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ABSTRACT

The statistical distribution and evolution of key properties of active galactic nuclei (AGN), such as their accretion rate, mass, and spin, remains a
subject of open debate in astrophysics. The ESA Euclid space mission, launched on July 1 2023, promises a breakthrough in this field. We create
detailed mock catalogues of AGN spectra from the rest-frame near-infrared down to the ultraviolet — including emission lines — to simulate what
Euclid will observe for both obscured (type 2) and unobscured (type 1) AGN. We concentrate on the red grisms of the NISP instrument, which
will be used for the wide-field survey, opening a new window for spectroscopic AGN studies in the near-infrared. We quantify the efficiency in the
redshift determination as well as in retrieving the emission line flux of the Ha+[N11] complex, as Euclid is mainly focused on this emission line,
given that it is expected to be the brightest one in the probed redshift range. Spectroscopic redshifts are measured for 83% of the simulated AGN
in the interval where the Ha is visible (i.e. 0.89 < z < 1.83 at a line flux of >2 X 107'%erg s™! cm™2, encompassing the peak of AGN activity at
z =~ 1-1.5) within the spectral coverage of the red grism. Outside this redshift range, the measurement efficiency decreases significantly. Overall,
a spectroscopic redshift iscorrectly determined for about 90% of type 2 AGN down to an emission line flux of roughly 3 x 10~'%erg s~ cm~2, and
for type 1 AGN down to 8.5 X 10716 erg s™' cm™. Recovered values for black hole mass show a small offset with respect to the input values by
about 10%, but the agreement is good overall. With such a high spectroscopic coverage at z < 2, we will be able to measure AGN demography,
scaling relations, and clustering from the epoch of the peak of AGN activity down to the present-day Universe for hundreds of thousands of AGN
with homogeneous spectroscopic information.

Key words. galaxies: active — quasars: general — quasars: supermassive black holes

* The incident spectra for the type 1 and type 2 AGN, the resulting composite, and all the type 1 and type 2 AGN templates are available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or viahttps://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/685/A108
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1. Introduction

Active galactic nuclei (AGN) are signposts of accretion of matter
onto the supermassive black holes (SMBHs) found at the centre
of the majority of galaxies. AGN activity appears to be one of
the key mechanisms needed to quench star formation in massive
galaxies (e.g. Gabor et al. 2010), to reproduce observed galaxy
properties (e.g. SMBH and stellar mass function, Granato et al.
2004; Shankar et al. 2006; Croton 2006; Croton et al. 2006), and
to circumvent overproduction of very massive galaxies in cos-
mological simulations (e.g. Ward et al. 2022). Nevertheless, the
detailed conditions under which the feedback process initiates
and is delivered to the host galaxy remain a topic of active
research. Moreover, the determination of the black hole mass for
a very large sample of AGN can provide further evidence to bol-
ster or counter the idea that dark matter could also contribute to
SMBH growth (De Laurentis & Salucci 2022). Among the many
challenges associated with AGN studies is the rarity of avail-
able observations of these sources (e.g. Mullaney et al. 2012)
and there is currently no universal selection criterion to iden-
tify them (Lacy et al. 2004; Stern et al. 2005, 2012; Donley et al.
2012; Kirkpatrick et al. 2012; Berta et al. 2013; Ji et al. 2022),
which often leads to controversial results.

Euclid, the European Space Agency mission launched on
July 1Ist 2023 (Laureijs et al. 2011), will observe ~15000 deg?
of the extragalactic sky in the optical with VIS (the visible
imager; Cropper etal. 2016) and in the near-infrared (NIR)
with NISP (the Near-Infrared Spectrometer and Photometer;
Maciaszek et al. 2022). About ten million AGN are expected to
be observable with the Euclid imager (Selwood et al., in prep.;
Euclid Collaboration 2024a), including over 100 high-redshift
quasars at 7.0 < z < 7.5 (Euclid Collaboration 2019). From this
sample, several hundred thousand AGN will be observed spec-
troscopically across a wide redshift range, which will represent
the largest AGN sample with NIR spectroscopy to date. Here,
we present detailed mock AGN spectra from the rest-frame NIR
up to the UV, including emission lines, to simulate what Euclid
will observe for both obscured (type 2) and unobscured (type
1) AGN. When properly analysed, such spectra can reveal key
properties of SMBHSs, and our aim is to show that the foreseen
quality of the Euclid spectral data will be sufficient to extract
such information.

In this paper, we forecast the performance of the NISP
red grism regarding the observable parameters for the spectro-
scopically identified AGN with Euclid. The NISP photomet-
ric channel (Maciaszek et al. 2016) will cover the 0.95-2.02 um
range to a 5o point-source median depth of 24.4 AB mag
(Euclid Collaboration 2022a). A spectrum will be extracted for
each 50 detection position with the NISP slitless spectrometer
through two ‘red’ grisms, namely the reflection grating spec-
trometers RGS000 and RGS 180, which can be tilted by —4° and
+4° respectively to obtain four RGS orientations in total. The
RGS covers the wavelength range 1.21-1.89 um with a spec-
tral resolution of R = 450 for a 0”5 diameter source and an
expected unresolved line flux at a 3.50" sensitivity of 2x107'% erg
s~! cm™ (Euclid Collaboration 2022b, 2023b). NISP is also
equipped with an additional ‘blue’ grism (0.93-1.37 um) at a
similar spectral resolution (see Costille et al. 2018, for technical
details on the NISP spectrograph), which will not be employed
for the wide survey but will be used for calibration purposes
in the deep survey. We present the spectral properties (mainly
focussing on the Ha emission line) of the expected AGN spec-

A108, page 2 of 30

tra that will be observed by the NISP red grisms, which will
open a new window for spectroscopic studies in the NIR. We
created mock AGN spectra from the rest-frame NIR to the UV
that resemble those that are expected to be observed by Euclid
for both type 2 and type 1 AGN.

For type 1 AGN, we generated average (empirical) spectra
in intervals of redshift, rest-frame equivalent width (EW), and
full width at half maximum (FWHM), starting from broad-line
(FWHM > 2000 km s~!) blue quasars, where we conservatively
excluded radio-bright and broad absorption line (BAL) objects.
As aresult, the type 1 AGN sample is not fully representative of
the entire AGN population, but rather of its blue tail. Nonethe-
less, BALs would have to have very large equivalent widths (e.g.
Hall et al. 2002) to impact the final stack of type 1 AGN, and
therefore most (classical) BALs should be accounted for in our
templates. A very small population of broad iron absorption line
quasars (FeLoBALs) is missed, but this AGN class represents an
already minor (~10%) AGN subpopulation (e.g. McGraw et al.
2015; Choi et al. 2022), which tends to show strong reddening
in the optical (e.g. Villforth et al. 2019). Likewise, the spectral
properties of radio-bright AGN (e.g. continuum and emission
lines) are similar to those of radio-quiet ones in the bands we
consider here, with the main differences arising in the X-ray fre-
quencies and at radio energies, both of which are not investigated
in the present analysis.

Regarding the type 2 AGN, we build a set of (semi-
empirical) templates following Bisigello etal. (2021). We
started from different host galaxies (e.g. elliptical, star forming,
and star-burst) and emission-line components where the num-
ber density of type 2 AGNs is derived from the observed galaxy
luminosity function. Therefore, the final type 2 AGN sample that
we considered to construct the stacks has a realistic number of
objects at different redshifts and luminosities.

Whilst we defer the reader to the relevant sections for details,
we note that these two approaches are quite different. This is
motivated by the fact that, in this work, we are not aiming to
recover the AGN variety and classification starting from the
NISP spectra, but rather to understand what the NISP perfor-
mances are in terms of retrieving the emission line flux of a vari-
ety of AGN, and estimating the black hole mass for the type 1
AGN.

The paper is structured as follows. We introduce the proce-
dure used to build the empirical and semi-empirical AGN spec-
tra for type 1 and type 2 AGN in Sects. 2 and 3, respectively. In
Sect. 4 we present the simulation used to create the Euclid NISP
spectra from the incident AGN samples, we show how we calcu-
lated the efficiency and purity of the redshift measurements for
the simulated AGN spectra in Sect. 5. Section 6 details the spec-
tral fitting procedure employed to compute the spectral proper-
ties. Finally, we discuss the expected observable parameters and
resolution limitations for the spectroscopically identified AGN
with Euclid in Sect. 7. All the type 1 and type 2 AGN templates
built as part of the present study are available at the CDS. When-
ever luminosity values are reported, we assume a standard flat
ACDM cosmology with Q, = 0.3 and Hy = 70km s~ Mpc~.

2. Empirical template spectra for type 1 AGN

In this section, we describe how the empirical spectra for type 1
AGN are built. We created a set of composite spectra over a wide
range of redshifts (0.3 < z < 6) and emission line properties,
which are then utilised to simulate Euclid spectra.
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Table 1. Number, N, of galaxies for the different AGN samples consid-
ered to create the spectral stacks at low redshifts (z < 0.4).

BinID Intervals N
1 15 < EW < 30 and 2000 < FWHM < 3000 47
2 15 < EW < 30 and 3000 < FWHM < 5000 94
3 15 < EW < 30 and FWHM > 5000 176
4 30 < EW < 60 and 2000 < FWHM < 3000 243
5 30 < EW < 60 and 3000 < FWHM < 5000 467
6 30 < EW < 60 and FWHM > 5000 615
7 EW > 60 and 2000 < FWHM < 3000 323
8 EW > 60 and 3000 < FWHM < 5000 766
9 EW > 60 and FWHM > 5000 716

Notes. Rest-frame equivalent widths and FWHM values for the HB
emission line are in units of A and km s™', respectively.

2.1. Sample selection

The quasar sample we considered to construct the empiri-
cal incident AGN templates has been built following a simi-
lar approach as the one described in Lusso & Risaliti (2016).
We started with the catalogue of quasar properties presented
by Shen et al. (2011), which contains 105 783 spectroscopically
confirmed broad-line quasars, optically selected from the Sloan
Digital Sky Survey Data Release 7 (SDSS DR7). We conserva-
tively removed from this catalogue all sources flagged as BAL
quasars (i.e., sources with BAL_FLAG=0 are non-BALs) and
radio-loud (i.e., F,(6cm)/F, (2500 A) > 10, this removed 8257
quasars, or 8% of the main SDSS sample). BAL quasars are
often found in galaxies with red optical and UV colours, with
broad absorption troughs (associated to the presence of winds or
outflows) that could distort the continuum significantly. Radio
bright objects seems to show steeper spectra than the ones for
radio-quiet AGN (e.g. Zheng et al. 1997), whilst other studies
have found that the observed continuum slopes are flatter (red-
der) compared to the composite spectrum for typical (radio faint)
SDSS quasars (KuZmicz et al. 2021).

Our selection resulted in 91 732 SDSS quasars. We further
excluded 136 quasars classified as BALs by Gibson et al. (2009)
and 17 quasars considered radio-loud in the catalogue pub-
lished by Mingo et al. (2016), which is the largest available Mid-
Infrared (WISE), X-ray (3XMM) and Radio (FIRST+NVSS)
collection of AGN and star-forming galaxies. This precleaned
SDSS quasar sample is thus composed of 91 579 sources.

To create the first composite at low redshifts (low-z stack
hereafter), we selected all the AGN with z < 0.4 FWHM of the
Hp and Ha emission lines larger than 2000 km s~!, leading to
3505 sources. We then considered three different intervals for
the FWHM (only the broad component of the modelled line, see
Shen et al. 2011 for details) and for the rest-frame EW as given
in Table 1. Both EW and FWHM are measured using the HB
emission line. We then created 9 low-z spectral stacks for each
of the 9 different combinations of Table 1, with an additional
low-z composite considering the whole sample. The number of
available spectra within the 9 intervals as defined above are also
summarised in Table 1.

To increase the coverage at bluer wavelengths and to keep the
emission line properties homogeneous with respect to the low-z
sample, we considered AGN with the EW and the FWHM of the
Hp emission line in the same intervals as listed in Table 1, with
the additional requirement that the FWHM of the Mg IT emission
line be larger than 2000 km s~! (mid-z stacks hereafter). To speed
up the calculation, all the following spectral composites are built

Table 2. AGN samples considered to create the spectral stacks at high
redshifts.

BinIDs Intervals

1/4/7 30 < EW <40, 3800 < FWHM < 4200
2/5/8 40 < EW <45, 4000 < FWHM < 4400
3/6/9 35 < EW <45, 5100 < FWHM < 6000

Notes. Rest-frame equivalent widths and FWHM values for the broad
component of the MgII emission line are in units of A and km s,

respectively.

Table 3. Summary of the redshift ranges spanned by the four different
wavelength intervals (discussed in Sect. 2.1) considered to build the
optical-UV stack.

Sample Redshift range  (2)
Low-z 0.08 <z<0.39 0.30
Mid-z 035<z<09 0.64
High-7 1.50<z<225 1.80
Far-UV (Lya) 1.50<z<4.90 2.20

by considering 100 random spectra in each single FWHM-EW
bin and 1000 spectra for the total stack in the entire FWHM-EW
selected region.

To further extend the wavelength coverage (high-z stack
hereafter) to include the CIV emission line, we considered the
Mg 11 line (only the broad component) as the reference since the
Hp line is no longer available. We then considered three different
intervals for the following combinations of FWHM (again, only
the broad component of the modelled line) and EW, shown in
Table 2.

Again this has an additional requirement that the FWHM
of the C IV emission line be larger than 2000 km s~!. The three
FWHM-EW ranges listed in Table 2 are chosen to closely match
the values of the FWHM of the Mg1I line in the mid-z sample.
Specifically, the first FWHM-EW interval in Table 2 roughly
matches the Mgl FWHM and EW values of the BinIDs 1, 4,
and 7. The same considerations exist for the other two intervals.

The Lya region and the Lya forest are then included in the
stack by selecting the quasars with 40 < EW(A) < 55 and
5200 < FWHM(kms™") < 6000 for the CIV emission line. The
FWHM-EW interval above roughly matches the values of the
FWHM of the C1V line in the high-z sample. A summary of the
redshift ranges spanned by the four different wavelength inter-
vals considered to build the optical-UV stack is given in Table 3.

2.2. Average spectrum construction

We follow a procedure similar to that in Lusso et al. (2015, L15
hereafter) to construct the average spectrum in each interval.
Specifically, our steps are as follows.

1. We correct the quasar flux density! (f;) for Galactic
reddening by adopting the E(B — V) estimates from
Schlegel et al. (1998, SFD) and the Galactic extinction curve
from Fitzpatrick (1999) with Ry = 3.1. We do not correct the
spectra for intrinsic dust absorption.

2. We generate a rest-frame wavelength array with fixed dis-
persion Ad = 0.3 A. The dispersion value was set to be large

! In the following we will use the word ‘flux’ to mean the flux density
(i.e., flux per unit wavelength).
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Fig. 1. Composite spectra of the low-z sample from ultraviolet to optical rest frame wavelengths. Black line: Stack obtained from the entire sample,
shown as a reference. The different composites (shown with the red lines) obtained in each bin are marked as in Table 1 and are shown in separate

panels. EW and FWHM are relative to the HB emission line and are in units of Aandkm s

enough to include at least one entire pixel from the SDSS
spectra around Ly, where we assumed an average spectral
resolution R = 2000 across the entire wavelength range (i.e.,
A =~ 1250 A/2R). This assumption slightly oversamples the
spectral stack at low-z (Al =~ 1.3 A at 5100 A).

3. Each quasar spectrum is shifted to the rest-frame and linearly
interpolated over the rest-frame wavelength array with the
fixed dispersion A4 defined above.

4. We normalise single spectra by their flux at rest A = 5500 A
for the low-z, whilst the mid-z and high-z composites are
both normalised at 2000 A. The spectral stack at Lye is nor-
malised at 1 = 1550 A.

5. All the flux values are then averaged (mean) to produce the
stacked spectrum normalised to unity at the reference wave-
lengths above.

Uncertainties on each stack are computed as o/ VN — 1 where
o and N are the standard deviation and the number of points in
each spectral channel. All the spectral stacks are finally com-
bined together by taking the low-z AGN composite (shown in
Fig. 1) as the reference and by matching the flux in the over-
lapping wavelength range between two nearby spectra. The final
optical/ultraviolet composite obtained from the entire sample, as
well as in each bin, covers the rest-frame wavelength interval
800-7000 A (see Fig. 2).

2.3. IGM transmission correction

Blueward of Lya emission in the quasar rest frame, absorp-
tion from intergalactic HI attenuates the quasar flux, both in the
Lyman series (creating the so-called H1 forest), and in the Lyman
continuum at rest 1 < 912 A (e.g. Moller & Jakobsen 1990).
Therefore, to correct the observed stacks (Fig. 2) for the inter-
galactic medium (IGM) absorption by neutral hydrogen along
the line-of-sight, we follow a similar (but very much simplified)
approach as the one employed by L15 (see also Sects. 4 and 5 in
Lusso et al. 2018).

To recover the IGM-corrected quasar emission, we con-
structed the IGM transmission functions (7,;) making use of
the publicly available pyigm package for the analysis of the
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!, respectively.

intergalactic medium? discussed in Prochaska et al. (2014, P14
and references therein). These functions have been computed
through a cubic Hermite spline model which describes the H1
absorber distribution function which, in turn, depends on both
redshift and column density, i.e., f(Nu,z) = 0*n/ (ONu102).
For simplicity, we considered the default f(Nyy, z) which is cur-
rently the P14 formulation (see their Sect. 2)°. Briefly, this mod-
elling assumes that the HT forest is composed of discrete ‘lines’
with Doppler parameter b = 24kms~' and that the normali-
sation of f(Nyr,z) evolves as (1 + z)2 (Prochaska et al. 2009).
This redshift evolution is consistent, within the uncertainties,
with the one obtained in high-redshift surveys (Prochaska et al.
2014). Opacity due to metal line transitions was ignored since
they contribute negligibly to the total absorption in the Lyman
continuum.

Here we consider 8 realisations of f(Nyi, z), and calculated
T, in the wavelength range 500-1250 A for the redshifts 0.3,
0.7, 1.5, 2.5, 3.5, 4.5, 7.5. We also checked how many sources
are contributing to the bluer part of the total stack and what is
their average redshift. There are about 450 quasars contributing
more than 25 spectral channels at 1 < 1200 A. Their average
redshift is 2.9, so an additional IGM transmission function at
z = 3 was added to the final 7, library. Examples of the T,
function at z = 2.5, z = 3.5, and at z = 4.5 are shown in Fig. 3.

The observed spectral flux (fjobs) in the stack is finally
divided by the IGM transmission curve to obtain the intrinsic
corrected emission (fycor)s 1-€., facor = faobs/7a-

2.4. Extending the stack to the NIR

As NISP will cover the rest-frame NIR for local AGN, we
extended the composite to wavelengths longer than the SDSS
spectral coverage by including 9 hard X-ray selected low-
redshift type 1 AGN at 0.015 < z < 0.114 (K; < 14) from
the Swift Burst Alert Telescope (BAT) published by Ricci et al.
(2022). The AGN are observed with the folded-port infrared

2 https://github.com/pyigm/pyigm
3 The interested reader should refer to Sect. 1.7.3 at https://pyigm.
readthedocs.io/_/downloads/en/latest/pdf/
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Fig. 3. Example of our adopted Lyman series opacity (7,) at different
redshifts. The lines represent the effective optical depth due to interven-
ing absorbers and includes the contribution of absorption in the hydro-
gen Lyman series and the Lyman continuum at 4 < 912 A.

echellette (FIRE, Simcoe et al. 2008) instrument in the high-
resolution echelle mode (see, e.g. Ricci et al. 2022). FIRE cov-
ers the whole NIR bandpass in a single exposure, with nominal
wavelength resolution of R ~ 6000 for a 07”6-slit width, i.e.,
Av = 50km s~'. In particular, from the starting sample of 13
broad-line AGN described in Ricci et al. (2022) we selected all
sources classified as Seyfert 1 (Sy 1) to 1.5 (i.e. we excluded
BAT ID 577) and excluded, after visual inspection, those targets
whose emission lines where particularly affected by low atmo-
spheric transmission (BAT ID 1045) and (or) showing a red spec-
tral shape (@, > 0, where f, o< v*, i.e. BAT IDs 411 and 657)
which is unusual for Syls in the NIR (Glikman et al. 2006). The
list of sources is provided in Table D.1 These NIR spectra were
then smoothed using a Savitzky-Golay filter, which preserves the
average resolving power.

To increase the sample statistics and extend both the red-
shift and the luminosity range, we complemented the data
above with the sample of 23 infrared spectra of type 1
AGN published by Glikman et al. (2006, see their Table 2).
From the starting sample published by Glikman et al. (i.e. 27
quasars, we excluded SDSS J013418.1+001536.6 0 as the spec-
trum presents a strong absorption feature at 17300 A close
to the Paa. We also removed SDSSJ130756.5+010709.6 and
SDSSJ160507.94+483422.0 because both spectra do not have
a common wavelength interval that can be used to normalise
them to the FIRE data. This data set covers the redshift range
0.118 < z < 0418 with K; < 145 and M; < -23
(log,o (Lot /ergs™") =~ 42.2-46.3), and it is complementary both
in terms of redshift range and luminosity with the low-z SDSS
sample (log ;o (Lpoi/ergs™') =~ 44.1-46.6).

All the spectra are averaged following the procedure
described in Sect. 2.2 to produce the final stack down to Pax
(see the Appendix D for further tests on additional NIR quasar
datasets available in the literature). The spectral stack is then
combined by taking the low-z AGN composite (shown in Fig. 1)
as the reference and by matching the flux in the overlapping
wavelength range between two nearby spectra. The final IGM
corrected quasar composites, from the forest to the NIR obtained
by stacking the entire quasar sample is shown in Fig. 4 (top
panel). All the empirical spectra we constructed for the type
1 AGN (from UV to NIR) are available online as supporting
material.

2.5. Creation of the mock type 1 AGN sample

Starting from the nine templates described in the previ-
ous sections, we constructed a grid of redshifts, E(B — V),
and bolometric luminosities to probe the expected observed
parameter space of type 1 AGN: 0.1 < z < 7.0 with a step width
0z = 0.1,0 < E(B-V) < 1.25 with §E(B — V) = 0.25, and
42 < log;y (Lpor/erg s71) <47, with 6 log,o(Luol/e1g s =0.2.

For each point in the grid, each of the nine templates
is scaled to the bolometric luminosity using a bolometric
correction value of 5.8 derived for the B-band (Duras et al.
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Fig. 4. Incident composite spectra from ultraviolet to near-infrared rest frame wavelengths. Final empirical stack (flux density values are reported
in units of erg s~' em™2 A~") for type 1 AGN covering the rest-frame wavelength range 700-36 000 A. The main emission lines are marked. Shaded
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incident spectra for the type 1 and type 2 AGN are available at the CDS. Bottom panel: final empirical stack (flux density values are reported in
arbitrary units) for type 2 AGN (SB-AGN, SF-AGN, and AGN2) covering the rest-frame wavelength range 2000-28 000 A.

2020). To account for intrinsically reddened type 1 quasars, we
then apply an intrinsic extinction by assuming the SMC law
(Prevot et al. 1984, as appropriate for unobscured AGN; see also
Hopkins et al. 2004; Salvato et al. 2009). The spectra are then
redshifted and the appropriate IGM curve of Prochaska et al.
(2014) is applied. Finally, we measure the expected observed
Euclid magnitudes in Ig, Yg, Jg, and Hg. Each correspond-
ing spectrum is saved and the resulting Euclid magnitudes are
stored in a catalogue. We then keep a random subsample of
1248 spectra, across the grid, that satisfies the Euclid depth
of Iy < 24.5.

3. Semi-empirical template spectra for type 2 AGN

The number density, continuum and physical properties of
type 2 AGN are derived starting from the spectro-photometric
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realisations of infrared-selected targets at all-z (SPRITZ,
Bisigello et al. 2021). The simulation starts from the observed
infrared luminosity function, complemented with the K-band
luminosity function of elliptical galaxies and the galaxy stel-
lar mass function of dwarf irregulars, and it is in agreement
with a wide set of observables, including luminosity functions
at several wavelengths, number counts (from radio to X-rays),
the total galaxy stellar mass function, and the relation between
star-formation rate (SFR) and stellar mass (see Bisigello et al.
2021, for further details).

To build the templates for the type 2 AGN, we consider
three AGN populations. Specifically, we consider a first popu-
lation of star-forming galaxies hosting intrinsically faint AGN
(SF-AGN), and two populations hosting a powerful AGN,
namely a mildly obscured AGN (classical type 2 AGN, AGN2)
and a heavily obscured AGN (hosted by a starburst galaxy,
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SB-AGN)*. The number density of both SF-AGN and SB-
AGN were derived from their observed IR luminosity func-
tions (§8—1000 um; Gruppioni et al. 2013). The number density
of AGN2 were similarly derived from the same IR luminosity
function, but obtained by performing a simultaneous fit of the
Herschel (Gruppioni et al. 2013) and UV observed luminosity
functions (Croom et al. 2009; McGreer et al. 2013; Ross et al.
2013; Akiyama et al. 2018; Schindler et al. 2019), as derived by
Bisigello et al. (2021).

The spectral energy distributions (SEDs) of the three
AGN populations were described with a set of 12 empiri-
cal templates (Polletta et al. 2007; Gruppioni et al. 2010), cho-
sen as they describe the multi-wavelength observations of the
Herschel AGN used to derived the starting luminosity functions.
These SED templates, with the addition of emission lines (see
Sect. 3.1), were used to classify the type 2 AGN population
and to derive the photometric fluxes in different Euclid ancil-
lary filters. The host galaxy continuum is derived from SED
fitting using the MAGPHYS code (da Cunha et al. 2008), as
discussed in (Bisigello et al. 2021, see their Sect. 3.2). The phys-
ical properties, such as AGN accretion luminosity and optical
depth in the V-band (and the relative contribution of the dif-
fuse ISM and the birth clouds to dust attenuation, as described
in Charlot & Fall 2000), were derived by fitting the mentioned
empirical templates with the code SED3FIT (Berta et al. 2013),
which assumes two sets of equally possible AGN libraries with
smooth (Fritz et al. 2006; Feltre et al. 2012) and clumpy tori
(Nenkova et al. 2008a,b). Finally, the total SFR was derived by
summing the UV and IR component, derived from the 1600 A
and the IR stellar continuum, assuming the conversions by
Kennicutt (1998a,b).

3.1. Inclusion of emission lines

We used the AGN accretion luminosity and the SFR as normali-
sation factors to incorporate the emission line fluxes due to both
AGN activity and star-formation. We briefly describe the main
aspects related to the emission features of interest below (see
Sect. 2.3 of Bisigello et al. 2021, for further details). The nebu-
lar emission was incorporated into the SPRITZ galaxy templates
as follows.

— First, we considered the line emission due to star-formation.
The Ha flux was derived from the SFR (Kennicutt 1998a,b).
All the other hydrogen lines were, in turn, derived by
assuming the case-B hydrogen recombination coefficient
for an electron temperature of 7.=10*K and an elec-
tron density of N, =100cm™. Other metal optical lines,
namely [O1]A3727, [Nemr]A3869, [NII]116548, 6584,
[O11]A5007, [S1]A16717, 6731 and [SHIJA19069 were
included using a set of empirical relations (i.e., Kennicutt
1998b; Pettini & Pagel 2004; Jones et al. 2015; Kewley et al.
2013; Dopita et al. 2016; Kashino et al. 2019; Proxauf et al.
2014; Mingozzi et al. 2020).

— Next, we accounted for the line emission due to AGN activ-
ity. We considered theoretical predictions from photoionisa-
tion models developed by Feltre et al. (2016) using the code
CLOUDY (version c13.3; Ferland et al. 2013). These models
reproduce the emission from the gas in the narrow-line emit-
ting regions of AGN. Among the adjustable parameters of
the entire model grid (see Sect. 2.1 in Feltre et al. 2016,

* The interested reader on details regarding the SED classification in
the three different classes should refer to Sect. 2 in Gruppioni et al.
(2013) (see their Fig. 1).
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Fig. 5. Total (ISM+birth clouds, see Sect. 3) dust attenuation in the
V-band as a function of the (input) redshift considered to build the type
2 semi-empirical library of incident spectra. The three different AGN
classes are marked with different symbols as in the legend.

for details), we considered an ionisation parameter at the
Stromgren radius between log;,(Us) = -1.5 and -3.5,
metallicity from ~0.5 to 2 times solar (Z = 0.008, 0.017,
0.03), a dust-to-metal ratio (which rules the dust depletion
onto dust grains) of 0.3, a UV spectral index of the ionising
radiation @ = —1.4, and an internal micro-turbulence veloc-
ity v = 100km s~!'. The amplitude of the line fluxes were
scaled to the AGN accretion luminosity derived as described
above.

— Next, we considered the scattering of the line fluxes. For each
line, we either include the scatter associated to each consid-
ered empirical relation referenced above (when quoted in the
corresponding papers) or a generic scatter of 0.1 dex.

— We considered dust attenuation next. The total line fluxes
(AGN+host) were attenuated for the presence of dust by
considering the two-components (one describing the dif-
fuse ISM and another for the dust in the birth-clouds,
see Bisigello etal. 2021 for details) using the model of
Charlot & Fall (2000). We thus assumed that the broad-line
component is completely extincted, whilst the narrow AGN
lines have the same dust attenuation as the stellar popula-
tion. In this step, we also assumed that the AGN continuum
has been totally extincted, and therefore the only continuum
visible is the one from the host galaxy, which has been deter-
mined from the SED3FIT’ code combining simple stellar pop-
ulations from Bruzual & Charlot (2003) with the approach
presented in MAGPHYS code (da Cunha et al. 2008). The
dust attenuation is in the range Ay =~ 2.1-4.5, with a distri-
bution as a function of redshift shown in Fig. 5 for the three
different AGN classes.

— Finally we considered the line widths. For the line emission
due to star-formation, we derived the gas velocity dispersion
from the stellar mass by taking into account the broadening
of the nebular emission lines (Bezanson et al. 2018). For the
AGN nebular emission, we assumed a FWHM in the typical
range of type 2 AGN, between 500 and 800 km s~!. The total

> http://steatreb.altervista.org/alterpages/sed3fit.
html
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Fig. 6. Example obscured type 2 AGN incident spectra (flux density values are in units of erg s™! cm™ Aat optical wavelengths from 3500 Ato
7000 A. Top panel: A z = 0.25 type 2 AGN with a bolometric luminosity log,,(Lwoi/erg s™!) of 43.9, hosted in a galaxy with a stellar mass M, of
10°2 M, and SFR of 10°° M, yr~'. Bottom panel: Massive (M, = 10''® M,) galaxy at z = 2.2 with intense star formation (SFR = 10? M,, yr™')
hosting an AGN with log;(Lyoi/erg s™!) = 45.2. The main emission lines are marked.

line width thus consider both star-formation and AGN con-

tributions, which have been added to the continuum at rest.

We finally assumed a Gaussian profile for the emission lines

when creating the simulated spectra (Bisigello et al. 2021).
A few examples of the resulting type 2 templates are shown
in Fig. 6, zooming-in at optical wavelengths. The first is
a z = 025 type 2 AGN with a bolometric luminosity
log,o(Lvot/ergs™") of 43.9, hosted in a galaxy with a stel-
lar mass M, of 10°2 M, and SFR of 10°° Mg yr~!. The sec-
ond is a massive (M, = 10''8 M) galaxy at z = 2.2 with
intense star-formation (SFR =10%*® Mg yr~') hosting an AGN
with log,o(Lyor/ergs™') = 45.2.

3.2. Subsample selection

For the selection of the type 2 AGN templates, we proceed as
follows.

— We considered all the galaxies, among the AGN2, SF-AGN,
and SB-AGN SPRITZ populations, with AGN bolometric
luminosity above a given threshold, log,(Lpoi/ergs™") > 42
(see Sect. 3).

— We then selected all the templates with a line flux above
log,o(Fiine/ergs™! cm™2) > —16.2. For the purposes of this
selection, we considered specific emission lines depending
on the redshift (see Table 4).
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Table 4. Emission line per redshift bin chosen for the selection of AGN2
templates.

Redshift interval Emission line
0.15<z<044 Pag
0.44 < z<0.90 [S 111]19069
0.90 <z<1.80 Ha

1.80 < 2 <2.80 HB
2.80 <z<4.00 [O1m]A3727

— We applied a number density cut for a survey of 15000 deg?
resulting in 2561 templates from the SPRITZ simulations.
Finally, we randomly selected (i.e. random uniform) 1248
spectra from the above sample. This random sample corre-
sponds to the number of spectra fitted in the NISP simula-
tion, which is sufficient for the paper’s objectives.

The 1248 spectra cover 23 classes representative of different
AGN and host galaxies combinations as discussed above (see
Sect. 2.1.1 in Bisigello et al. 2021, for further details). Figure 4
(bottom panel) shows the spectral composite, from the Mg1I to
the NIR obtained by stacking the entire sample of AGN2, SF-
AGN, and SB-AGN, whilst the 23 templates separated by the
three classifications are presented in Fig. 7.
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4. Spectra simulation

To generate a sample of simulated AGN spectra, we randomly
picked 1248 sources from those selected with the previous steps
described in Sect. 2.1 for type 1 AGN and the 1248 type 2 AGN
described in Sect. 3.2. We then simulated two Euclid pointings
with the NISP spectrometer, one pointing contains type 1 AGN
while the other pointing contains type 2 AGN. We positioned
the sources on a grid with sufficient spacing to ensure clear sep-
aration of individual spectra, while also avoiding the edges of
the NISP detectors. This choice was made with the intention
of maximising the number of AGN per pointing, in order to
examine the NISP’s ability to detect AGN based on their phys-
ical properties. It is important to note that the primary focus
of this study does not involve the decontamination of spectra.
However, the decontamination process is expected to be effec-
tively addressed by the Euclid reference observation sequence
(ROS), which incorporates various grism orientations and high-
resolution direct images (further details on spectra decontamina-
tion in slitless spectroscopy are in Ryan et al. 2018).

4.1. Configuration of the NISP-S simulator: TIPS

The NISP spectroscopic channel (NISP-S) simulator (TIPS;
Zoubian et al. 2014; see also Euclid Collaboration 2023a for
the pilot run of the simulation campaign) is part of OU-
SIM (Organisation Unit for the simulations of all instruments;
Euclid Collaboration 2024b), which also includes the NISP pho-
tometric (NISP-P) simulator. The NISP-S channel simulator
considers additional features with respect to the photometric
channel. The detector noise, point spread function, and spectral
dispersion were measured during ground tests (Waczynski et al.
2016; Barbier et al. 2018; Costille et al. 2019; Maciaszek et al.
2022, Kubik et al. in prep. for the detector on-ground character-
isation) and were parameterised into TIPS. The detector noise,
which is dominated by the dark current, is quite homogeneous
for each of the 16 NISP detectors with a spatial mean level on
the order of 0.011 ADU per frame per pixel. The maps of detec-
tor noise at the pixel-level were incorporated into TIPS. The
spectral dispersion characterised at nine positions of the focal
plane during the NISP ground test (Gillard et al. in prep for the
spectrometer on-ground calibration) has been averaged at 13.4
Apx~! in the simulations. The astrophysical background simu-
lated by TIPS includes the zodiacal and out-of-field stray light
(see Euclid Collaboration 2022b, for details on background esti-
mation for the Euclid Wide Survey) and are considered constant
across the field of view.

To perform the simulation, we chose the coordinates
(RA,Dec) = (228394,6.590) degrees where the background
is dominated by zodiacal light. At these coordinates, the zodi-
acal light is estimated to be 2.2 photons~! px~!'. The zodiacal
light in the Euclid Wide Survey is expected to vary between
1.1 and 3.0 photon s~! px~! with a median at 1.6 photons~! px~1.
The out-of-field stray light is estimated at 0.3 photons~ px~! in
our coordinates and the median estimated value for the Euclid
Wide Survey is 0.4 photons~! px~!.

In terms of data acquisition, we replicated the ROS for the
Euclid Wide spectroscopic survey (Euclid Collaboration 2022b).
This strategy involved a total integration time of 2212 sec-
onds divided into four exposures. Each exposure was dithered,
with an approximate offset of three pixels between them. Addi-
tionally, we simulated the four RGS grism orientations speci-
fied in the Euclid ROS, namely +0°, —4°, +180°, and +184°,
in order to minimise the effects of cosmic ray impacts and

faulty pixels. This approach will also serve the purpose of
decontamination.

4.2. Extraction of the 1D spectra

The extraction of the 1D spectra from the simulated images
was performed using the Euclid Spectroscopic Image Reduc-
tion pipeline (SIR) which has been combined with the simu-
lation pipeline by SIR_SPECTROSIM_RUNNER (Paganin 2022).
SIR is the official Euclid pipeline for image reduction, wave-
length and flux calibration, and extraction of the 1D spec-
tra. The four dithered frames are processed separately by
the SIR pipeline, extracting the first-order spectra using an
aperture in pixels which is set at five pixels for point-
like sources, as is the case for the AGN simulated in this
work. The four resulting 1D spectra are then combined using
inverse-variance weighting. Examples of simulated Euclid-
like spectra for both type 1 and type 2 AGN are shown in
Appendix A.

5. Redshift measurements

To estimate the efficiency and purity of the redshift measure-
ments for the simulated AGN spectra described in Sect. 4, we
performed a cross-correlation between simulated and optimised
templates created from the input AGN spectra. This choice
allows us to better understand the effects on the redshift mea-
surements due to the limited spectral coverage provided by the
red grism, as well as by its spectral resolution, which introduces
a severe blending between adjacent spectral lines. The set of
templates is composed by 9 type 1 composites (see Fig. 1) along
with 23 type 2 semi-empirical spectra (see Fig. 7) that cover all
the different combinations of AGN and host galaxy presented in
Sect. 3.

To automatically measure the redshift, we use the IRAF task
xcorr, which performs a cross-correlation between the Fourier-
transformed simulated spectrum and the set of template spec-
tra (Tonry & Davis 1979). The routine was adapted to uniformly
cover the full redshift range 0 < z < 6 when searching for the
correlation peak. We considered the Ry parameter, which is
related to the shape of the correlation peak provided by xcorr,
to assess the goodness of the correlation between the input and
template spectra. This quantity is expected to be inversely pro-
portional to the redshift measurement uncertainties (see Eq. (23)
in Tonry & Davis 1979). We note that xcoor strongly depends
upon the choice of the templates utilised to fit the data but, in
our experiment, we have considered the same AGN templates
used to build the simulations. The template library we employed
is thus representative of the data we fit. The redshift distribution
determined from xcoor is thus obtained in the most favourable
condition. Moreover, since our main aim does not require a com-
plete distribution of AGN, the redshift determination we present
here only provides a test bed for the future OU-SPE pipeline,
without having the ambitious goal of being complete. To quan-
tify the quality of the redshift measurement, we considered the
following definitions.

— Measurements are termed good if |zoy — zin| < 0.01, where
Zin and Zoy are the redshifts of the input and simulated spec-
trum and Ry.or > 5, respectively.

— Measurements are termed false if |zou — zin| > 0.01 even if
the parameter Rycorr = 5. The fraction of redshift estimates
flagged as false gives us information about the purity of the
AGN spectroscopic mock sample.
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Fig. 7. Type 2 incident templates employed for the cross-correlation analysis in the redshift determination (i.e. xcoor, see Sect. 5). Black solid
line: Six templates representing SB-AGN. Green dot-dashed line: Eight SF-AGN templates. Red dotted line: Nine AGN2 templates.

— Measurements are termed lost if Rycorr < 5. This regime also
includes AGN with a low signal-to-noise ratio (S/N) spec-
trum and (or) absence of strong emission lines. This is espe-
cially true at low redshift and high redshift where He and
Hp+[O11] are outside the wavelength coverage of the grism.

As a first test, we adopted no prior assumption on either the
redshift or the AGN classification of the simulated source. By
running the cross-correlation completely blind, we measure the
correct redshifts for almost 60% of the AGN spectra (1487/2496),
but with a relatively high contamination (7%), i.e., 176 objects
in which the redshift is measured with good confidence but with
an incorrect redshift estimate (flagged as ‘false’, see Fig. 8, top
panel). We do not find a significant improvement in the redshift
measurements when adopting a type 1 or 2 template depending
on the classification of the analysed AGN spectrum.

We then included a simulated set of photometric redshifts,
with an uncertainty assumed to be 0z/(1 + z) = 0.2, as a prior
in the cross-correlation, by considering the photometric redshift
value as the centre of a redshift window with a width of 0.5. The
search for the correlation peak is carried out only within this
redshift range. With this prior of the photometric redshift, we
significantly improved the efficiency in measuring correct red-
shifts®. The objects with a redshift measurement flagged good

6 We caution that the effect of catastrophic errors is not included in our
analysis.
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(Izout — zinl < 0.01 and Ry = 5) constitute 65% of the total
(1622/2496), with an increase of the efficiency that is due to the
significant decrease of false measurements (49/2496): only 2%
of objects have a confident but incorrect redshift estimate (i.e.,
Rxcorr 2 5)

In terms of redshift intervals, we have identified three ranges.
A low-redshift (z < 0.89) interval where the Ha emission line is
not yet redshifted into the NISP spectral range. A second range
where the Ha emission line is within the NISP spectral coverage
of the red grism (0.89 < z < 1.83) and a third range at high
redshift (z > 1.83) where the Ha is, again, redshifted outside the
observed NISP spectral range.

Our results are very encouraging in the redshift interval
where Ha is visible. In this range, considering the results
obtained including the photo-z prior, our simulation comprises
844 AGN (307 type 1 and 537 type 2 AGN), and 689 of them
(82%) have good and highly ranked redshifts, with further 144
spectra (17%) with redshifts determined from xcorr but they
are not reliable based on our adopted criterion (Rxcorr < 5). The
purity in this redshift range is very high (98%), with only 11
objects classified as false. We caution that the fraction of AGN
with good redshifts will be lower in the real data, since we are
missing faint AGN in the simulated sample and the success rate
is a function of flux (as it will be shown in Fig. 13).

Outside this redshift range, the measurement efficiency
decreases significantly. This is expected at high redshift, where
we have fainter objects and a wider redshift interval, and the
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the shape of the correlation peak, and is inversely proportional to the redshift measurement uncertainty) when using no prior (upper panel) and a
photometric redshift prior (lower panel). Different colours refer to different classifications of the redshift estimates (see Sect. 5 for more details).

emission lines are weak if not absent. At low redshift, the low
efficiency is related to the lack of intense emission lines.

We also analysed the redshift measurements obtained from
the latest version of the OU-SPE (organisation Unit for the spec-
troscopic redshifts) pipeline. The OU-SPE pipeline estimates the
correct redshift for 30% considering the full sample. This frac-
tion becomes 48% when we limit the AGN sample to the redshift
interval where Ha is visible. The principal cause for this incon-
sistency lies in the set of templates implemented in the pipeline,
which are tailored for non-active galaxies (e.g. broad lines are
not considered). As the pipeline is currently under development
(Euclid Collaboration: Le Brun et al., in prep.), we prefer to
restrict the analysis to the redshift values as discussed above.

6. Spectral analysis

As the calibrated Euclid spectra will be available to the sci-
entific community online, we detail here a ‘user-like’ spectral
analysis of the simulated data mainly focussing on the emis-
sion line fluxes. Emission line fluxes for both incident and sim-

ulated Euclid-like mock AGN spectra are measured using a
modified version of the Quasar Spectral Fitting library (QSFIT,
Calderone et al. 2017). The updated QSFIT is a Julia language’
based automatic spectral fitting tool (Selwood et al. 2023) for
both type 1 and type 2 AGN spectra from the optical to the
ultraviolet, using the redshift values estimated in Sect. 5. Prop-
erties of the AGN continuum, Balmer continuum and pseudo-
continuum, iron complexes, host galaxy contributions, and
emission lines are derived in the rest-frame wavelength range
1215-7300A (see also e.g. Shenetal. 2011; Rakshit et al.
2020). Scattered light and nebular continuum are not included
in the spectral fit of type 2 AGN. These two contributions are
nonetheless negligible with respect to the continuum and star
formation (e.g. Vidal-Garcia et al. 2024).

QSFIT utilises a flexible fitting recipe which includes sev-
eral physically motivated AGN spectral components to model
the data. Whilst we refer the reader to the relative publication
for details, we summarise below the main components consid-
ered to fit the data.

7 https://julialang.org/

A108, page 11 of 30


https://julialang.org/

Euclid Collaboration: A&A, 685, A108 (2024)

Table 5. Optical and UV emission lines considered in QSFIT analysis
of type 1 and type 2 incident spectra and their wavelengths (rest-frame,
vacuum).

Line Wavelength (A) Type 1 Type 2
C] 1908.53 B+N N
CIj 2327.64 B -
Mgn 2796.352 B+N N
[Ne v] 3426.5 N N
[O11] 3727 N N
[Ne 1] 3870.16 N N
Ho 4102.892 B -
Hy 4341.684 B N
[O 1] 4364.436 N N
Henr 4687.02 B -
Hp 4862.683 B+N N
[OmI] 4960.295 N N
[O 1] 5008.240 N N
[O111] (blue wing) 5008.240 N N
He1 5877.25 B -
[O1] 6302.046 N N
[O1] 6365.536 N N
[N1I] 6549.85 N N
Ha 6564.61 B+N+VB N
[N11] 6585.28 N N
[S1] 6718.29 N N
[S] 6732.67 N N

Notes. B refers to broad lines, N to narrow lines, and VB to very broad
lines.

The first major component is the AGN continuum. In the
general case for both type 1 and type 2 AGN, the AGN nuclear
continuum is modelled as a single power-law model of the form

A\
weafaf

across the available (rest-frame) wavelength range, where A is
a reference wavelength, A is the luminosity density at 1 = Ay
and a, is the spectral slope at 4 < Ay. The parameter A is fixed
at the median wavelength in the available spectral range, A is
constrained to be positive and a, is constrained to be in the range
[-5, 5].

The next major component is the Balmer continuum
and pseudo-continuum. The Balmer continuum for type 1
AGN is modelled in QSFIT according to Grandi (1982) and
Dietrich et al. (2002):

}, @)

where A is the luminosity density at 3000/0\, B,(T.) is the
blackbody curve at the electron temperature T, (fixed at T, =
15000K), g is the optical depth at the Balmer edge (fixed
at Tgg = 1), and Agg is the Balmer edge wavelength, fixed at
3645 A. Higher order Balmer components (7 < n < 50, i.e.,
the Balmer pseudo-continuum), are accounted for in the QSFIT
model using the line ratios from Storey & Hummer (1995) with a
fixed electron density of 10° cm™ and a temperature of 15000 K.
A free parameter in the fit determines the ratio of the higher-
order blended line complex to the Balmer continuum at the
Balmer edge. The whole component is finally broadened by a

3

A

Ly =ABy(Te) {1 - exp [TBE (—)
ABE
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Table 6. Default known emission line type properties available to be
implemented with QSFIT.

Line type ~ FWHM (kms™)
Narrow 100-2000
Broad 900-15 000
VeryBroad 10 000-30 000

convolution with a Gaussian profile with a FWHM equal to
5000km s~

Another significant component is the host galaxy template,
especially for low-luminosity AGN. QSFIT models the contri-
bution of the host galaxy emission to the AGN spectrum using a
host galaxy template. A library of host galaxy SEDs is incor-
porated in QSFIT, consisting of the templates from SWIRE
(Spitzer wide-area infrared extragalactic survey) collated by
Polletta et al. (2007) supplemented with twelve starburst galaxy
templates generated to model cosmological evolution survey
(COSMOS) AGN in Ilbert et al. (2009). This provides a selec-
tion of SEDs ranging from quiescent elliptical galaxies through
to starbursts. By default, the template of an elliptical galaxy with
an age of 5 Gyr drawn from the SWIRE library is used when the
host galaxy is enabled in a fit.

We then considered the UV and optical iron templates.
For type 1 AGN, broad and narrow (permitted and forbid-
den) iron lines are modelled using the UV and the optical
iron complex templates of Vestergaard & Wilkes (2001) and
Véron-Cetty et al. (2004), respectively.

Known emission lines represent a subset of spectral transi-
tions that are considered in a given QSFIT fitting recipe. Known
emission lines can be defined as narrow, broad or very broad
lines (referred to in Table 5 as N, B and VB respectively), which
carry different limits on their allowed parameter ranges as sum-
marised in Table 6. Known emission lines can be modelled with
a Gaussian, a Lorentzian, or a Voigt profile.

The integrated line luminosity ratios are fixed to a ratio
1:3 only for the oxygen doublet, [O 111]14959 and [O 1] 15007,
and (separately) for the nitrogen doublet, [N11]J16549 and
[N11]26583. Also, velocity offsets with respect to the redshift
are fixed for the above mentioned lines. The only constraint for
the narrow line widths is to be <103 km s~!. No other constraint
involving [O 111]A44959, 5007 and [N 11]116549, 6583 is applied
since they would be simultaneously available in the same spec-
trum only in a limited redshift range.

Finally, Gaussian-profiled ‘unknown’ lines are placed at
areas of highest residuals in the latter stages of a spectral fit,
with the aim of modelling additional emission lines features that
are present in the spectrum but have not been listed in the cur-
rent spectral lines library. Unknown lines are able to be placed at
any wavelength contained in the spectrum, but are excluded from
being placed within the Ha+[N11] and HB+[O1II] complexes.
The number of considered unknown lines is a parameter that
should be adjusted based on the redshift and the spectral cov-
erage of the spectra being analysed, to strike a balance between
under- and over-utilisation. We constrain unknown line FWHM
to the range 500-10000km s~! for type 1 AGN and 10-2000
km s~! for type 2 AGN.

6.1. Spectral analysis of the incident spectra

We limit our analysis of incident spectra to the NISP-S red grism
observed-frame wavelength range of 12500-18500A. Lines
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Table 7. Summary of model components considered in QSFIT analysis
of type 1 and type 2 incident spectra.

Model component Type 1 Type 2
AGN continuum Single PL  Single PL
Balmer (pseudo-)continuum Yes -

Host galaxy template - Yes

UV and optical iron templates  Yes -

Known emission lines Yes Yes
Known emission line profiles Gaussian ~ Voigt
Max number of unknown lines 5 4

Notes. PL. means power law.

outside of this range will not be present in the simulated spec-
tra which are generated for the red grism observed-frame wave-
length range only. Due to this observed-frame wavelength range
cut, any samples that subsequently fall outside QSFIT’s rest-
frame wavelength analysis range (12157300 A) are not consid-
ered in our analysis®. Table 5 provides an overview of the known
optical and UV emission lines considered in our analysis of
type 1 and type 2 AGN incident spectra.

Prior to the QSFIT analysis, we resampled the spectra to
have evenly spaced wavelength samples in logarithmic space,
thus ensuring a constant resolution of 100 km s~!. We found five
unknown lines to be an appropriate maximum amount for mod-
elling unconsidered elements in type 1 incident spectra in the
NISP-S wavelength range. Since type 2 spectra exhibit less com-
plex features with respect type 1 AGN, we find that a maximum
number of four unknown lines are appropriate to model type 2
incident spectra in the NISP-S wavelength range. The maximum
number of unknown lines is utilised in 54% of type 1 incident
spectra fits and 96% of type 2 incident spectra fits with QSFIT.
To model known emission lines in the type 2 incident spectra, we
considered a Gaussian spectral profile (a test considering differ-
ent spectral profiles is discussed in Appendix B), to be consistent
with the simulated data (see the next section). Table 7 provides
a summary of the individual recipes used to fit type 1 and type 2
incident mock spectra.

6.2. Spectral analysis of the simulated spectra

Identical to the treatment of the incident spectra, we resam-
pled the linearly spaced simulated spectra to be logarithmically
spaced in wavelength. We deconvolved the simulated spectra
using a Gaussian NISP-S instrumental resolution of 667 km s~!
(corresponding to a spectral resolution of R = 450). The maxi-
mum number of unknown lines allowed to perform the spectral
fitting for type 1 and type 2 simulated spectra is reduced with
respect to the incident spectra models due to the decreased wave-
length range covered by the simulated spectra, which are gener-
ated for the NISP-S red grism only. A total of two unknown lines
is found to be sufficient for the modelling of unconsidered ele-
ments in type 1 and type 2 simulated spectra. We recall here that
the unknown lines are ‘nuisance lines’ useful to deal with minor
spectral features in the data which, if neglected by our model,
would produce an overall bad fit. An example is shown in Fig. 9

8 We do not include emission lines shorter than C I11] in the spectral fit,
as we are only analysing the spectra in the red grism wavelength range
(for which the simulated spectra are created). Since the highest redshift
AGN in the catalogue are at z ~ 7 and the red grism coverage starts
at 12500 A observed-frame, the shortest rest-frame wavelength we can
possibly observe is at 1563 A.
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Fig. 9. Example showing a Euclid-like simulated type 2 AGN spectrum
where the maximum number of unknown lines are used.

for a simulated type 2 spectrum. We remind that these lines are
never used to model spectral features such as the Ha+[N II] com-
plex, for instance. The maximum number of unknown lines is
utilised in 77% of type 1 simulated spectra fits and 95% of type
2 simulated spectra fits. The fraction in type 2 AGN is the same
as for the incident data, whilst it is higher than in type 1 AGN, but
we must consider that there are only two unknown lines included
in the spectral fit recipe and also that many of the spectra have
a low S/N which sometimes results in an unknown line (or two)
being used for unphysical noise features.

Due to the low spectral resolution of NISP-S, we find that
the Ha complex (Ha+[N11]) cannot be reasonably deblended in
simulated spectra. The blending of the lines results in our stan-
dard three-component fitting of the Ha+[N IT] complex becom-
ing highly degenerate. The individual components included for
the complex therefore no longer follow their intended use and
will blend together to fill the residual of the feature. Figure 10
presents an example showing the difference between the Ha
complex in a type 1 incident spectrum and its Euclid simulation.
We compared two alternative methods of modelling the blended
Ha complex in type 1 simulated spectra: (1) a single broad
Gaussian component and (2) both a narrow and broad Gaussian
component. We drew a comparison between the total Ho+[N 11]
complex flux measured for the incident spectra against the flux
measured using our two models for simulated spectra. A sin-
gle Gaussian profile provided a median percentage difference
compared to incident measurements of 26%, with a median flux
measurement difference (incident flux minus simulated flux) of
—-6.5 x 1078 erg s7! cm™2. By employing a narrow and broad
component, we found a median percentage difference com-
pared to incident measurements of 24%, with a median flux
measurement difference of —3.8 x 107 erg s~! cm™2. Hence,
we find a roughly even percentage difference compared to our
incident spectra flux measurements using both models, but a
lower median flux measurement difference with the single Gaus-
sian model. We therefore opt to use the more simplistic single
Gaussian model for type 1 simulated spectra Ha complexes as
there are no significant gains in measurement performance using
a more complex model.

The same blending effect of the Ha complex is observed in
type 2 AGN simulated spectra (see Fig. 10). We find the blended
He complex for type 2 AGN to be well modelled with a broad
Gaussian component for which the FWHM is constrained in the
range 900-3500km s~!. We found that Gaussian emission line
profiles most effectively capture the flux that is present in type 2
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Fig. 10. Example showing type 1 (top row) and type 2 (bottom row) AGN He complex of incident (left) and Euclid-like simulated spectra (right).
The sources shown in this plot have redshifts z = 1.7 (type 1) and z = 1.2 (type 2).

simulated spectra (90% of that measured in the incident spectra,
see Sect. 7.1). We therefore used Gaussian emission line profiles
to model known emission lines in these spectra.

Other than the changes discussed above, all the other compo-
nents considered in the spectral fit of the type 1 and type 2 AGN
simulated spectra models are identical to those used to analyse
the type 1 and type 2 incident spectra’. Table 8 provides a sum-
mary of the individual recipes used to fit type 1 and type 2 sim-
ulated Euclid-like spectra.

7. Results and discussion

7.1. Comparison between incident and simulated data

In this section, we compare emission line fluxes measured with
QSFIT in both the incident and simulated spectra. During the
Euclid mission, all the spectral measurements will be computed
by an automatic pipeline that is currently under development by
the Euclid collaboration. At the time of writing, the algorithm
performance is still under evaluation, and it is beyond the scope

° https://github.com/MattSelwood/QSFit-Euclid-NISP-
AGN
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of this work to provide an in-depth spectral analysis of the simu-
lated data with this pipeline (details will be provided in Le Brun
et al. in prep.). Nonetheless, a preliminary comparison of the
emission line flux measurements for the Ha complex shows a
broad agreement between the values obtained from our user-like
analysis and those obtained with the SPE pipeline in its latest
available version (see Appendix C).

Since Euclid is mainly focussed on Ha emission as it is
expected to be the brighter emission line in the probed redshift
range, we concentrated on the comparison of flux measurements
for this emission line only. This exercise serves to qualify how
close the spectral measurements obtained with Euclid-like spec-
tra are to the truth and to simulate a ‘user-like’ analysis with a
spectral fitting pipeline that is not the Euclid official one. Due to
the discrete wavelength values used in the construction of mock
spectra, the He complex is only observed in simulated spectra
(red grism only) in the redshift range 0.9 < z < 1.8 for type 1
sources (281 objects) and 0.855 < z < 1.8 for the type 2 sources
(582 objects). As the Hao complex is blended in simulated spec-
tra (see Sect. 6.2), we compare the flux measured for the sin-
gle broad component used to model the complex in simulated
spectra to the summation of the individual components used
to model the Ha complex for incident spectra (i.e., broad and
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Table 8. Summary of model components considered in QSFIT analysis of type 1 and type 2 simulated spectra. PL. = power law.

Model Component Type 1 Type 2

AGN continuum Single PL Single PL

Balmer (pseudo-)continuum Yes -

Host galaxy template - 5 Gyr elliptical
UV and optical iron templates  Yes -

Known emission lines Yes (modified He)  Yes (modified Ha)
Known emission line profiles Gaussian Gaussian

Max number of unknown lines 2 2

narrow component for the Ha, [NI]A116549, 6583, see
Sect. 6.1). To perform the fit and to compute the luminosity val-
ues, we considered the input (true) redshift. This is just a (zero-
order) working assumption to evaluate the performance of the
fitting procedure. The He flux was determined from the simu-
lated spectra of the type 1(2) AGN for 263(353) sources, with
172(344) having a spectroscopic redshift flagged as ‘good’.

Figure 11 (top row) presents the comparison of the
Ha+[N 11] flux measurement between the simulated and the inci-
dent spectra for the type 1 (left panel) and type 2 (right panel)
AGN samples. We highlighted all objects with a spectroscopic
redshift measured from the simulated spectra flagged as ‘good’
(see Sect. 5) with blue symbols. We quantified the relative flux
difference between the simulated and incident data as AF/F =
(Fua.sim — FHainc)/ FHa.inc> @s shown in the bottom panels of each
plot. The Ha+[N11] flux values obtained with the simulated and
the incident data are in overall good agreement, with the nar-
rower dispersion obtained for the subsample for which we have a
good spectroscopic redshift, as expected. The median AF/F are
about —28% and —10% for the type 1 and type 2 AGN, respec-
tively. We inspected the best fits of the simulated spectra for both
the type 1 and type 2 AGN, finding that the profiles are overall
well modelled for both AGN types (see Fig. 10). Nonetheless, a
fraction of the flux is lost, especially in the case of type 1 AGN
as shown in Fig. 11 (top left panel).

To investigate the reason for this flux loss, we fit all the inci-
dent data again with the same prescription employed for the sim-
ulated ones: one single broad component to model the whole
Ha+[N1] complex. Results are shown in the bottom row of
Fig. 11 for type 1 (left) and type 2 (right) AGN. The median
AF/F for type 1 is now reduced to about —8%, whilst the flux
comparison for the type 2 significantly worsened. The latter case
is explained by the fact that one single Gaussian component is
clearly not sufficient to retrieve the Ha+[N 1] emission in the
incident data. In the case of type 1 AGN, instead, the compari-
son significantly improved, implying that 1 single component is
sufficient to recover most of the Ha+[N II] emission in the sim-
ulated data.

We also checked whether the remaining fraction of the miss-
ing flux could be attributed to the slitless spectra extraction pro-
cedure. By comparing the median flux values of the incident and
simulated spectra, we find that flux loss could be roughly 11%
for type 1 AGN and 2-8% for type 2 AGN. This implies that flux
loss could partly explain the remaining fraction of flux missing
in the comparison between simulated and incident flux values
(see Appendix F for details). We conclude that the low resolu-
tion of the NISP instrument will not allow the deblending of the
Ha+[N11] complex in AGN of any type, with a single Gaussian
profile able to recover > 85% of the Ha+[N II] emission in the
simulated data.

7.2. Expected fraction of AGN with spectroscopic redshifts

As discussed in Sect. 6.2, the low resolution of the NISP instru-
ment will not deblend the Ha+[N 1I] complex in AGN of any
type. This implies that the number of type 1 AGN for which
the redshift will be determined from the observed Euclid spec-
tra is lower than for type 2 AGN, especially for AGN close
to the line flux limit. The emission line S/N of the Ha+[N1I]
complex'® observed in the simulated spectra for type 1 and
type 2 AGN, for which the spectroscopic redshift is measured,
is shown in Fig. 12 where the emission line S/N is plotted as
a function of the integrated observed emission line flux. The
extrapolations to the flux limit of the relations fall below the
required S/N (307), which is more pronounced for type 1 AGN,
as expected, given that the noise associated to a broad line is
greater than the one associated to the narrow one (i.e. the num-
ber of pixels is higher for a broad line and thus the related noise).
We also computed the ratio between the number of sources
with a ‘good’ redshift measurement and the total number of
objects as a function of the integrated Ha+[N1I] flux in the
simulated spectra for both type 1 and type 2 AGN (Fig. 13).
A spectroscopic redshift is determined for ~90% of the simu-
lated type 2 AGN down to an emission line flux of roughly 3x
10~ erg s7! cm™2, whilst the emission line flux value is more
than a factor of 2 higher for type 1 AGN at the same percentage,
ie,85x10 %ergs™! cm™

7.3. Estimating black hole mass using Ha

The measurement of the black hole mass (Mpy) is challeng-
ing, even when reverberation mapping campaigns are available
(e.g. Bentz & Manne-Nicholas 2018). Yet, Mpy is one of the key
parameter for studies focussed on determining the scaling rela-
tions between black hole and host galaxy properties. These scal-
ing relations are pivotal to test black hole feedback mechanisms
(e.g. Steinborn et al. 2015; Weinberger et al. 2017) and cosmo-
logical hydrodynamical simulations of structure formation that
aim at investigating galaxy-black hole growth (e.g. DeGraf et al.
2015). Euclid will observe hundreds of thousand AGN spectro-
scopically, thus providing a prime dataset for such studies.

To estimate Mgy for both the incident and simulated
datasets, we considered the recalibrated single-epoch virial rela-
tionships recently published by Kynoch et al. (2023, see their
Table 4) that make use of the integrated line flux and FWHM
components of the He emission line. We thus have to inves-
tigate first how well the FWHM of the broad Ha can be

10 The emission line S/N is defined as the ratio between the total
Ha+[N11] flux (obtained from the fit of a single Gaussian profile to
the line) and the (statistical) uncertainty on this measurement.
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recovered, despite the strong blending expected for the Euclid

NISP spectra.

Figure 14 compare the Hoe FWHM between incident and
simulated data when the best fit of incident spectra considers
one single Gaussian component of the Ha emission line pro-
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file. Despite the scatter, the values obtained for the type 1 AGN

with a robust redshift measurement follow a one-to-one rela-

tion, with a median percentage error on the He FWHM of
roughly —9%. We then plotted the comparison of the Ha flux and
FWHM between incident and simulated data only for the broad
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component of the Ha emission line in Fig. 15. The median per-
centage error for Ha flux and FWHM are about 55% and —14%,
respectively, with a rather scattered distribution of FWHM
values.

Finally, Fig. 16 presents the comparison of Mgy estimates
between the incident and the simulated data. We quantified the
relative difference between Mpy for simulated and incident data
as AMgu/Mpn = (MBHsim — MBH,inc)/MBH,inc, Which is shown
in the bottom panel. The left panel displays the My values
obtained from the incident data where only the broad compo-
nent of the Ha emission line profile is considered (see Sect. 6.1).
The agreement is good overall, with a median AMpy/Mpy of
about —10%. The scatter in the Mpy distribution reduces when
we consider one single Gaussian component of the Ha emission

line profile (right panel of Fig. 16) to derive Mgy for incident
spectra. Yet, the average shift in the latter case is about —20%.

Summarising, although the estimate of both Ha flux and
FWHM are individually offset with respect to the reference val-
ues, the effect of these two measures on the determination of the
Mgy is opposite. The combination of these different shifts in Ha
flux and FWHM produces the different offsets in My discussed
above.

8. Conclusions

In this work, we present estimations of the performance of the
spectroscopic characterisation of both unobscured (type 1) and
obscured (type 2) AGN with the NISP spectrograph, which is
mounted in the ESA Euclid space telescope. NISP operates in
the spectral range 0.9-2 um, opening a new window for spec-
troscopic AGN studies in the NIR. Several hundred thousand
AGN will be observed spectroscopically across a wide redshift
range, which will represent the largest AGN sample with NIR
spectroscopy so far. We built AGN template libraries to provide
realistic spectra for type 1 and type 2 AGN that resemble those
that will be detected by the NISP spectrograph. Starting from
these incident spectral models, we then constructed a dedicated
set of simulations to create mock AGN spectra from the rest-
frame NIR to the UV, and determined the emission line flux of
the Ha+[N11] complex in both the incident and simulated data.
Our main findings can be summarised as follows.

— Redshift measurements are robust in the interval where Ha
is visible within the spectral coverage of the red grism (i.e.
0.89 < z < 1.83, probing the peak of AGN activity at
z = 1-1.5). In this range, our simulation comprises 889 AGN,
with 83% having good redshifts (and an additional 6% have
good redshift but are not reliable; i.e. Rycorr < 5). We deter-
mined an upper limit on the purity in this redshift range to be
98% (with only 11 objects classified as ‘false’). Outside this
redshift range, the measurement efficiency decreases signifi-
cantly. At high redshift, where we have fainter objects and a
wider redshift interval, the emission lines are weak or absent.
Atlow redshift (z < 0.83), the high inefficiency in the redshift
determination is related to the lack of intense emission lines.
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— The low spectral resolution of the NISP instrument does find a good agreement overall, with a median AMgy /Mgy of
not allow the deblending of the Ha+[N 11] complex in AGN about —10%.
of any type, with a single Gaussian profile able to recover We caution that the simulation used in the present analysis
> 85% of the Ha+[N1I] emission in the simulated data assumed (1) no contamination from neighbouring spectra, (2)
(see Sect. 6.2 for details). A small fraction of the observed a single value for both sky background and out-of-field stray
flux could also be lost at the slitless spectra extraction level, light, and (3) that luminosity values are extracted at the true red-
which is expected to be mitigated by the optimal extraction shift. Regarding the latter, our main results are presented only
algorithm that is implemented in the upcoming version of the ~ for the fraction of objects with a good redshift measurement,
OU-SIR pipeline. and therefore even if the purity is different in the real Euclid

— We determined a spectroscopic redshift for about 90% of dataset, this approximation is suitable for a sensitivity analy-
the simulated type 2 AGN down to an emission line flux of sis regarding redshift, He luminosity measurement, and black
roughly 3 x 107 erg s™! cm™2. The emission line flux value hole mass estimation. Extracted NISP-S spectra should have low
is more than a factor of 2 higher for type 1 AGN at the same contamination from neighbouring objects due to the fact that
percentage; that is 8.5 x 10" %erg s~ cm™2. four orientations of spectra are combined. Therefore, the simula-

— We investigated how well the luminosity and FWHM of the tions we employed, although simplified at the level of creation,
broad component of Ha can be recovered, despite the strong  should reflect reasonable NISP-S spectra (see also Sect. 6 in
blending expected for the Euclid NISP spectra. The median Gabarra & Consortium 2023). Our simplification regarding stray
percentage errors for He luminosity and FWHM are about light is justified if we can assume that stray light from very bright
55% and —14%, respectively, with a rather scattered distri- stars outside the current field of view does not have a strong gra-
bution of FWHM values. Regarding our estimate of Mpy, we  dient along a NISP-S spectrum, and so should simply represent
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a raised background. Moreover, stray light from nearby stars
should also be somewhat different for the four spectrum orienta-
tions and should therefore be washed out to some degree when
combined. We also mention that our results for the type 1 AGN
are biassed to the bright blue AGN population, and given that
we excluded BALs and radio-bright AGN from the main AGN
sample, our analysis could be extended to include these interest-
ing AGN types, especially the most extreme classes in these two
categories (e.g. FeLoBALs, LoBALs). We could also perhaps
fold in the AGN luminosity function to quantify the capability of
NISP in retrieving the AGN classification from the NISP data.

The presented analysis further extends the campaign to
assess the performance of the NISP spectrograph in the context
of active galaxies. Finally, the expected high spectroscopic cov-
erage of AGN at z < 2 will be of prime importance for studies
of AGN demography, scaling relation, and AGN clustering from
the epoch of the peak of AGN activity down to the present-day
Universe.
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Appendix A: Example of Euclid-like simulated
spectra

We present in Figure A.1 and in Figure A.2 a few examples of
Euclid-like simulated spectra for type 1 and type 2 AGN, respec-

=}
S

Flux Density (arbitrary units)

10.0g

Flux Density (arbitrary units)

=
S

o
—
(=

Flux Density (arbitrary units)

tively, in the redshift interval 0.89 < z < 1.83, thus where the
Ha+[N11] complex is within the spectral coverage of the red
grism. Spectra are shown at different S/N and noise levels for
the good, false and lost, redshift classes (see Sect. 5).
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Fig. A.1. Example of Euclid-like simulated spectra for type 1 AGN in the redshift interval 0.89 < z < 1.83, thus where the Ha+[NII] complex is
within the spectral coverage of the red grism. Spectra are shown at different S/N and noise levels (medium/high on the left and low on the right)
for the good (top row), false (mid row), and lost (bottom row) redshift classes (see Sect. 5).
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Fig. A.2. Example of Euclid-like simulated spectra for type 2 AGN in the redshift interval 0.89 < z < 1.83, thus where the Ha complex is within
the spectral coverage of the red grism. Spectra are shown at different S/N and noise levels (medium/high on the left and low on the right) for the
good (top row), false (mid row), and lost (bottom row) redshift classes (see Sect. 5).
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Appendix B: Line profile modelling

To better understand whether we are capturing the entire line flux
in the incident data, we test two spectral profiles (Lorentzian, and
Voigt), in addition to the Gaussian one, to model known emis-
sion lines. Figure B.1 shows an example for the He complex fit
in the type 2 incident spectra with each of the profile options.
Gaussian profiles underestimate the peak of the emission lines,
while effectively fitting the base and core of the lines. Lorentzian
profiles overestimate the tips of the emission lines and under-
estimate the cores of the lines. Voigt profiles, which are a con-
volution of Gaussian and Lorentzian profiles, provide a middle
ground where the majority of the line flux in the data is captured
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by the model. Yet, the tips of the emission lines are still not fully
modelled with a Voigt profile. We postulate that this is due to
the type 2 incident spectra emission lines being constructed with
an AGN and starburst component (i.e., two Gaussians) and so
cannot be perfectly modelled using a single line profile. We find
that Voigt profiles capture the most flux presented in the data
and are hence the best trade-off to be used for type 2 incident
spectra emission line modelling. To be consistent with the sim-
ulated spectra that are insensitive to the profile employed, we
restrict the comparison to the results obtained with the Gaussian
one only. Yet, we caveat that a (small) fraction of the flux may
be already missed at the level of the spectral modelling of the
incident data depending upon the profile assumed.
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Fig. B.1. Example of a type 2 AGN incident spectrum Ha complex fitted using Gaussian (left), Lorentzian (centre) and Voigt (right) emission line

profiles.
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Appendix C: Emission line flux from the OU-SPE
automated spectral fitting

The Euclid collaboration is currently developing an automated
pipeline with the main goal to compute spectral line measure-
ments (e.g. emission lines, absorption lines, continuum breaks)
in Euclid spectra. Briefly, this automatic routine computes line
spectral parameters through Gaussian fitting with a non-linear
least-squares minimisation. The Ha complex profile is mod-
elled with three Gaussians, one for each feature (i.e., Ha and
[N11]116548, 6584), on top of a polynomial which accounts for
the continuum. For this model, the [N1I]16584 to [NII]16548
ratio is fixed to 3:1 and the FWHMs of the lines are assumed
to be the same. In the case of a broad profile (i.e., FWHM>
2000 km s!), the spectral fit is performed with two Gaussians
only, one for the broad component of the Ha and another for
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the narrow (i.e., no spectral components are considered for the
[N1] doublet). At the time of writing, the pipeline provides
tested results for the integrated flux of the Ha emission line com-
plex (flux uncertainties are currently not implemented). Spectral
parameters and relative uncertainties for other emission lines are
currently under analysis and will be delivered in the updated ver-
sion of the pipeline.

Figure C.1 presents the comparison of the Ha complex
line flux between the QSFIT and the OU-SPE measurements.
Fluxes are in very good agreement, with a slightly more scat-
tered dispersion around the one-to-one for the type 1 AGN,
as expected. The relative flux difference between the QSFIT
and OU-SPE value is defined as AF/F = (FuoqQsrT —
FH(I,OU—SPE)/FH(I,OU—SPE' The median AF/F are about —9% and
3% for the type 1 and type 2 AGN, respectively.
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Fig. C.1. Comparison of the Ha+[N 1] flux measurements of the simulated spectra between QSFIT and OU-SPE. The results for the type 1
and type 2 AGN are shown in the left and right panels, respectively. Sources with a spectroscopic redshift measured from the simulated spectra
and flagged as good (see Sect. 5 for details) are marked with blue symbols. The bottom panel shows the percentage flux difference defined as
AF/F = (Fyogsrit — Fue,00-spe)/ Fre,0u-spe. The one-to-one flux relation is shown with a red dashed line, which is set to zero in the bottom
panel. The dot-dashed blue line in the bottom panel represents the 50th percentile of the AF/F distribution.
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Appendix D: Comparison of the near-infrared
spectral region of the type 1 composite with the
literature

The list of the sources used to build the NIR composite is given
in Table D.1. We further investigated whether the NIR compos-
ite we included in the type 1 AGN main stack (Sect. 2) can be
improved by including additional NIR spectra of quasars in the
literature. For this purpose we collected all the cross-dispersed
NIR spectra published by Landt et al. (2008, 2011, 2013). This
data set consists on 29 well-known local type 1 AGN observed
at the NASA infrared telescope facility (IRTF), a 3 m telescope,
and the 8 m Gemini North Observatory, both located on Mauna
Kea, Hawai’i (see Table 1 in Landt et al. 2014 for a summary of
the sample properties). We note that the a few sources in their
sample that display a continuum dominated by the host galaxy
emission were not considered here. The data were corrected for
Galactic absorption, shifted to the rest-frame and stacked in the
same way as done for the SDSS spectra (see Sect. 2.2). The
resulting composite is shown in Fig. D.1 with the red line (avail-
able at the CDS). Our composite is flatter (redder), likely due
to the contribution of the host galaxy emission, and it is more
noisy around the Paa emission line, but there is good agree-
ment overall. We defer a more in-depth analysis of the rest-frame
NIR region to future work. A version of the composite shown
in Fig. 4 corrected for host galaxy emission in the optical, for
the IGM absorption in the UV, and that extends in the near-
infrared through the spectral composite we build by considering
the Landt et al. AGN sample, is also available online. The host
galaxy correction at optical wavelengths (3500 < A/A < 7400)
has been performed by assuming the intrinsic continuum of the
type 1 template published by Saccheo et al. (2023).

Table D.1. List of AGN used to construct the NIR composite. The
SDSS AGN in the table are drawn from Glikman et al. (2006), whilst
the remaining are BAT AGN from Ricci et al. (2022).

Name Redshift
SDSS J000943.1-090839.2 0.210
SDSS J001327.3+005231.9 0.362
SDSS J005709.9+144610.1 0.172
SDSS J005812.8+160201.3 0.211
SDSS J010226.3-003904.6 0.295
SDSS J011110.0-101631.8 0.179
SDSS J015530.0-085704.0 0.165
SDSS J015910.0+010514.5 0.217
SDSS J015950.2+002340.8 0.163
SDSS J021707.8-084743.4 0.292
SDSS J024250.8-075914.2 0.378
SDSS J031209.2-081013.8 0.265
SDSS J032213.8+005513.4 0.185
SDSS J034042.93-073125.5 0.217
SDSS J073623.12+392617.8 0.118
SDSS J125519.6+014412.2 0.343
SDSS J150610.5+021649.9 0.135
SDSS J170441.3+604430.5 0.372
SDSS J172711.8+632241.8 0.218
SDSS J211843.2-063618.0 0.328
SDSS J212619.6-065408.9 0.418
SDSS J232235.6-094438.1 0.372
SDSS J234932.7-003645.8 0.279
SDSS J235156.1-010913.3 0.174
419 0.034
432 0.060
441 0.039
447 0.057
488 0.057
689 0.084
1015 0.056
1079 0.144
1151 0.060
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Fig. D.1. Comparison of the empirical composite incident spectrum of type 1 AGN utilised in this work (shown with the black solid line) with the
one we constructed from the datasets published by Landt et al. (2008; 2011; 2013, in red). The Landt et al. composite is normalised at the 16 000 A
flux of our stack. Main emission lines are marked.
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Appendix E: Comparison of the semi-empirical
composite spectrum of type 2 AGN with the
literature

The composite incident spectra utilised for the type 1 and the
type 2 AGN have been computed in a very different way. The
former have been derived from observed type 1 spectra of opti-
cally selected galaxies from the SDSS, while the latter from sim-
ulations (i.e. SPRITZ) with empirical composites of different
kind of galaxies (e.g. classical obscured AGN, star-bursts and
star forming galaxies with different AGN fractions, see Sect. 3
for details) considered as an input. The choice of using SPRITZ
is justified by the fact that it is more difficult to define a clean
sample of type 2 AGN. Indeed, even if type 2 AGN display
strong narrow high-ionisation emission lines (with FWHM <
2000km s~!) and weak continua (Zakamska et al. 2003) in the
rest-frame optical spectra, the literature works often refer to type
2 AGN as ‘candidates’, as their selection strongly depends on
the diagnostic (and thus the available emission lines) considered
(e.g. Hao et al. 2005; Reyes et al. 2008; Alexandroff et al. 2013;
Mignoli et al. 2013).

We thus want to test whether our type 2 composite derived
from a semi-empirical library is consistent with what is currently
available in the literature. Figure E.1 shows the comparison of
the semi-empirical template spectra of type 2 AGN utilised in
this work (shown with the black solid line) with the empirical
one published by Yuan et al. (2016). The blue line represents the
composite spectrum of all type 2 quasars in the baryon oscilla-
tion spectroscopy survey (BOSS) analysed by Yuan et al. (2016).

The excess flux at A > 6500 A is due to the host galaxy emission,
which also seems to be dominant at bluer wavelengths. There-
fore, the difference between the composite by Yuan et al. (2016)
and ours is mainly due to the different host galaxy. The red line
is derived by normalising the composite spectrum by Yuan et al.
(2016) to a continuum obtained by spline-interpolating between
relatively line-free regions. This stack preserves the equivalent
widths of the emission lines, although the intrinsic shape of the
continuum is lost (see their Fig. 15 and their Sect. 3.7). Overall,
there is good consistency between the two composites regarding
the Ha+[N1I] complex and the spectral region around the HS
and [O1]. There are instead some differences in the strength
of the emission lines in the UV at 1 < 4000 A, such as [O11],
[Ne 1] and Hé, with a few spectral features missing in our tem-
plate (e.g. [Ne V]).

To this comparison we also included the composite pub-
lished by Mignoli et al. (2013, green line in Fig. E.1) obtained
from a sample of 94 narrow-line AGN in the redshift range
0.65 < z < 1.20. Their sample is selected from the 20k-Bright
zCOSMOS galaxy sample by the detection of the high-ionisation
[Ne v]A3426 line. This composite shows strong, high-ionisation
narrow lines, such as [Ne V], that is not present in our stack, and
a very faint Mg I emission line consistent with the emission seen
in our composite. We stress that these differences do not affect
any result in our analysis, as our comparison is mainly focused
on the Ha spectral region rather than the UV and the overall
shape of the continuum. In the future, we will implement a more
data-driven composite for the type 2 AGN to improve the inci-
dent template library for type 2 AGN in the UV.
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Fig. E.1. Comparison of the semi-empirical template incident spectra of type 2 AGN utilised in this work (shown with the black solid line) with the
empirical one published by Yuan et al. (2016). The blue line represents the composite spectrum of all BOSS type 2 quasars in the sample analysed
by Yuan et al. (2016), whilst the red line is derived by normalising the composite spectrum to a continuum obtained by spline-interpolating between
relatively line-free regions. The green line represents the spectral stack of 94 narrow-line AGN published by Mignoli et al. (2013). For sake of
comparison, the literature composites are normalised at the 5100 A flux of our stack. Main emission lines are marked. The bottom panels are two
zoom-ins around the HQB (left) and the Ha (right) the spectral regions. Stellar absorption features are also included and visible in our type 2 AGN
spectrum between Hy and Hp (see also Fig. Al by Vidal-Garcia et al. 2017 and Figs. 9 e 10 by Bruzual & Charlot 2003), which will be blended

to the continuum in any moderate (low) resolution spectrum.
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Appendix F: Analysis of the flux loss

Here we present some additional test we performed to investigate
whether a fraction of the missing flux could be lost at the slitless
spectra extraction level (see Sect. 5.1.3 in Euclid Collaboration
2023a, for details). We first compared the distribution of the
ratios 7 of the median observed flux values of the incident spec-
tra Fi,. and the simulated spectra Fgiy, (i.e., 7 = (Fsim)/{Finc)>
where the angle brackets () represent medians); see Fig. F.1. The
median of this distribution is about 12% for type 1 AGN and 2%
for type 2 AGN, with a percentage error on the distributions of
spectrum flux median values (defined as 1.253 o/ VN, where o
and N represent the standard dispersion of the distribution and
the number of objects, respectively) at the 2.5% level for type
1 and 1% for type 2. As an example, we present a comparison
between the incident (black) and simulated (red) spectra for a
representative type 1 (left) and a type 2 (right) AGN at the top
row of Fig. F.1. The inset plot is a zoom-in of a continuum (emis-

— Incident ]

T type 1

—— Simulated

— Incident
35 Simulated

0 5000 5100 200 5300 5400
Rest-Frame Wavelength (A)

Flux (10-'7 ergs—'cm—2)

L L L L L
5750 6000 6250 6500 6750

Rest-Frame Wavelength (A)

L L
5000 5250 5500 7000

sion line free) region. The overall flux of the simulated spectra
are systematically lower for both the type 1 and 2 AGN. For
completeness, we also carried out the same exercise of compar-
ing median luminosity density values for the best-fit models of
the incident and simulated spectra to their respective data [i.e.
ratio = median(data) / median(model)], finding that the QSFIT
best-fit model is close to the data, on average, with the biggest
discrepancy for type 1 simulated spectra at ~2% level. This anal-
ysis implies that flux loss could partly explain the remaining
fraction of flux missing in the comparison between simulated
and incident flux values, although most of the difference on the
Hao+[N1I] emission between the simulated and incident data is
due to the assumptions made in the spectral modelling of the
emission lines. Nonetheless, the OU-SIR team is working on the
spectral extraction pipeline and flux losses will be alleviated by
the optimal extraction routine that is implemented in the upcom-
ing version of the OU-SIR pipeline.
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Fig. F.1. Top row: Example of a comparison between the incident (black) and simulated (red) spectra for a type 1 (left) and a type 2 (right) AGN
around the Ha region. The inset plot is a zoom-in of a continuum (emission line free) region. Botfom row: distribution of the ratios of the median
flux value (i.e., the median of the observed flux of the total spectrum) of the incident and simulated data for both type 1 (black) and type 2 (blue)
AGN. The median values for the two distributions are also reported. The percentage error on the distributions of the spectrum flux median values

are computed as 1.253 o/ VN, where o and N represent the standard dispersion of the distribution and the number of objects, respectively.
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