 10° (1.8 x 10%*) AGN, corresponding to 15%
(7.6%) of the total detectable population in the EWS (EDS)
will exhibit X-ray fluxes that could be detected in the XMM-
COSMOS survey. Of these AGN, 2.6 x 10° (7.9 x 10°) are unob-
scured and 3.2 x 10° (1.0 x 10*) are obscured in the EWS (EDS).
This highlights the difference in AGN population that will be
probed by Euclid compared to those selected in the X-ray regime
as up to 85% (92.4%) of EWS (EDS) Euclid-detected AGN
would not be detectable in the medium-depth XMM-COSMOS
survey. The lower X-ray detection rate of the EDS sample stems
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from the fainter NIR magnitudes probed corresponding to lower
luminosity AGN at the faintest X-ray fluxes.

6. Summary

In this work we made forecasts of the observational expec-
tations for z < 7 AGN in the EWS and EDS. Starting
from the Fotopoulou et al. (2016a) 5-10keV XLF we gener-
ated volume-limited samples of the statistically expected AGN
in the Euclid survey footprints (Sect. 3.2). Our samples cover
the redshift range 0.01 < z < 7 and bolometric luminosity
range 43 < log;,(Lyol/erg s7!) < 47, corresponding to 41.8 <
log,o(La-1okev/e1g s71) <46.3, or —29.0 < My4s0 < —17.2.
Each AGN in our sample was assigned an SED based on
its X-ray luminosity and redshift (Sect. 3.3). As the observed
5-10keV XLF considers obscured and unobscured AGN in an
unbiased fashion up to Ny ~ 10} cm~2, we employed the opti-
cally obscured AGN fraction evolution model of Merloni et al.
(2014) to assign each AGN as optically obscured or unob-
scured. Unobscured AGN were assigned the mean quasar SED
collated in Shen et al. (2020) with aox values sampled from
the empirical distribution determined in Lusso et al. (2010). For
obscured AGN we leveraged XXL AGN SED fitting results
(Fotopoulou et al. 2016b) to probabilistically allocate an empir-
ical SED template class based on X-ray luminosity and redshift
(Sect. 3.3.3). Finally, we applied dust extinction to each AGN
SED, sampling from obscured and unobscured AGN E(B — V)
distributions derived from XXL survey AGN (Fotopoulou et al.
2016b), as well as IGM extinction (Madau 1995, Sect. 3.3.4).
Through the probabilistic assignment of optical obscuration
class, E(B — V) values, a,y in unobscured AGN, and SED tem-
plate class in obscured AGN, we ensured empirically driven
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Fig. 15. Density of EWS AGN in the 2-10keV X-ray flux vs Hg
observed magnitude parameter space. The Euclid detectable AGN are
shown in purple, whilst undetectable AGN are represented in grey. The
AGN population detectable with Euclid photometry will, in part, reside
beyond the X-ray flux limits of current X-ray surveys. There is also
a portion of parameter space where a population of AGN detectable
in modern X-ray surveys remain undetectable in the Euclid Hg band.
X-ray flux limits for the XMM-COSMOS (black; 90% completeness,
Frioev = 9.3 x 107Bergs™ cm™2; Cappelluti et al. 2009), XXL-
3XLSS (orange; 90% completeness, Fy_jgey = 3.8x10* ergs™ cm™2;
Chiappetti et al. 2018), the XMM-SERVS W-CDEF-S field (blue; 90%
of total area, Fy_jorey = 2.9 X 10 ergs™ cm™2; Ni et al. 2021) sur-
veys, and the XXL 1000 brightest AGN sample (XXL-1000-AGN) as
used in Fotopoulou et al. (2016b) for SED fitting (red; sample flux limit,
Fa_iorev = 4.8 x 107 ergs™! cm™2; Fotopoulou et al. 2016b) are plot-
ted for reference. The dotted black lines represent log,,(Fx/Fop) = *1.
The majority of AGN should lie between these lines.

diversity in the resultant photometry of our AGN, even at similar
luminosities and redshifts.

Once assigned and scaled, we performed mock observa-
tions of each AGN SED in our sample, convolving with the
Euclid bands and an assortment of ancillary photometric bands
(Sect. 3.4). We utilised the resulting photometric catalogue to
investigate the observable population of z < 7 AGN in the Euclid
surveys.

Our main findings are summarised as follows.

1. We estimate 4.0 X 107 AGN will have a >50 detection in at
least one Euclid band in the EWS. Of these AGN 31% are
unobscured and 69% are obscured. Our predicted yield cor-
responds to a detectable AGN surface density in the EWS
of 2.8 x 10* deg™2. In the EDS we expect a >50 detection
in at least one Euclid band for 2.4 x 10° AGN, of which
21% are unobscured AGN and 79% are obscured AGN. A
detectable AGN surface density of 4.7 x 10° deg™? is found
for the EDS. Full four-band >50 Euclid photometry cov-
erage will be available for 2.1 x 10’ AGN in the EWS and
1.6 x 10° AGN in the EDS. This is equivalent to AGN sur-
face densities of 1.4 x 10° deg™2 and 3.1 x 10 deg™? for the
EWS and EDS, respectively.

2. The dominant source of uncertainty in our analysis is from
uncertainties in the XLF. We quantify the relative uncertainty
on our numbers of Euclid-detectable AGN to correspond to
6.7% for the EWS and 12.5% for the EDS. In the redshift

regimes z < 1, 1 < z < 4, and z > 4 the relative uncertain-
ties due to the XLF correspond respectively to 6.1%, 7.1%,
and 28.8% for the EWS and 7.2%, 12.6%, and 37.5% for the
EDS. The disparity in relative uncertainties for the two sur-
veys is due to the EWS probing the more tightly constrained
bright end of the XLF, while the EDS is able to probe the
lesser constrained faint end of the XLF.

3. Using the Euclid colour selection criteria derived in
Euclid Collaboration: Bisigello et al. (2024), we obtain
expectations on the number of AGN we will select with
Euclid data. Employing Euclid bands only we select
4.8x10% (331deg2) AGN in the EWS, comprising 92%
unobscured AGN and 8% obscured AGN. In the EDS
we select a sample of 1.7 x 10* (346 deg™?) AGN, which
consists of 97% unobscured AGN and 3% obscured AGN.

4. Ancillary ugrz photometric bands from Rubin/LSST
improve the completeness, purity, and size of colour-selected
AGN samples. Including these selection criteria we select
a total of 8.1 x 10° (556deg=2) and 3.5 x 10* (692 deg~?)
AGN in the EWS and EDS, respectively. The EWS total
selected AGN sample consists of 75% unobscured AGN and
25% obscured AGN, while the EDS total selected AGN sam-
ple consists of 71% unobscured AGN and 29% obscured
AGN. These samples represent a yield of 20% and 15% of
the EWS and EDS samples of AGN with a > 50 detec-
tion in at least one Euclid band. The total expected sam-
ple of colour-selected AGN across both Euclid surveys con-
tains 6.0 X 10% (74%) unobscured AGN and 2.1 x 10° (26%)
obscured AGN, covering 0.02 < z < 5.2 and 43 <
log,(Lpol/e1g s7h) < 47.

5. The predicted surface densities of Euclid selected AGN are
comparable to those derived from other modern wide-field
and medium-area surveys, across a range of wavebands. Our
EWS yield is most comparable to the WISE C75 AGN selec-
tion when considering samples selected with Euclid photom-
etry alone and including ancillary photometric bands, yield-
ing a slightly lower surface density. Our EDS selected sur-
face density considering Euclid bands alone is comparable
to the yield of the combined Spitzer cryogenic surveys. Con-
sidering Euclid and ancillary optical bands the EDS selected
AGN surface density is marginally greater than that of the
XXL-3XLSS survey, which is of similar area.

6. We project that 5.8 x 10° (1.8 x 10*) AGN, corresponding to
15% (7.6%) of the total Euclid detectable population in the
EWS (EDS) will exhibit X-ray fluxes that could be detected
in the XMM-COSMOS survey. Therefore, we assess that up
to 85% (92.4%) of EWS (EDS) Euclid-detected AGN would
not be detectable in modern medium-depth X-ray surveys.
We expect Euclid to yield a sizeable statistical sample of

AGN, in the order of tens of millions detected AGN and millions
of selected AGN. The deep optical to NIR magnitudes, high spa-
tial resolution, and large areas interrogated by the Euclid surveys
will enable a diverse range of scientific studies with AGN to be
completed in the coming years.
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Appendix A: Obscured AGN SED class
distributions

In Fig. A.1 we present the normalised and extrapolated
(to z = 7) redshift-space probability distribution for each
obscured AGN SED class in Fotopoulou et al. (2016b) assigned
in this work (Sect. 3.3.3). We separately present distribu-
tions for the high (log;o[La okev/ergs™] > 44) and low
(logo[La_10kev/erg s~'] < 44) X-ray luminosity groups.

3.0 logio (L2 -10kev/€rgs) <44
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Fig. A.1. Normalised and extrapolated (to z = 7) redshift-space proba-
bility distributions for each obscured AGN SED class assigned in this
work. Distributions are presented separately for the low (top) and high
(bottom) X-ray luminosity groups.

Appendix B: Ancillary photometry

In addition to the Euclid filter set presented in Table 2, we also
perform synthetic photometric observations with bands from
complimentary surveys covering UV-MIR. The addition of these
bands aid in our discussion and assessment of the observational
expectations for AGN with Euclid compared to existing and
upcoming surveys. The characteristics of each of the ancillary
bands utilised in our work are given in Table B.1.

Appendix C: Derived AGN colours

We validate the colours of AGN generated in this work by
showing that our derived colours are consistent with AGN
colour-colour diagrams from the literature (e.g. Stern et al. 2005;
Mateos et al. 2012; Fotopoulou & Paltani 2018). In each case we
test that our AGN occupy the expected positions on the diagrams
using our EDS data where we require a detection with S/N > 5
in at least one Euclid band.

In Fig. C.1 we plot our AGN on an adapted optical-NIR—
MIR colour-colour space used in Fotopoulou & Paltani (2018)
and Logan & Fotopoulou (2020). We substituted the Euclid Yg
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Table B.1. Characteristics of ancillary filters used for synthetic photo-
metric observations of AGN in this work.

Survey Filter Aeg (um) Reference
2MASS J 1.66 Skrutskie et al. (2006)
2MASS H 1.24 "

2MASS Ks 2.15 "

DES g 0.473 Morganson et al. (2018)
DES r 0.642 "

DES i 0.784 "

DES z 0.926 !

DES Y 1.01 )

GALEX FUV  0.154 Morrissey et al. (2007)
GALEX NUV  0.230 "
Rubin/LSST u 0.368 Ivezié et al. (2019)
Rubin/LSST g 0.478 "
Rubin/LSST r 0.622 "
Rubin/LSST i 0.753 !
Rubin/LSST z 0.869 "
Rubin/LSST Y 0.973 !

Spitzer IRAC1 353 Fazio et al. (2004)
Spitzer IRAC2  4.48 "

Spitzer IRAC3  5.70 !

Spitzer IRAC4 7.80 "

VISTA J 1.25  Sutherland et al. (2015)
VISTA H 1.65 !

VISTA Ks 2.15 "

WISE w1 3.35 Wright et al. (2010)
WISE w2 4.60 !

WISE w3 11.6 "

WISE W4 22.1 "

and Jg bands in place of the VISTA Y and J bands and the
Rubin/LSST g band (gLSST) in place of the SDSS g band. This
colour-colour space is known to separate well population loci
of stars, galaxies and unobscured AGN. The unobscured AGN
are expected to fall in a locus on the blue side of the diagram
and galaxies (i.e. the obscured AGN classes in this work) in a
more extended locus on the red side of unobscured AGN (see
Fig. 4 in Fotopoulou & Paltani 2018). For clarity in the locations
of different SED shapes, we plot each SED class with separate
colours. We see that the different SED classes assigned to AGN
in this work fall into the expected positions in the colour space.
The unobscured AGN locus is contaminated by the SB-AGN and
SB SED classes, specifically AGN with z > 2 for the latter. This
is no surprise given the similarity of these SEDs at optical wave-
lengths (see Fig. 10). We note that a portion of the unobscured
AGN stray into the galaxy locus of the diagram. Akin to what
is reported in Logan & Fotopoulou (2020), these interlopers are
affected by extinction, either from intrinsic dust absorption with
E(B—-V) 2 0.2 or from IGM absorption affecting gLSST at
72 3.4

We plot the Spitzer/IRAC [3.6]-[4.5] and [5.8]-[8.0] Vega
system colours of our EDS AGN sample with z < 4 in Fig. C.2.
The black dashed lines in this plot denote the AGN selection cri-
terion identified by Stern et al. (2005), valid for redshifts z < 4.
We found that 58.2% of our total available AGN were identified
using this selection. By class we select 100% of the unobscured
AGN and 47.5% of the obscured AGN. This is expected as we
see that the majority of non-selected obscured AGN belong to
SED classes where the representative SED does not include a
strong AGN component at these wavelengths (i.e. PASS, SFG,
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Fig. C.1. EDS AGN simulated in this work plotted on the optical-NIR-
MIR colour space used in Fotopoulou & Paltani (2018). We used the
Euclid Yg and Jg bands, the Rubin/LSST ¢ band (gLSST), and the
WISE 3.4 um (W1) band. Only AGN with S/N > 5 in at least one Euclid
band are plotted. Each of our AGN SED classes are plotted individ-
ually: Unobscured AGN (‘Unobsc.’; blue), Passive (‘PASS’; orange),
Star-forming (‘SFG’; green), Starburst (‘SB’; red), High-luminosity
obscured AGN (‘QSO2’; purple), Seyfert 2 (‘SEY2’; brown), and
Starburst-AGN composite (‘SB-AGN’; pink).

SB). Furthermore, it is reassuring that 100% of unobscured AGN
assigned with our mean quasar SED are selected using this
method. Such AGN identification methods should in theory be
well optimised towards including the ‘average’ quasar in the
resulting selected sample.

The three-band AGN colour selection criterion of
Mateos et al. (2012) utilises the WISE 3.4, 4.6 and 12um
bands (W1, W2, and W3, respectively). In Fig. C.3 we show
the WI1-W2 and W2-W3 Vega system colours along with the
Mateos et al. (2012) three-band AGN colour selection criterion
in black dashed lines. Colours are plotted for our EDS AGN
sample with z < 2, the redshift range for which this selection is
valid. We found 37.1% of the total available AGN are identified
in this case. Again, 100% of the unobscured AGN are selected,
an outcome validating our mean quasar colours as discussed
above. With this selection criterion however, only 22.9% of
our obscured AGN are identified. The low identification rate of
obscured AGN in this case can be attributed to the MIR selection
scheme being optimised for high X-ray luminosity AGN that
have a power-law spectral shape in the MIR. The SED templates
that are well identified have the corresponding MIR spectral
shape. As we explore in Sect. 5.3, our Euclid detected AGN
probe to faint X-ray fluxes which will lead to incompleteness
in this selection. The overall positions of our different SED
classes in the colour space agree well with the redshift evolution
tracks for corresponding populations presented throughout
Mateos et al. (2012).
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Fig. C.2. Spitzer/IRAC AGN selection of Stern et al. (2005) applied to
our EDS AGN. We plot only AGN with S/N > 5 in at least one Euclid
band with z < 4. Each of our AGN SED classes are plotted individually
with corresponding colours identical to Fig. C.1.

‘We conclude that the colours derived for AGN in this work
are consistent with observations.
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Fig. C.3. WISE three-colour selection of Mateos et al. (2012) applied to
our EDS AGN. This selection uses the WISE 3.4, 4.6, and 12 um bands
(W1, W2, and W3 respectively). We plot only AGN with S/N > 5 in at
least one Euclid band and with z < 2. Each of our AGN SED classes are
plotted individually with corresponding colours identical to Fig. C.1.
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Appendix D: Detailed detectable AGN breakdown

We present detailed breakdowns of the numbers and surface den-
sities of AGN expected to be detectable with Euclid photome-
try in the EWS and EDS. This information was summarised in
Tables 4 and 5 in the main text, however here we give full break-
downs of the total numbers of AGN as well as splits by opti-
cal obscuration class (i.e. unobscured and obscured). In Table
D.1 we provide details of the numbers and surface densities of
detectable AGN in the EWS and EDS across the full redshift
range 0.01 < z < 7. Table D.2 presents the numbers of detectable
AGN in the EWS and EDS broken down into the redshift ranges
0.01 < z<4and4 < z < 7. The former of these ranges corre-
sponds to the region in which the XLF adopted in this work is
well constrained by data, whilst the latter marks regions where
the XLF was extrapolated.
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Table D.1. Expected number and corresponding surface densities of AGN detectable with Euclid photometry in the EWS and EDS.

Survey Band Surface density (deg™2) Detectable AGN
Total [ Unobscured | Obscured Total [ Unobscured | Obscured
EWS Ix 22x%10° 835 1.3x10° | 3.1x107 1.2 x 107 1.9 x 107
Y 1.5%x103 600 892 2.2x107 8.7 x 10° 1.3 x 107
JE 2.1%x10° 665 1.4x10° | 3.0x 107 9.7 x 10° 2.0x 107
Hg 24x%103 679 1.7x10° | 3.5%x 107 9.9 x 10° 2.5x 107
(Ig| Yg | Je | HE) 2.8x10° 849 1.9x10° | 4.0x 107 1.2 x 107 2.8 x 107
(g ANYEAJE AHE) 1.4x103 581 842 2.1x 107 8.4 x 10° 1.2 x 107
EDS Ig 3.8x10° 973 28x10° | 1.9x10° 49 x10* 14x10°
Y 3.2%x10° 860 23x10° | 1.6x10° 4.4 x10% 1.2 % 10°
JE 4.0x10° 899 3.1x10° | 2.0x10° 4.5x%10* 1.5x% 10
Hg 45x%x10° 909 3.6x10° | 2.3x10° 4.5x10* 1.8 x10°
(Ig| Ye | Je | HE) 47x103 986 37x10° | 24x10° 4.9 % 10% 1.9 x 10°
(s ANYEAJEAHg) 3.1x10° 849 23x10° | 1.6x10° 43 x 10* 1.1x 10

Notes. We present total numbers as well as splits by optical obscuration class. Numbers are reported on a per-filter basis as well as the number of
AGN detectable in at least one Euclid filter, (Ig | Yg | Jg | Hg), and the number of AGN detectable in all Euclid filters, (Ig A Yg A Jg A Hg).

Table D.2. Expected number of AGN detectable with Euclid photometry in the EWS and EDS, broken down into the redshift ranges 0.01 < z < 4

and4 <z<7.

Survey Band 001<z<4 4<z<7
Total | Unobscured | Obscured Total | Unobscured | Obscured
EWS I 30107 1.1x107  19x107 | 1.1x10° 75x10° 35x10°
Ye 2.1x107  8.1x10° 13x107 | 84x10° 58x%x10° 2.6x10°
Je 29%x107  89x10° 20x107 | 1.0x10° 73x10° 3.1x10°
Hg 34x107  9.1x10° 25x107 | 1.1x10° 7.8x10° 3.7x10°
(Ig| Ye | Je | Hp) 3.9x107  1.1x107  27x107 | 1.4x10° 92x10° 4.7x10°
(g AYg AJg AHg) 20x107  7.9x10° 12x107 | 72x10°  51x10° 22x10°
EDS Ig 18x10° 45x10%  14x10° | 68x10° 33x10° 34x10°
Ye 1.5x10°  40x10* 12x10° | 53x10° 34x10° 1.9x10°
Je 19x10°  4.1x10*  15x10° | 63x10° 37x10° 2.6x10°
Hg 21x100  42x10*  18x10° | 7.6x10° 38x10° 38x10°
(g | Ye | Jg | Hp) 23%x10°  45x10*  1.8x10° | 8.7x10° 39x10° 4.7x10°
s AYeAJEAHE) 15%x10°  39x10*  1.1x10° | 48x10° 3.1x10° 1.7x10°

Notes. The former of these ranges corresponds to where the XLF adopted in this work is well constrained by data, whilst the latter marks regions
where the XLF was extrapolated. We present total numbers as well as splits by optical obscuration class. Numbers are reported on a per-filter basis
as well as the number of AGN detectable in at least one Euclid filter, (Iz | Yg | Jg | Hg), and the number of AGN detectable in all Euclid filters,

(Ig A Yg A Jg A H).

Appendix E: AGN colour selection criteria

Euclid Collaboration: Bisigello et al. (2024) derives a number
of different photometric selections for AGN in Euclid using
Euclid, Rubin/LSST and Spitzer Space Telescope/IRAC bands.
In this section we applied each criterion to our AGN sam-
ple and report the results. Throughout this section we use the
nomenclature of AND, OR corresponding to the logical AND, OR
operators.

Table E.1 gives the redshift-dependent performance
of Euclid photometry AGN selection criteria defined in
Euclid Collaboration: Bisigello et al. (2024) applied to our
samples of EWS and EDS AGN. Density plots showing the
Euclid colour AGN selection criteria discussed in Sect. 5.2
applied to our samples of EWS and EDS AGN are shown in
Figs. E.1 and E.2, respectively. In the top panels of Figs. E.1
and E.2 we additionally plot trails of the colour-space redshift
evolution of our unobscured AGN template with E(B — V) = 0

and E(B — V) = 0.1 for z € [0,7] in steps of 6z = 1. These
lines illustrate how the position of our AGN on the considered
selection plots are influenced by SED and source parameters.
We observe that much of the spread of our population in the
top right portion of the diagram is occupied by high-redshift
sources on the right and more heavily optically obscured
sources on the left. Interestingly, we observe that the lowest
redshift unobscured AGN and mildly dust reddened unobscured
AGN would not be selected using these Euclid photometric
criteria.

In the EWS the optimal selection criteria for unobscured
AGN exploiting only Euclid photometry obeys

Ig — Y < 0.5
AND Ig — Jg < 0.7
AND Ig — Jg < -2.1 (IE - YE) + 09,

(E.1)
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Table E.1. Redshift-dependent performance of Euclid photometry AGN selection criteria (Euclid Collaboration: Bisigello et al. 2024) applied to

our samples of EWS and EDS AGN.

Euclid Collaboration: A&A, 693, A250 (2025)

Survey Target Class Photometry Redshift Selected AGN ~ C  log;o(Lpor/ergs™")
EWS Unobscured AGN Euclid 0.0<z<05 2.1x10° 0.13 43.6 £ 0.6
05<z<1.0 7.3 x10° 0.13 44.4 + 0.7
1.0<z<15 1.2 x 10° 0.24 452+ 0.6
1.5<2z<2.0 1.2 x 10° 0.37 454 +£0.5
20<z<25 7.2 % 10° 0.39 456 +£0.5
25<z<3.0 3.9x 10° 0.34 458 £ 0.4
30<z<35 2.1 x10° 0.29 458 +04
35<z<4.0 9.9 x 10* 0.22 459+ 04
40<z<45 3.6 x 10* 0.12 459+0.3
45<z<50 2.0x 10° 0.01 458 +£0.2
50<z<55 3 0.00 457+ 0.1
EWS v Euclid, Rubin/LSST 0.0<z<0.5 43 x10° 0.26 43.6 £ 0.6
05<z<1.0 1.7 x 10° 0.28 441 +£0.7
1.0<z<15 2.1 x 10° 0.38 449 + 0.6
1.5<z<2.0 2.0 x 10° 0.56 453 +0.5
20<z<25 1.1 x 10° 0.53 455+0.5
25<z<30 52 % 10° 0.44 4577+ 04
30<z<35 2.1x10° 0.29 458 £ 0.4
35<z<4.0 9.9 x 10* 0.22 459+ 04
40<z<45 3.6 x 10* 0.12 459+0.3
45<2z<50 2.0x 10° 0.01 458 +£0.2
50<z<55 3 0.00 457+ 0.1
EDS Unobscured AGN Euclid 00<z<05 3.0 x 10? 0.04 435+0.5
05<z<10 24 x10° 0.06 44.0 + 0.7
1.0<z<15 5.5 % 10° 0.13 447 + 0.7
1.5<z<20 45x%10° 0.17 452 +0.7
20<z<25 2.5x10° 0.17 454 +£ 0.6
25<z<3.0 1.2x 103 0.14 45.6 £ 0.4
30<z<35 6.5 x 10? 0.13 456+ 0.4
35<z<40 2.2 x 10? 0.08 456+ 04
40<z<45 78 0.04 459 +0.3
EDS v Euclid, Rubin/LSST 0.0<z<0.5 1.5x 103 0.23 435+0.5
05<z<1.0 6.2 x 10° 0.15 439+ 0.7
1.0<z<15 7.5 x 10° 0.18 447+ 0.7
1.5<z<20 9.4 x 10° 0.35 45.0 £ 0.6
20<z<25 6.4 x 103 0.43 452 £ 0.6
25<z<3.0 2.6 x 10° 0.30 454 +£0.5
30<z<35 6.8 x 10? 0.14 456+ 0.4
35<z<4.0 2.2 x 10? 0.08 456+ 04
40<z<45 78 0.04 459 +0.3

Notes. For the Euclid-only unobscured AGN criterion and union (U) of all Euclid and Rubin/LSST selection criteria we report the number of
selected AGN, completeness (C) at the 5o level in the relevant filters, and the median bolometric luminosity (+107) in each redshift bin. These

data are visualised in Fig. 13.

and is expected to achieve F1 ~0.2 with P = 0.2. Applied to
our Euclid detectable AGN we selected 4.8 x 10° AGN, corre-
sponding to a selected AGN surface density of 331 deg™2. We
select 92% unobscured and 8% obscured AGN SEDs with this
selection. An overall completeness C = 0.23 results for our full
candidate sample. Considering only unobscured AGN, the target
class of the selection, the completeness rises to C = 0.52.

The colour selection performance of unobscured AGN in the
EWS, and indeed for all AGN colour selections in the EWS
and EDS, is improved with the addition of Rubin/LSST optical
bands. The optimal selection criteria for unobscured AGN in the
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EWS including Rubin/LSST is given by

Iz — Hg < 1.2
ANDu—z<1.1 (E.2)
ANDIg —Hg <-13u—-2)+1.9,

where u and z correspond to the Rubin/LSST optical filters. The
criterion is expected to achieve F1 = 0.9 with P = 0.9. Imple-
mented on our sample this selection yields 5.7 x 10° selected
AGN, which corresponds to a surface density of 393 deg™>.
With this criterion our resulting selected sample contained 97%
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unobscured SEDs and 3% obscured AGN SEDs. We derived an
overall completeness of C = 0.45, with a completeness C = 0.75
when considering unobscured AGN only.

In the EWS, the selection of all AGN targeting obscured,
unobscured, and composite systems utilising Euclid photometry
only is disregarded due to the difficulty of separating AGN pow-
ered sources from contaminants with the limited optical and NIR
filters available. This selection task is improved with the addition
of optical Rubin/LSST bands. The optimal criterion with such
external data achieves F1 = 0.3 with P = 0.2 and is formulated
as

u—-r<02

E.
ORIg— Yg < =09 u—r)+0.8, (E-3)

where u# and r are the Rubin/LSST optical filters. We note
that this selection is for objects that fall on the outside
of the defined boundary in colour space (referred to as
“type-B” in Euclid Collaboration: Bisigello et al. 2024). Apply-
ing this colour selection to our data we selected a sam-
ple of 6.0 x 10° AGN, corresponding to a surface density of
413 deg™2. Our selected sample with this criterion comprised
72% unobscured and 28% obscured AGN SEDs. As raised
in Euclid Collaboration: Bisigello et al. (2024), we note that
this colour selection has a low sample purity and therefore is
expected to select a large fraction of contaminant inactive galax-
ies. We found the overall completeness of this selected sample
is C = 0.51. For unobscured (obscured) AGN populations the
completeness achieved is C = 0.65 (0.33).

The optimal colour criteria for AGN selection presented in
Euclid Collaboration: Bisigello et al. (2024) differ between the
EWS and EDS. Different criteria are required given that the two
surveys probe different parts of the AGN LF. For unobscured
AGN in the EDS the best selection criteria using Euclid pho-
tometry alone, with F1 = 0.2 and P = 0.2, is given by

Ig —Yg <03
AND Ig — Hg < 0.5
AND I — Hg < -1.6 (lg — Yg) + 0.8.

(E4)

This selection criterion yields 1.7 x 10* AGN at a surface density
of 346 deg~? when applied to our sample. Our selected sample
contained 97% unobscured SEDs and 3% obscured AGN SEDs.
The completeness derived for this selection is C = 0.11 for the
overall population and C = 0.40 considering the target class of
unobscured AGN only. We note that this selection is expected
to be particularly contaminated by dwarf irregular galaxies in
practise.

Adding Rubin/LSST bands raises the quality of unobscured
AGN selection in the EDS to an expected F1 = 0.8 with P = 0.9.
The criterion in this case is

Ig — Hg < 1.1
ANDu-z<12
ANDIg—Hg<-12um—-2)+ 1.7,

(E.5)

where u# and z are the Rubin/LSST optical filters. Using
this selection on our Euclid detectable sample we selected
2.0x 10* AGN, with a corresponding surface density of
392deg™2. Our selected sample in this case contained 98%
unobscured and 2% obscured AGN SEDs. The completeness
achieved with this selection is C = 0.45 overall and C = 0.76
when only unobscured AGN are considered.

As for the all AGN selection with only Euclid photometry
in the EWS, the EDS counterpart is also disregarded due to the
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Fig. E.1. Optimal Euclid photometry AGN selection criteria derived in
Euclid Collaboration: Bisigello et al. (2024) for the EWS applied to our
data. We show two-dimensional density plots for AGN that are detected
above the 50 point-source depths in all four relevant bands. The
coloured regions show the selected AGN and grey regions show non-
selected AGN. Panels show selections for unobscured AGN with Euclid
photometry only (top), unobscured AGN with Euclid and Rubin/LSST
photometry (middle) and all AGN with Euclid and Rubin/LSST pho-
tometry (bottom). In the top panel we plot the colour-space redshift
evolution of our unobscured AGN template with E(B — V) = 0 (green)
and E(B — V) = 0.1 (orange) for z € [0,7] in steps of 6z = 1. White
circles show the z = 0 points and white squares denote the z = 5 points.
The E(B — V) = 0 green crosses in the selection region correspond to
z=landz =2.
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Fig. E.2. Same as Fig. E.1 for the EDS.

difficulty of separating a general active galaxy population from
inactive galaxies. Adding ancillary Rubin/LSST bands for the
selection of all AGN in the EDS improves the performance of
the optimal colour selection to have an expectation of F1 = 0.3
and P = 0.6. The optimal criterion in this case follows

Ig — Yg < 1.7
ANDg-r<0.3
AND Ig — Yg < —35(g— r)+ 0.9,

(E.6)

where g and r are the Rubin/LSST optical filters. Applied to our
sample this criterion selects 2.9 x 10* of our AGN, providing a
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surface density of 579 deg=2. Our resulting selected sample was
comprised of 67% unobscured SEDs and 33% obscured AGN
SEDs. We derived an overall completeness C = 0.32 for this
selection. Considering separated AGN classes we found a com-
pleteness of C = 0.51 for unobscured and C = 0.18 for obscured
AGN.

Appendix F: High-redshift predictions
The predicted yield of 7 < z < 9 quasars in the EWS was

explored in Euclid Collaboration: Barnet et al. (2019). Quasars
were incorporated in their work utilising the Jiang et al. (2016)
high-redshift quasar LF with two different assumed rates of
decline (modest and steep) in space density at z > 6. The
decline in quasar space density is parameterised as ¢ oc 1059,
where ¢ is the quasar LF and k takes the values k = —0.72 or
k = —0.92 for the modest and steep rate of decline, respec-
tively. Contaminant populations such as M-type stars, L and
T-type dwarfs and compact early-type galaxies were addition-
ally modelled (Hewett et al. 2006). Quasar selection functions
were integrated over the sample of quasars and contaminants
to determine the predicted yield of quasars with 7 < z < 9
in the EWS. Over the full considered redshift range quasars
were successfully selected to the effective depth Jg ~ 22
when using only Euclid bands. Selection with a modest (steep)
quasar LF decline predicted 87 (51) quasars in the redshift range
7 < z < 7.5. This corresponds to a quasar surface density of
6.0x 1073 deg 2 (3.5 x 107 deg™?).

For comparison with the predicted EWS quasar yields of
Euclid Collaboration: Barnet et al. (2019), we extended our sim-
ulation to z = 7.5. To approximate the available quasar candi-
dates, we imposed conditions on our EWS sample for a detec-
tion with Jg < 22, an unobscured optical classification, and
occupation of the redshift range 7.0 < z < 7.5. Applying these
constraints we found 1053 unobscured AGN, equal to a surface
density of 0.07 deg™2, a significantly higher yield. We consider
that we have made only a magnitude and redshift cut for our
estimates, therefore recovering the detectable quasars in the tar-
get parameter space, but not incorporating the complex selec-
tion function constructed in Euclid Collaboration: Barnet et al.
(2019). The selection function is likely to reject a number of the
unobscured AGN included in our approximated sample.

The AGN selected to define the Jiang et al. (2016) LF ful-
filled two colour cuts primarily so that contaminants were
avoided in the final quasar sample. SDSS main survey quasars
required no detection in the ugr bands and obeyed

i—7>22, (E.1)

where i and z refer to the SDSS bands. These criteria
select i-band dropout objects and separate quasars (and cool
brown dwarfs) from the majority of stellar objects (Fan 1999;
Strauss et al. 1999). Final quasar candidates also satisfied the cri-
terion

z-J<0.5(-2)+0.5, (F2)

where J refers to the UKIRT Infrared Deep Sky Survey
(UKIDSS; Warren et al. 2007) band. This colour-space cut sepa-
rates quasars from the cool brown dwarf population. We applied
these criteria to our 7.0 < z < 7.5 unobscured AGN sample
with Jg < 22, substituting the the UKIDSS J band for the
Euclid Jg band. With these additional constraints we recover 668
detectable quasars, which is a factor of eight higher than forecast
in Euclid Collaboration: Barnet et al. (2019).
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High-redshift quasar yield predictions are especially sensi-
tive to the assumed LF shape and redshift evolution (Tee et al.
2023). The XLF employed in this work, when extrapolated, does
not exhibit the steep and accelerating space density decline at
Zz 2 6 seen in UV/optical and other X-ray determinations of
the AGN LF (e.g. Ueda et al. 2014; Jiang et al. 2016; Wang et al.
2019; Matsuoka et al. 2023, see Fig. 1). At z > 6 our simulation
predicts an unobscured AGN space density excess of up to 1 dex
at Myss0 ~ —24, when compared with empirical UV/optical
quasar observations. This ultimately is the driver of the appar-
ent excess of quasars we predict at 7 < z < 7.5 compared to the
Euclid Collaboration: Barnet et al. (2019) analysis.

Equally as impactful as the assumed LF are the integration
range and selection parameters of high-redshift quasar yield pre-
dictions. Schindler et al. (2023) make z > 7 EWS quasar predic-
tions also utilising the k = —0.7 Jiang et al. (2016) quasar LF.
Integrating to My4s50 < —22.4 and using Hg < 24 as the effec-
tive survey depth, they predicted 809 detectable quasars in the
EWS at 7 < z < 8. This sample is of comparable size to our
7 < z < 7.5 simulated detectable sample of 1053, which incor-
porates unobscured AGN to M 450 ~ —22.6, albeit over a larger
redshift slice.

At present there are only 532 quasars confirmed at z > 5.3
and 275 quasars known at z > 6 (Fan et al. 2023, and references
therein). Our predictions suggest there are still many quasars at
these redshifts to be uncovered, with Euclid capable of detecting
many of them. We found that ~ 600 obscured AGN will have a
Jg < 22 detection in the redshift range 7.0 < z < 7.5. For the rea-
sons discussed above this number is uncertain, however suggests
that Euclid may uncover a population of high-redshift obscured
AGN that are half as numerous in the data as unobscured AGN.
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