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ABSTRACT

We introduce SpectraPyle, a versatile spectral stacking pipeline developed for the Euclid mission’s NISP spectroscopic surveys, aimed at
extracting faint emission lines and spectral features from large galaxy samples in the Wide and Deep Surveys. Designed for computational
efficiency and flexible configuration, SpectraPyle supports the processing of extensive datasets critical to Euclid ’s non-cosmological science
goals. We validate the pipeline using simulated spectra processed to match Euclid ’s expected final data quality. Stacking enables robust recovery
of key emission lines, including Ha, HB, [O mi], and [N 1], below individual detection limits. However, the measurement of galaxy properties such
as star formation rate, dust attenuation, and gas-phase metallicity are biased at stellar mass below log,,(M;My) ~ 9 due to the flux-limited nature
of Euclid spectroscopic samples, which cannot be overcome by stacking. The SFR—stellar mass relation of the parent sample is recovered reliably
only in the Deep survey for log,,(M,; M) 2 10, whereas the metallicity—mass relation is recovered more accurately over a wider mass range. These
limitations are caused by the increased fraction of redshift measurement errors at lower masses and fluxes. We examine the impact of residual
redshift contaminants that arises from misidentified emission lines and noise spikes, on stacked spectra. Even after stringent quality selections,
low-level contamination (< 6%) has minimal impact on line fluxes due to the systematically weaker emission of contaminants. Percentile-based
analysis of stacked spectra provides a sensitive diagnostic for detecting contamination via coherent spurious features at characteristic wavelengths.
While our simulations include most instrumental effects, real Euclid data will require further refinement of contamination mitigation strategies.

Key words. Techniques: spectroscopic, Surveys, Galaxies: evolution, Galaxies: general

1. Introduction

In many areas of astrophysics, particularly those concerned with
the physical properties of distant or faint sources, individual
spectra often lack the necessary signal-to-noise (S/N) to detect
and characterize key spectral features. This limitation is espe-
cially pronounced when studying processes such as star forma-
tion, chemical enrichment, or ionization conditions, which rely
on the measurement of intrinsically weak emission and absorp-
tion lines. Spectral stacking, i.e. combining spectra of different
sources, is a widely used method in astrophysics to improve the
S/N of low-quality spectra (e.g., Francis et al. 1991). We iden-
tify two primary science cases where stacking becomes indis-
pensable: (1) The study of scaling relations and emission line
diagnostics, which often target faint lines tracing star formation,
AGN activity, ionized gas conditions, and shocks, and (2) stel-
lar population studies, which require high S/N in the continuum
(typically S/N > 30 per A) to measure features, such as absorp-
tion lines and break strengths, that are needed to infer stellar
ages, metallicities, alpha-enhancement, and star formation his-
tories (e.g., Choi et al. 2014; Citro et al. 2016).

In this work, we explore how stacking can be effectively
applied to Euclid spectroscopy, taking into account the unique
properties and challenges of slitless infrared spectra at low res-
olution. Euclid is an ongoing ESA medium-class mission (Lau-
reijs et al. 2011; Racca et al. 2016), designed to demonstrate the
composition and evolution of the dark Universe, specifically fo-
cusing on dark energy and dark matter. The mission employs two
primary cosmological probes, namely weak lensing and galaxy
clustering, that are studied through high-resolution imaging and
low-resolution slitless spectroscopy, provided by a visible im-
ager (VIS, Euclid Collaboration: Cropper et al. 2025), and the
Near-Infrared Spectrometer and Photometer (NISP, Euclid Col-
laboration: Jahnke et al. 2025). The NISP spectrograph (NISP-
S) uses two so-called red grisms (RGS), spanning the same RG;
passband (1.206-1.892 um), and one blue grism (BGS) cover-
ing the BG; passband (0.926—1.366 um). Euclid is conducting
two major surveys: the Euclid Wide Survey (EWS, Euclid Col-
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laboration: Scaramella et al. 2022), which covers about 14 000
deg?, down to a 50 point-like source depth of 26.2 (24) in I,
(Ye, Jy, Hy), and down to a 3.50 line flux limit of 2 x 10716
ergs~! cm™? for a target source of diameter 0”5 (Euclid Collab-
oration: Le Brun et al. 2025); and the Euclid Deep Survey (EDS,
Euclid Collaboration: Mellier et al. 2025), that will eventually be
approximately 2 magnitudes deeper and flux limit of 6 x 107!7
ergs~! cm™2 over an area of 53 deg?, splitted in three fields.

The unparalleled volume of spectro-photometric data, en-
compassing precise morphological parameters for billions of
galaxies and tens of millions of spectroscopic redshifts, will en-
able the investigation of scaling relations, mass assembly, envi-
ronmental effects, and galaxy-active galactic nucleus (AGN) co-
evolution in samples that include a significant number of mas-
sive star-forming and passive galaxies at intermediate and high
redshift (Euclid Collaboration: Mellier et al. 2025; Euclid Col-
laboration: Selwood et al. 2025). However, the vast majority of
spectra, especially from the EWS, have low S/N in the stellar
continuum, while, a minimum S/N of ~5 is generally required to
robustly detect and measure emission line fluxes (Euclid Collab-
oration: Gabarra et al. 2023). Consequently, the direct detection
of spectral features in individual spectra is generally limited to
the brightest galaxies. Further, many diagnostics rely on multiple
line detections. For example, HB is required for dust correction
and SFR estimates, but is intrinsically fainter than He (typically
by a factor of > 3, accounting for extinction), or [O m]14363,
used for direct metallicity estimates via electron temperature,
is over 100 times fainter than He and blended with Hy at Eu-
clid’s resolution. Detecting such lines requires stacking dozens
to thousands of spectra, depending on the target line and the in-
trinsic S/N of individual observations. For instance, detecting H3
in galaxies with typical EWS-quality spectra requires stacking at
least a dozen spectra; for auroral lines, up to 10 000—40 000 may
be needed.

The steps of creating a composite spectrum involve several
critical choices, that can have a substantial impact on the final
output (e.g., Francis et al. 1991; Vanden Berk et al. 2001), most
of which depend on the scientific question under investigation.
We have created SpectraPyle, a Python code for stacking low
S/N spectra, that not only provides the needed flexibility to be
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adapted for the study of different science cases, but also stream-
lines the stacking process for such a large dataset, of thousands
of galaxy and AGN spectra per square degree, as the Euclid’s
one.

A critical aspect of leveraging stacked spectra for non-
cosmological studies is recognizing and correcting for the var-
ious systematic effects inherent to the Euclid spectroscopic
dataset. First and foremost, the spectroscopic redshift sample is
inherently biased: it preferentially selects galaxies with bright
emission lines, as these are necessary for reliable redshift deter-
mination in slitless spectroscopy. This introduces a flux-limited
selection that affects all derived statistics, from emission line
diagnostics to inferred physical properties. In addition, slitless
spectroscopy is prone to contamination and redshift misidenti-
fications (interlopers), particularly in crowded fields or at spe-
cific redshift ranges where line confusion is common. These is-
sues can skew the final stacked spectra, both by introducing fake
features due to noise and contamination, and by enhancing cer-
tain spectral lines through selection effects. As such, even robust
stacking techniques must be applied with caution and an under-
standing of the biases they may amplify.

This paper explores such issues using Euclid-like mock ob-
servations and focusing on the use of stacking techniques to
enhance the S/N. We examine how redshift measurement er-
rors, the presence of interlopers (i.e., galaxies assigned incorrect
redshifts), and the trade-off between sample completeness (suc-
cess rate) and contamination affect the recovered spectroscopic
sample. In particular, we show how these effects propagate into
stacked spectra and influence the measurement of emission line
fluxes, the construction of diagnostic line ratios, and ultimately
the recovery of galaxy scaling relations such as mass—metallicity
trends. We also highlight the presence of biases introduced by
sample selection. While we explore these effects within a spe-
cific simulation and using a particular analysis pipeline, the find-
ings have general implications for the interpretation of Euclid
spectroscopic data. Our goal is to identify and quantify system-
atic effects that will be present, to varying degrees, in any real
Euclid spectroscopic analysis.

The structure of this paper is as follows. In Sect.2, we in-
troduce the Euclid spectroscopic surveys, whilst in Sect.3 we
describe the SpectraPyle code and its functionalities. Section 4
presents the simulation and the mock Euclid spectra and redshift
determination. In Sect. 5, we characterize redshift contamination
from various sources, and we discuss the impact of redshift con-
taminants on the stacked spectra. Section 6 defines the success
rate and contamination rate of the sample, and we examine the
biases introduced by flux-limited selection, especially in the con-
text of recovering scaling relations and physical parameters from
stacked spectra. In Sect.7, we analyse some of the aforemen-
tioned key scaling relations with Euclid stacked spectra, and fi-
nally, in Sect. 8§, we summarize our main findings.

Throughout this paper we adopt a flat ACDM cosmology
with Q, = 0.3, Qy = 0.7, and Hy = 70 kms~' Mpc~!, and
assume a Chabrier (2003) initial mass function (IMF). All mag-
nitudes are in the AB system.

2. The Euclid spectroscopic surveys

In the EWS spectra are obtained in the RGS alone, with a wave-
length sampling of 1.37 nm pixel~! and a resolving power R =~
500 (Euclid Collaboration: Copin et al. 2025; Euclid Collabora-
tion: Le Brun et al. 2025). The spectroscopic setup in the EWS
is optimised for the detection of about 2000-4800 Ha emitters
deg™? within the redshift range z € [0.84, 1.88] (Pozzetti et al.
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Fig. 1. Redshift coverage of prominent emission lines in the EWS and
EDS spectra. For each emission line, the full coloured bar represents
the redshift range where the line is detectable in the RGS for the EWS,
whilst the dashed bar indicates the extended redshift coverage provided
by the BGS in the EDS.

2016), for the galaxy clustering probe, but it enables the detec-
tion and measurement of other redshifted optical and NIR emis-
sion lines that trace the evolution of physical processes in galax-
ies over the last 8—10 Gyr. More details about the EWS observing
strategy can be found in Euclid Collaboration: Scaramella et al.
(2022) and Euclid Collaboration: Copin et al. (2025).

For the EDS, NISP-S complement the two RGSs with the
BGS, thus extending the lower Ha redshift limit to z = 0.41. The
BGS has a constant wavelength sampling of 1.24 nm pixel~! and
an expected resolving power R > 400. The exposure time ra-
tio between the BGS and RGS will eventually be of 5:3, and
the greater sensitivity achieved through repeated observations
translates into a 3.50 flux detection limit for emission lines of
5x107!7 erg s~ cm™2 (Euclid Collaboration: Mellier et al. 2025).
Figure 1 shows the redshift extent of prominent emission lines in
the EWS and EDS spectra. In Sect. 6 we will present examples
of science cases related to the various sets of lines detectable in
the two surveys.

The Euclid pipeline determines redshifts using a template-
fitting approach adapted from the Algorithm for Massive Au-
tomated Z Evaluation and Determination (AMAZED, Schmitt
et al. 2019), and optimized for Euclid slitless spectroscopy (Eu-
clid Collaboration: Le Brun et al. 2025). For the EWS, spectra
from the red grism are used, whereas for the EDS the pipeline
takes into account also the blue grism to improve redshift ac-
curacy. The fitting procedure produces the probability density
function (zPDF), and stores up to five redshift solutions corre-
sponding to the strongest five peaks of the zPDF. For each of the
five redshift solutions, the Euclid pipeline provides a probability
score (hereafter, zpro) Which corresponds to the integrated prob-
ability under the zPDF peak (within +30), ranging from 0 (low-
est confidence in the redshift estimate) to 1 (highest confidence).
In our analysis, where we perform measurements on simulated
spectra using the same code, we use only the best-fit solution.
In the EWS survey, a prior is applied in the zPDF calculation to
preferentially interpret isolated emission lines in low S/N spec-
tra as the Ha line (Euclid Collaboration: Le Brun et al. 2025).
It particularly enhances the accuracy of redshift measurements
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in the range where Ha falls within the red grism, approximately
between 0.9 < z < 1.8.

Once the redshift has been determined, the fluxes of the de-
tected emission lines are measured using both direct integration
(DI) and Gaussian fitting (GF) methods (Euclid Collaboration:
Le Brun et al. 2025). The DI method integrates line flux from
the peak position after subtracting the continuum until the flux
remains positive, providing flux, S/N, equivalent width (EW),
and line centroid position. The GF method models emission lines
with multiple Gaussians and a constant continuum. For the lines
complex Ha + [N ] doublet, that is blended at NISP-P resolu-
tion, three Gaussians are used for deconvolution.

3. SpectraPyle: a Euclid-optimized stacking code

In this paper we present SpectraPyle, a Python-based stacking
tool designed to combine several spectra from galaxy selected
samples to obtain their combined spectra with increased quality.
Indeed, when combining 7 spectra with uncorrelated noise, the
resulting S/N typically increases as /n, under the assumption
that noise is uncorrelated and random. This code will handle the
statistical demands and flexibility needed for Euclid-based sci-
ence. The code is highly modular and provides tools for data
preparation that preserve the underlying astrophysical informa-
tion, allowing easy adaptation to user needs while remaining
compatible with the Euclid data model (Fig.2). SpectraPyle
has been implemented as a key component of the data analysis
within the ESA Datalabs (Navarro et al. 2024),' a collaborative
platform that provides access to data processing tools and com-
putational resources for researchers.”

3.1. Processing the individual spectra

The code processes individual spectra consisting of three manda-
tory arrays: the wavelength grid (in units of A), flux values (in
units of erg s™' ecm™2 A~'), and the corresponding errors. Op-
tional arrays may be included, such as quality masks for individ-
ual pixels and the number of dithered observations contributing
to the co-added flux for each pixel, to exclude low-quality spec-
tral regions from the stacking process. The stacking procedure
can be customized through user-defined configuration parame-
ters, such as RGS or BGS selection, flux normalisation, sigma
clipping, and bootstrapping. Users can also choose to correct for
Galactic extinction on individual spectra before stacking, using
the dust_extinction Python package (Gordon 2024).

Individual spectra are shifted to a common reference red-
shift, which can be set to the minimum, maximum, or median
redshift of the sample, a user-defined value, or to the rest frame.
If zgack 18 the target redshift for stacking and zgy is the redshift
of an individual galaxy, the wavelength of the i-th pixel (4;) in
the galaxy’s spectrum is shifted as

1 + Zgtack

Astack,i = Ai .
' I+ Zgal

ey

SpectraPyle allows for optional flux normalisation of spectra
prior to stacking. The available methods include: “regular” (no
normalisation), “median” (scaling each spectrum to its median

! The ESA Datalabs ara available at https://datalabs.esa.int/.
2 The code is currently accessible to a limited number of users and will
be released to the entire Euclid Consortium prior to publication. Inter-
ested researchers in the consortium may contact the authors by email to
request early access.
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flux across the full wavelength range), “integral” (scaling to the
mean integrated flux), “interval” (scaling to the mean flux within
a user-defined wavelength range), and “custom” (user-supplied
normalisation factors, e.g. based on photometry, that is particu-
larly useful for faint spectra).

If no normalisation is applied (i.e. using the “regular” op-
tion), the code offers two flux-scaling methods when shifting to
the common redshift: “flux conservation” and “luminosity con-
servation”, depending on the intended preservation of observed
or intrinsic spectral features.

— The flux conservation approach transforms the flux of the i-
th pixel as

1 + Zgal

F(/lslack,i) = F(/li) (2)

1 + Zgtack

This transformation preserves integrated flux over a wave-
length range (e.g., emission line fluxes), as the (1 + z) terms
in Egs. (1) and (2) cancel out. It is therefore useful when con-
serving emission line ratios is important. However, it does
not preserve the intrinsic luminosity of spectral features,
since it does not account for the dimming due to the lumi-
nosity distance. As a result, converting stacked fluxes into
luminosities is an approximation, whose accuracy depends
on the sample’s redshift range and distribution (Appendix
A.l).

— The luminosity conservation method preserves the intrinsic
luminosity of spectral features:

1+ Zgal D[%(Zgal)

FAstaer) = F(A) ’
stack, i 1+ Zgtack Di(Zstack)

3

where Dy is the luminosity distance. This method ensures
that luminosity-dependent measurements, such as SFR de-
rived from Ha luminosity, remain correct in the composite
spectrum.

In both cases, the spectral continuum of galaxies with zgyy <
Zstack» contributing predominantly to the redder end of the stacked
spectrum, will be dimmed, while those with zgs > Zgtack, cOD-
tributing more to the bluer end, will be brightened. Therefore,
in particular for luminosity conservation, this method should
be used only with a narrow distribution of redshifts. Once the
spectrum has been shifted, it is resampled onto a common, user-
defined wavelength grid using a flux-conserving method where
the spectrum is treated as a step function, with pixel-centered
wavelengths and associated flux values. We reconstruct the pixel
edges and finely sample each pixel at a fixed resolution (0.01 A).
The flux is then integrated over the new wavelength bins using
a simple summation, and normalized by the bin widths to yield
average flux densities. This approach ensures that the total flux
is conserved across the resampling process and avoids interpola-
tion artifacts.

3.2. Combining the spectra

The steps described in the previous subsection are applied to
each spectrum individually, resulting in a set of spectra aligned
to a common redshift and normalised according to the chosen
scheme. A Gaussian sigma-clipping procedure is then applied
to the flux distribution at each pixel to identify and discard out-
liers. By default, pixels with flux values exceeding four standard
deviations from the mean are excluded. This threshold can be
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Fig. 2. Flowchart of the code SpectraPyle. The letter (d) indicates default options and parameters.

adjusted by the user as needed. A future upgrade will offer an al-
ternative clipping scheme based on the interquartile range, which
may be more suitable for asymmetric or non-Gaussian flux dis-
tributions.

The final step is the actual stacking, where the appropri-
ate statistical method applied to combine the spectra depends
upon the spectral quantities of interest: users can opt for the
arithmetic mean to preserve the broad spectral features, the me-
dian to minimise the influence of outliers and preserve relative
fluxes of the emission features (i.e., optimal for tracing physi-
cal processes traced by emission line ratios), the weighted mean
for giving more influence to data points with higher reliabil-
ity or significance, or the geometric mean for preserving multi-
plicative relationships within the spectra and to accurately deter-
mine the average spectra of objects with fluxes per A spanning
a large dynamic range of several magnitudes (Appendix A.2).
By default, SpectraPyle estimates statistical uncertainties on
the stacked spectrum using bootstrap resampling with replace-
ment, performing 350 iterations. This number can be adjusted
by the user to balance precision and computational cost (Ap-
pendix A.3). This approach provides a robust characterisation
of the variability in the stacked signal. Alternatively, users may
choose to compute standard errors based on the applied statisti-
cal estimator (e.g., mean or median), though this method does
not account for sample variance as comprehensively as boot-
strapping.

4. The simulated dataset
4.1. The MAMBO simulation

In this work, we constructed a mock catalogue using Mocks
with Abundance Matching in Bologna (MAMBO, Girelli 2021, see
also Lopez-Lopez et al. 2024), that we applied to the Millen-
nium Simulation outputs (Springel et al. 2005), tailored to the
Planck cosmology (Angulo & White 2010), and specifically to
a lightcone derived by Henriques et al. (2015) that covers a red-
shift range from z = 0 to z = 10. This lightcone includes halos
with masses greater than Mgy > 1.7 X 10'°M,, over an area of
3.14 deg?, corresponding to approximately 6 independent Eu-
clid pointing of 0.5 deg” each. In the lightcone, MAMBO assignes

to each dark matter halo a galaxy with stellar mass M., follow-
ing the stellar-to-halo mass relation (SHMR) by Girelli (2021),
calibrated against observed stellar mass functions (SMFs) from
surveys such as SDSS (York et al. 2000), COSMOS (Scoville
et al. 2007), and CANDELS fields. Galaxies are then classified
into two main populations: quiescent and star-forming, using a
probabilistic way, following the relative ratio of the blue and red
populations in observed SMF (Peng et al. 2010; Ilbert et al. 2013;
Girelli et al. 2019). Our MAMBO catalogue does not include AGN.3
Stellar mass M., redshift z and galaxy classification are the fun-
damental parameters from which all other observables are statis-
tically derived using empirical relations, and generated using the
Empirical Galaxy Generator (EGG, Schreiber et al. 2017). The
resulting catalogues have realistic fluxes and galaxy properties
that match current observations from redshifts O to 6 by con-
struction, and that are extrapolated up to redshift 10. Controlled
random scatter is added to most observables.

In EGG, following the approach of Lang et al. (2014), galax-
ies are modelled as having two components: a bulge with a Sér-
sic index n = 4 and a disk with a Sérsic index n = 1. The
bulge-to-total ratio (B/T) defines the mass distribution between
these components, described by parameters including the pro-
jected axis ratio (b/a), half-light radius (Rsg), and position an-
gle (6). Position angles for both bulge and disk components are
drawn from a uniform distribution. SFRs are assigned based on
the empirical main sequence relation between SFR and M, by
Schreiber et al. (2015). Physical properties such as size, veloc-
ity dispersion, dust attenuation, optical rest-frame colours, and
metallicity are also modelled. Then, an appropriate panchro-
matic spectral energy distribution (SED), for both the disk and
bulge components, is assigned to each galaxy. Based on its red-
shift, M. and quiescent/star-forming classification, each source
is randomly placed on the UVJ diagram, where an SED from
a pre-built stellar library of Bruzual & Charlot (2003) is pre-
assigned to each position. Synthetic photometry is finally gener-
ated by integrating the redshifted SED in commonly used broad-
band filters from UV to submillimeter wavelengths, including
the four Euclid VIS and NISP-P bands (i.e., I, Y;, Ji, and H;).

3 A MAMBO catalogue including AGN is presented in Lopez-Lépez et al.
(2024).
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The next step, needed to create incident spectra, is to add a
set of prominent recombination and forbidden emission lines to
the SED of the disk component of star-forming galaxies, namely
(from redder to bluer): Pag, Pay, [S m]19531, [S m]19069, the
[S m]26731—[S 1]A6717 doublet (hereafter [S u]), [N u]16584—
[N 11]16548 (hereafter [N 11]), Ha, [O m1]A5007 (hereafter [O m]),
[O m]4959, HB, [Ne m]43869, and the [O 1u]13727 doublet
(hereafter [O m]). These spectral features are well-established
as highly sensitive tracers of the physical conditions within the
ionized gas of galaxies and the nature of the ionizing radiation
(Osterbrock 1989; Kewley et al. 2019), and their simulated lu-
minosities are generated following empirical relations, starting
from their stellar mass and SFR.* Intrinsic emission line lu-
minosities were adjusted to include dust attenuation using the
Balmer decrement and the Calzetti et al. (2000) extinction law,
while we did not include attenuation due to Galactic extinction
to the simulated SEDs. All the lines were initially assumed to
have the same velocity dispersion, which was set to the reso-
lution of the Bruzual & Charlot (2003) template (a FWHM of
approximately 0.27 nm) to align with the resolution of the stellar
component. We finally applied a Gaussian broadening kernel to
the composite stellar-emission SED of the disk component and
to the stellar SED of the bulge component, using a wavelength-
dependent (1) for each pixel that corresponds to the galaxy’s
velocity dispersion using the mass-dependent oy, from Bezan-
son et al. (2018), converted to the pixel scale. This was done af-
ter subtracting the intrinsic resolution of the Bruzual & Charlot
(2003) templates in quadrature.

4.2. The Euclid-like sample

From the catalogue obtained at the end of the above procedure,
we selected all MAMBO galaxies up to a redshift of z < 4. This
“parent sample”, consisting of 6.56 million galaxies (98.2% be-
ing star-forming and 1.8% passive), is complete approximately
down to H; = 28 and stellar masses down to ~ 107 My, and it is
the benchmark for the analyses conducted in this paper. As this
sample is deeper than the Euclid sensitivity in the H; band, we
did not generate mock spectra for all galaxies; instead, we did it
only for two subsamples of star-forming galaxies:

— “EWS-SFin,: 255 743 star-forming MAMBO galaxies with H;
< 24 and at least one emission line with flux > 2 x 107"
ergs~! cm™? within the observable wavelength range.

— “EDS-SFgin”: 366927 star-forming MAMBO galaxies with Hy
< 26 and the same emission-line flux threshold as above.

The limiting magnitudes are those at which the FEuclid
pipeline extracts 1D spectra in the two surveys, while the line
flux limit is to avoid processing featureless spectra, hence to re-
duce storage and runtime. However, we note that our simulation
flux floor is ten times fainter than the nominal EWS-SF;,, limit
and three times fainter than the EDS-SFg;;,, limit, enabling explo-
ration of Euclid’s faintest detectable regime, particularly useful
for stacking analyses discussed in this paper.

Figure 3 shows the distribution of true fluxes as a function of
redshift for several strong emission lines in the EWS-SF;,, and
EDS-SFi, samples. Each line is shown in a distinct colour, with
its redshift coverage reflecting the wavelength limits of the red
grism (EWS-SF;i,) or the combined red and blue grisms (EDS-
SFgim). The figure demonstrates how Euclid primarily detects

4 The MAMBO procedure and recipes used to assign fluxes for different
emission lines are described here: https://github.com/xalolo/
MAMBO.
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Fig. 3. True flux vs. redshift for key emission lines in the mock EDS-
SFim (top) and EWS-SF;, (bottom) samples. Contours in dark green,
light green, blue, orange, and red correspond to Pag, He, [N 1n]16584,
[O m], and Hp, respectively, selected to span a broad redshift range and
wavelength coverage. Each line’s redshift range reflects its detectability
within the grism coverage. Contours from lighter to darker shades trace
the 99th, 84th, 50th, 16th, and 1st percentiles of the distribution. Grey
areas mark fluxes below the survey sensitivity limits.

the brightest fraction of the emission-line population, especially
in the EWS, thus highlighting the impact of flux limits on the
observed sample and related scaling relations. A more detailed
analysis of the resulting number counts and selection effects is
provided in Cassata et al. (in prep.) and in Euclid Collabora-
tion: Scharré et al. (2024) within the Gaea light cone framework
(De Lucia et al. 2014; Hirschmann et al. 2016).

4.3. FastSpec spectral by-pass simulations

We converted the incident spectra of MAMBO galaxies into EWS
and EDS mock 1D spectra using FastSpec (de la Torre et al., in
preparation), a Python-based code that simulates the instrumen-
tal and environmental effects on Euclid NISP spectra, bypassing
the image-pixel-level approach. Briefly, the FastSpec simulator
takes into account effects such as the point-spread function (PSF)
model, the spectral extraction window and resulting flux loss, en-
vironmental noise from zodiacal background and stray light con-
tribution, as well as instrumental noise factors including readout
noise and dark current that have been characterised during NISP
ground-based tests (Maciaszek et al. 2022). It also accounts for
transmission functions and quantum efficiency, effective collect-
ing surface area, and exposure time of each observation.

The strength of a bypass code simulator such as FastSpec
lies in its efficiency and short processing times. However, some
limitations come into play, and we highlight here the most sig-
nificant ones:

(1) In slitless spectroscopy, overlapping spectra from nearby
objects contribute to noise. Euclid uses a specific observing se-
quence at four different angles, while FastSpec simplifies this
by arranging galaxies on a grid without interference and simu-
lating only first-order spectra. This results in simulated Euclid-
like spectra, free from contamination, ensuring fully decontam-
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inated spectral products. (2) The FastSpec simulator processes
a single incident SED per galaxy, limiting its ability to differ-
entiate between bulge and disk components. To accommodate
this, we combine bulge and disk MAMBO incident SEDs into a
single incident SED. The simulator then convolves this merged
SED with the galaxy’s surface brightness profile and instrumen-
tal PSF, including background contributions. It models the 2D
surface brightness as a composite of two Sérsic profiles, preserv-
ing total luminosity and adjusting contributions based on B/T ra-
tio, inclination, and position angle. Consequently, emission lines
are scattered across the galaxy’s 2D spectrum, neglecting spa-
tial variations and spectral contributions from older, centrally-
concentrated stellar populations, to disk outskirts where younger
stars dominate.

At this stage, we generated red grism 1D spectra for both
the EWS and EDS, as well as blue spectra for the DEEP survey,
by integrating the individual exposures over the cross-dispersion
dimension. We imposed a fixed extraction window of five pixels
(equivalent to roughly 1.5 arcseconds), regardless of the galaxy’s
size. Consequently, some flux loss is inevitable, that is propor-
tional to the fraction of the galaxy’s light distribution excluded
from the extraction aperture. This is slightly different from the
current implementation in the Euclid pipeline, where the extrac-
tion window for extended objects is set from the semi-major axis
of the source (Euclid Collaboration: Romelli et al. 2025), but
capped between 5 and 31 pixels (Euclid Collaboration: Copin
et al. 2025).

Figure 4 shows an example spectrum at z ~ 1.6 from our
MAMBO simulation, with both EWS-SF,;, and EDS-SF;,, real-
izations. Both EWS-SF;;,, and EDS-SF;,, spectra show a flux
loss relative to the incident spectrum, with an average offset of
roughly 20% per A~!, due to the synthetic extraction window we
used to derive the 1D spectrum.

We note that the continua of the EDS-SFj;,, and EWS-SFi,
realizations in Fig. 4 appear noisy, with the EWS-SF;,, spectrum
being noisier than the EDS-SF;,, one, as expected. Defining the
S/N as the flux divided by its associated error, Fig.5 shows the
distribution of the average S/N of the stellar continuum (mea-
sured after masking emission lines) for spectra in both samples,
including the blue and red grisms for EDS-SF,. In both cases,
the stellar continuum has an average S/N below 1 per A, empha-
sizing the necessity of stacking Euclid spectra to extract reliable
information for non-cosmological studies.

4.4. Redshift and spectral features measurements

Redshifts and emission line properties are measured in simulated
spectra with the official Euclid pipeline (Sect. 2). Figure 6 shows
the measured redshift as a function of the true galaxy redshift
for both the EWS-SFg;,, (left panel) and EDS-SFg;,, (right panel)
simulations. The distribution of galaxies forms a characteris-
tic spider-web pattern, within which we can qualitatively iden-
tify three categories of solutions: (1) accurate redshift measure-
ments, which lie along the bisector of the diagram, (2) misclas-
sified redshift solutions, where the fitting algorithm incorrectly
interprets one spectral line as another, producing overdensities
along straight lines with slopes distinct from the bisector, and
(3) wrong redshift solutions, where noise spikes are mistaken for
emission lines, resulting in a scattered distribution with no clear
trend all over the parameter space. It is important to note that the
EWS results preferentially favour redshift solutions in the range
0.9 < z < 1.8, due to the prior constraints on redshift imposed in
the fitting algorithm. We note that, by construction, sources with

intrinsically faint or absent emission lines, which are more sus-
ceptible to catastrophic redshift failures, are excluded from our
mock samples (see Sect.4.2). As a consequence, the contami-
nation fraction inferred from these simulations, should be inter-
preted as lower limits, and are further discussed in the following
sections.

5. Redshift contaminants

Stacking is an effective method to create high-S/N spectra for
galaxy evolution studies, but its effectivness heavily relies on the
good alignment of the individual spectra, i.e. on the redshift ac-
curacy (|Az|/(1 + z)). We performed dedicated tests to verify that
a redshift accuracy of < 0.003 represents a suitable compromise
for stacking-based galaxy evolution studies. This threshold al-
lows the inclusion of fainter galaxy populations, despite their
lower redshift precision, while still contributing meaningfully to
the composite spectra. As a result, we can effectively leverage
the capabilities of both the EWS and EDS surveys. A threshold
of |Az]/(1 + z) < 0.003 ensures that, for a galaxy at z ~ 1.68, the
He peak is displaced by no more than +0.53 nm (i.e., about four
pixels) from its true centroid. This displacement keeps Ha within
the wavelength range of the blended Ha+[N 1] lines, minimiz-
ing the risk of misinterpreting nearby noise spikes as Ha,, while
also ensuring that we can probe emission line measurements at
fainter flux levels using stacking techniques.

All galaxies with |Az|/(1 +z) > 0.003 are considered redshift
contaminants (hereafter simply referred to as contaminants). Be-
fore stacking Euclid spectra, we must evaluate the impact of their
inclusion on the quality of stacked spectra when Az/(1 + z) will
not be available as in real spectra. In the following, we analyse
the two classes of contaminants introduced in Sect. 4.4: spectral
line misidentifications and spurious line detections where noise
spikes are mistaken for emission lines.

5.1. Redshift contaminants from misclassified emission lines

Some contaminant galaxies have incorrect redshift estimates
due to the misidentification of emission lines by the Euclid
pipeline. An emission line at rest-frame wavelength Ajss! is ob-
served at A% but if it is misidentified as another line with
rest-frame wavelength ™ the measured redshift becomes

wrong>
obs _ jrest
/ltrue — /lwrong (1 + ZHIEHS)'

The resulting redshift offset is

Az Jqrest _ prest

true wrong

rest
/lwron g

l+z7 @

This implies that misclassified emission lines lead to redshift
contaminants with fixed Az/(1 + z) values, determined solely by
the line misidentification. For example, [S m]49531 misidenti-
fied as Ha leads to Az/(1 + z) = 0.452, and [O m] as Ha gives
Az/(1 + z) = —0.237. These contaminants align as straight lines
in the Zyeas VS. Zyue plane (see Fig. 6), with slope ﬂ{fjé//lfﬁﬁgng,
and intercept (Affe — Awrong)/ Awrong - TO illustrate this, Fig. 7 (left
panel) presents an example of such misidentification in the spec-
trum of an individual galaxy. Although the spectrum shows mul-
tiple (low-S/N) emission lines that could, in principle, be cor-
rectly identified, the redshift pipeline incorrectly assigns the red-
shift likely due to the use of the Ha-based prior (see Sect.?2),
which is optimized for the low-SNR Ha-dominated sample tar-
geted by the EWS. While such a strategy reflects realistic expec-
tations for automated redshift determination in survey data, it
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Fig. 4. An example of a simulated spectrum from MAMBO of a galaxy at redshift z ~ 1.6, stellar mass of log,,(M./My) = 10.8, an Hg ~ 21.1,
a SFR of 232.7 Mg/yr, an effective disk radius of 0”766, and a B/T of 0.33. The black spectrum represents the incident model spectrum at its
native resolution (~ 0.27 nm). The EWS simulated spectrum is shown in grey, whilst the blue and red spectra correspond to the EDS blue and red
grism simulated observations, respectively. The top panel focuses on the stellar continuum, whilst the bottom panels highlights key emission lines
spectral regions: note how the increased survey depth of the EDS allows for the detection of fainter emission lines, such as [O m]14959.
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Fig. 5. Distribution of the continuum S/N per A for the sample of sim-
ulated MAMBO spectra (see Sect.4.1), providing a reference for typical
input spectra quality. The red dotted line represents the EWS MAMBO
sample, selecting galaxies with Hg < 24. The red solid and blue dashed
lines correspond to the EDS red and blue MAMBO samples, respectively,
selecting galaxies at the survey limit of Hg < 26.

may lead to misidentifications in cases like these. Improvements
could be achieved by retuning the prior for specific samples, but
this was not explored in the present study, which relies on the
default Euclid pipeline.

These misclassified sources, if not removed, contaminate the
stacked spectra. Since stacking relies on the measured redshift,
the spectral features of contaminants are aligned incorrectly, de-
grading the stacked spectrum by introducing shifted and spu-
rious features. Fig.7 (right panel) shows an example, demon-
strating how misclassified [S m]49531 lines contaminate the
Ha region of a stacked spectrum generated with SpectraPyle
by combining 200 individual “contaminants”, applying the reg-
ular normalization with luminosity conservation, and omitting
sigma clipping (Sect. 3). Additional misplaced spectral features
from contaminant spectra can affect regions of the stacked spec-
trum that are unrelated to key emission lines, thereby degrading
the stellar continuum. For instance, features near 450 nm and
625 nm in the stacked spectrum of Fig. 7, originate from inter-
loper galaxy spectra whose emission lines (i.e., Hao+[N ] and
[S n] and [S m]A9069), are redshifted into these observed-frame
positions.
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5.2. Redshift contaminants from random noise spikes

A significant category of redshift contaminants arises from ran-
dom noise spikes in the spectra of faint galaxies, which are erro-
neously interpreted as emission lines. These contaminants result
in completely spurious redshift measurements that are unrelated
to the true underlying spectra, leading to a broad distribution in
Az/(1 + z) and a random scatter in the zZyeas VS. Zirue plane.

Fig. 8 shows an example of this type of line misidentification
in an individual galaxy (left panel) and in the stacked spectrum of
500 such contaminants (right panel). The purpose of this exercise
of stacking only contaminants is to demonstrate the contribution
of incorrect redshifts to the overall stacked signal, if they are not
properly filtered out. As expected, a spurious He emission line
emerges in the stacked spectrum. However, a striking feature of
the stacked spectrum is the appearance of not only the spurious
Ha line but also other emission lines such as HB, [O m]14959,
[O m], and [S 1]416716-6731. This is a predictable consequence
of the pipeline’s redshift determination method, which fits tem-
plates with multiple emission lines. In noisy spectra, random
noise spikes can coincidentally align with the expected positions
of these lines, leading the algorithm to assign incorrect redshifts.
When these misidentified spectra are stacked, the template fea-
tures reinforce each other, causing all expected emission lines to
appear coherently at the spurious redshift location.

Figure 9 shows the Ha flux distributions (corrected for flux
loss, following Cassata et al., in preparation)for the EDS-SFg;,
(top panel) and the EWS-SF;, (bottom panel). The figure shows
the effects of redshift misclassification and noise spikes on Ha
measurements, using Ha as a representative example for all
spectral lines. Most contaminants exhibit measured fluxes below
the flux limits of their respective surveys and could, in principle,
be excluded by imposing stricter flux thresholds. However, even
when restricting the analysis to galaxies with Ha fluxes above
these limits, at the cost of excluding fainter regimes of the scal-
ing relations, a significant fraction of contaminants remains. As
shown in Fig. 9, these residual contaminants predominantly con-
tribute low flux values to the stack, thereby their impact on the
composite measurements should be limited. This effect will be
examined in greater detail in the following sections.
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Fig. 6. Measured redshift vs. true redshift for the mock EWS-SF,, (top
panel) and the EDS-SF;;,, (bottom panel). Bins are colour-coded ac-
cording to the number counts per deg”.

5.3. Insights on contamination level from high-percentile
stacked spectra

To summarise the impact of redshift contaminant galaxies in
Euclid stacked spectra, in Fig. 10 we present a composite built
from 2642 EWS-SF;;, individual spectra, 51% of which with
an accurate redshift measurement, while the remaining 49% are
a mixure of different types of redshift contaminants. The mean
spectrum demonstrates the resilience of the composite stack-
ing approach, as it is minimally affected by redshift contami-
nants. However, the percentile composite spectra reveal intrigu-
ing features. Notably, above the 90th percentile (and faintly vis-
ible also in the 84th percentile composite), spectral features at-
tributed to redshift contaminants emerge. These features include
the Ha + [N 1] complex and [S 1] lines at wavelengths around
452.5 nm and 463.0 nm, respectively, corresponding to contam-
inants where [S m]A9531 has been misclassified as Ha. Addi-
tionally, the [O 1] doublet appears near 490 nm, originating from
contaminants where [O 1] has been misclassified as Ha.

This has interesting implications for future studies. The pres-
ence of redshift contaminants in the high-percentile compos-
ite spectra suggests that stacking analyses may offer a poten-
tial diagnostic tool to qualitatively assess sample contamination.
While still exploratory, this idea opens the possibility of using
statistical or machine learning techniques to analyse flux dis-

tributions across percentile composites as a way to characterise
contamination. In a future work, we plan to investigate whether
specific outlier galaxies contributing to these percentiles can be
identified, which may eventually support the development of
methods to improve sample selection.

6. Scientific cases

The strength of applying stacking techniques specifically to Eu-
clid is, of course, the enormous total number of spectra that will
be available, which will translate into the possibility of creating
very high-S/N stacked spectra to explore the physical parameter
space of galaxies and AGN in a very fine grid. To fully exploit
this potential, it is essential to first quantify the quality of the
input samples in terms of success rate and contamination rate,
which determine the balance between completeness and purity.
Once these selection metrics are established, we can proceed to
analyse the resulting stacked spectra, assessing how the adopted
criteria influence the recovery of key spectral features and de-
rived physical quantities.

6.1. Success rate and contamination rate

In this section, we introduce metrics that provide a direct mea-
sure of the trade-off between sample completeness and contam-
ination, and are critical for evaluating the reliability of stacked
spectra in both the EWS-SF;;,, and EDS-SFg;;,, configurations.
We define the following conditions:

z(true): galaxies that actually fall within a certain redshift

interval (Zgue € [Zmins Zmax]);

— z(meas): galaxies that are measured to be in the defined red-
shift interval (Zmeas € [Zmin> Zmax]);

— z(accur): galaxies satisfying the redshift accuracy require-
ment (|Az]/(1 + z) < 0.003);

— z(prob): galaxies with a z,op (redshift probability) above a
certain threshold (between 0 and 1);

— F(true): galaxies whose line of interest has true flux greater
than a given threshold (Fiye > Fihreshold);

— F(meas): galaxies whose line of interest has a measured flux
greater than the threshold (Fineas > Fihreshold);

— S(0): to take into account additional constraints or condi-

tions. For example, 6 could be a condition to select galax-

ies within a certain stellar mass (as in the following section),

or a condition on the minimum S/N of a certain measured

spectral feature, etc.

With these definitions, we can express the success rate (SR) as
the ratio of galaxies in a certain population that are successfully
detected to the total number of such galaxies that exist above the
defined thresholds

# [z(meas) & z(accur) & z(prob) & F(true) & F(meas) & S(6)]

SR= # [z(true) & F(true) & S(0)]

&)

In particular, we are interested in an EWS sample selected in
the redshift interval extended between 0 and 4, including Ha at
0.9 < zZmin < 1.8, as well as other emission lines, such as Pag
at lower redshifts or [O 1] at higher redshifts. Finally, we aim to
reach depth, with thresholds as low as 2 x 1077 ergs™! cm™2 in

both our surveys.
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the accumulation of these spurious noise spikes at notable lines positions.
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(top) and EWS-SF;,, (bottom) simulated samples. Blue histograms
show galaxies with accurate redshifts with |Az|/(1 + z) < 0.003, red his-
tograms indicate contaminants from misidentified emission lines, and
grey histograms represent contaminants from noise spikes.

Similarly, we define the contamination rate (C) as a parame-
ter that quantifies the fraction of misclassified sources relative to
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Fig. 10. Stacked mean spectrum of simulated MAMBO galaxies from the
EWS with stellar masses in the range 10'° M, < M, < 10'%° M, and
redshifts 1.52 < z < 1.86. The stacked is composed of a mixture of
2642 spectra, with contributions from galaxies with accurate redshifts
(51%), as well as redshift contaminants arising from noise spikes (36%),
[S m]19531 misclassified as Ha (8%), and [O m] misclassified as Ha
(2%), plus minor contributions from other misclassified emission lines
(~ 5% in total). The plot includes the mean spectrum (red) and com-
posite spectra at the 16th, 84th, 90th, 98th, and 99th percentiles (brown,
orange, yellow, blue, and green, respectively). The contribution of indi-
vidual galaxy spectra is shown in black.

the observationally selected sample

C= #[z(meas) & —z(accur) & z(prob) & F(meas) & S(0)]
- # [z(meas) & z(prob) & F(meas) & S(6)]

6)
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Here, the symbol — denotes negation, indicating the complement
of a condition (e.g., —z(accur) represents galaxies that do not
satisfy the redshift accuracy requirement).

Finally, we define an optimal observational selection that
represents the best selection sample that one can achieve with
Euclid for a given redshift range and flux threshold, and with no
redshift contaminants. We call this the benchmark sample (BM),
defined as:

BM = z(meas) & z(accur) & F(true) &« F(meas) & S(6) @)

6.2. Sample selection for stacking

In this section, we examine a preliminary finding which will
serve as the basis for analysing key scaling relations relevant
to galaxy evolution in the following section. Based on the selec-
tion criteria detailed in Appendix B, which aim to maximize SR
and minimize C, the left panels of Fig. 11 show the Ha emis-
sion line distribution as a function of stellar mass for the EDS-
SFim selection in the redshift interval 0.9 < zpeas < 1.2. The left
panels show the distribution of the BM sample, galaxies with
accurate redshift measurements, and redshift contaminants. For
contaminants, the y-axis reflects misidentified spectral features
interpreted as Ha by the pipeline. The top panel shows the re-
lationship at the flux limit of F(Ha)> 2 x 1077 ergs~! cm™2
without applying a cut in redshift probability. In contrast, the
bottom panel demonstrates the effects introduced by our fiducial
selection, which includes a cut at zpp > 0.4. The contours in
both panels show the ground-truth distributions for the full EDS-
SFqim parent sample (H; < 26) and a subsample with F(Ha)
> 2 x 1077 ergs™' cm™2, respectively, along with their median
trends. Their comparison highlights a critical limitation: even in
the absence of instrumental effects, applying a flux threshold in-
troduces a strong bias toward higher He fluxes, particularly at
stellar masses below 10'°M. As a result, global scaling rela-
tions involving Ha cannot be reliably recovered at low masses
using flux-limited samples such as the Euclid spectroscopic se-
lection. This bias is intrinsic to the selection function and not
a consequence of the stacking procedure itself. Nevertheless, at
stellar masses above 10'°M,, the two ground-truth curves agree
within 0.05-0.1 dex, suggesting that in this regime it may still
be possible, in principle, to recover unbiased global scaling rela-
tions involving Ha.

Building on this, the bottom panel of Fig. 11 demonstrates
that applying a moderate quality cut (zpob > 0.4) reduces the
contribution of contaminants while still retaining a high level of
completeness. This trade-off is critical to confirm that meaning-
ful statistical trends can be extracted from the flux-limited sam-
ple when appropriate quality filters are applied.

To quantitatively assess the effect of this enhancement, we
constructed the right panels of Fig. 11, where galaxies are binned
in both stellar mass and He flux, and colour-coded by surface
density. The corresponding SR and C values are reported for
each bin, highlighting which regions of parameter space yield
reliable measurements: bins with SR > 45% and C < 20% are
shown in black and blue, while less reliable bins are shown in
red and magenta. This simulation highlights the potential of the
full EDS survey to map the Ha—stellar mass relation with high
fidelity, with most of the Mass and SFR bin with high complete-
ness and low contamination, in particular if we include a cut on
Zprob- Covering ~50 deg? of sky, the EDS will enable stacking in
finer bins than 0.5 dex, thereby boosting the S/N in composite
spectra. However, the present mock catalogue, limited to 3.14
deg?, includes fewer galaxies per bin, constraining the achiev-

able S/N. To optimize both the statistical robustness and sample
homogeneity, we therefore perform stacking in bins of stellar
mass alone, rather than jointly in stellar mass and Ha flux. This
choice ensures that each bin retains a representative population
while maximising the number of spectra per stack, thus enabling
reliable derivation of scaling relations despite the selection ef-
fects. Note that SR and C for each stellar mass bin are reported
at the top of the figure, being always SR >50-60% but the most
massive bin and C <7% if a zp0p cut is used.

Figure 12 shows the He emission line as a function of stellar
mass for the EWS-SF;;,, sample. The figure highlights the im-
pact of applying a flux limit of F(Ha) > 2 x 107'® ergs™! cm~2,
showing a bias between the magnitude-selected sample and the
sample with the additional flux limit. This bias is larger than
that estimated for the EDS-SFj;,, sample (Fig. 11), particularly at
lower stellar masses. This discrepancy arises due to the brighter
flux limit of the EWS-SF;;,, sample, which inherently excludes
a larger fraction of lower-mass, fainter galaxies. The top pan-
els of Fig. 12 show the relationship at the flux limit of F(Ha)
> 2 x 107'% ergs™! em™? without imposing a redshift probabil-
ity cut. In comparison, the bottom panels highlight the improve-
ments achieved using our fiducial selection (see Appendix B),
which applies a cut at z,0p > 0.99, demonstrating once more
that our refined approach substantially reduces contaminant con-
tributions while preserving an acceptable level of completeness
within the regime achievable with the EWS’s sensitivity. Thanks
to the vast sky coverage, the EWS will provide large statistical
power to investigate scaling relations for galaxies with Ha flux
above 2 x 10710 erg sTLem™2. Similarly to the EDS-SFg;,, stack-
ing spectra in bins of stellar mass alone, rather than in bins de-
fined by both stellar mass and Ha flux, will optimise the number
of galaxies included in each composite spectrum. This approach
ensures that, even within the limited volume of our simulation,
stacking can yield high-quality composite spectra at the high-
flux, high-mass end of He scaling relations with high statistical
precision. Note that SR and C for each stellar mass bin are re-
ported at the top of the figure, being always SR >50-60% but
the most massive bin and C <5% if a zyop cut is used.

6.3. Properties of the stacked mock spectra

Building on the selection tests presented in Appendix B and the
findings of the previous subsection, we generated stacked spectra
using:

— EWS-SFg: F > 2 x 10716 erg s~ em™2 and Zprob = 0.99;
— EDS-SFgm: F > 2% 1077 ergs™' em™ and zpron > 0.4.

In the case of EDS-SF;;n,, stacked spectra span three red-
shift bins ([0.9, 1.2], [1.2, 1.52], and [1.52, 1.86]) and are fur-
ther divided into stellar mass bins of 0.5 dex, ranging from
log,,(M./My) > 85 to < 11.5. For the EWS-SF,,, stacked
spectra were created focusing on the redshift bin [1.52, 1.86],
where the key emission lines from Hp to [N 1] are present in all
spectra. The stacked spectra were produced with SpectraPyle,
using the regular normalization option with luminosity conser-
vation (Sect. 3), applying 40 sigma clipping to remove outliers,
and 350 bootstrap resamplings to estimate uncertainties. All
spectra were shifted to the rest frame and resampled at 6 A per
pixel.

Figure 13 shows the rest-frame stacked spectra of galaxies in
the redshift bin [1.52, 1.86], for qualitative inspection. The EDS-
SFgim stacks have high S/N, whereas the EWS-SFg;,, stacks, par-
ticularly in the lowest mass bins, appear noisier. This difference
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Fig. 11. The simulated Ha emission line as a function of stellar mass for the EDS-SFy;,, selection is shown for the lowest redshift range:
0.9 < Zineas < 1.2. The top panels present the relation at the flux limit of F(Ha)> 2 X 107'7 ergs™ cm™ and with no cut in Zyp, whilst the bottom
panels present the improvement obtained with our fiducial selection that also includes a cut in redshift probability z,, > 0.4. The left panels show
the distribution of different subsamples: M sample (grey points), observationally selected galaxies with accurate redshift (green points), and
redshift contaminants (red points). Black and cyan contours/dashed lines show the ground-truth distributions for the full EDS parent sample (H
< 26) and a subsample selected with F(Ha)> 2 x 10717 ergs~! cm™2, respectively. These contours serve as a reference to illustrate the intrinsic
(ground-truth) distributions, allowing a qualitative comparison with the observation-like measurements, and to highlight the intrinsic selection
bias introduced by the flux limit, which would persist even without redshift measurement errors. The right panels show galaxy number densities
per deg? in bins of stellar mass and He flux, with SR (top number) and C (bottom number) indicated. Numbers are colour-coded: black/blue for
reliable bins (SR > 45%, C < 20%) and red/magenta for others. The numbers reported above each mass bin represent the SR (top number) and C

(bottom number) for the entire mass bin.

arises from both the intrinsically higher S/N of individual EDS-
SFiim spectra and the limited simulation area of approximately 3
deg?. In the actual EWS survey, the larger sky coverage will yield
higher S/N in the stacked spectra. The observationally selected
EDS-SF, spectra closely match their benchmark counterparts,
indicating that the adopted selection criteria effectively recover
the same underlying galaxy population. Within each stellar mass
bin, the stacked spectra become progressively brighter at lower
redshifts, consistent with the reduced distances to these sources
from us. Moreover, the continua become redder with increas-
ing stellar mass, which reflects the diminished contribution of
blue light from younger stellar populations. The emission line
ratios also evolve: the Ha/Hp ratio increases with stellar mass,
suggesting stronger dust attenuation, while the [O m]/He ratio
decreases, driven by both increased dust extinction and a lower
fraction of ionizing photons from young stars in more massive
galaxies (e.g., Citro et al. 2017). The high S/N of the EDS-
SFqm stacks also reveals absorption features such as the NaD
doublet around 0.59 pm, which becomes especially prominent at
log,o(M./My) > 9.5. Once the full survey area is covered, the
enhanced S/N of the stacked spectra will enable the detection of
fainter emission and absorption features, expanding the range of
scientific analyses that can be pursued with Euclid.

Article number, page 12 of 26

7. Scaling relations with Euclid stacked spectra

In this section, we explore key scaling relations using the most
prominent emission lines in the optical domain. The fluxes of
these lines were measured in the stacked spectra described in the
previous section, using slinefit> (Schreiber et al. 2018; Talia
et al. 2023). This fitting process includes continuum subtraction
and deblending of He from [N ], ensuring accurate flux mea-
surements. For the EDS-SFg;,, sample, we focus on the highest
redshift bin of the EDS-SFg;;, selection (1.52 < z < 1.86), which
also overlaps with the redshift coverage of the EWS-SFj;,, sam-
ple. Equivalent plots for EDS-SFg;,, in the lower redshift bins
(09 <z < 12and 1.2 < z < 1.52) are provided in Ap-
pendix C.2.

7.1. Emission lines - Stellar mass

The fluxes of prominent emission lines measured from stacked
mock spectra as a function of stellar mass provide a diagnos-
tic of the performance of the EDS-SFg,, selection across red-
shift and stellar mass bins. Figure 14 presents the fluxes of Ha,
HgB, [O m], and [N 1], corrected for flux losses following the
methodology outlined in Cassata et al. (in preparation), within
the redshift interval 1.52 < z < 1.86. Magenta curves show

5 The slinefit code is publicly available at https://github.com/
cschreib/slinefit
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Fig. 12. The simulated Ha emission line as a function of stellar mass for the EWS-SFg,, selection. The top panels present the relation at the flux
limit of F(Ha)> 2 x 1076 ergs™ cm™ and with no cut in zyp, Whilst the bottom panels present the improvement obtained with our fiducial
selection that also includes also a cut in redshift probability zyo, > 0.99. The layout is the same as in Fig. 11, the only difference is that the black
and cyan contours/dashed lines show the ground-truth distributions for the full EWS parent sample (Hg < 24) and a subsample selected with
F(Ha)> 2 x 107'6 erg s~ cm™2, respectively. Note that in this case, the bias between the cut in magnitude only and the cut in magnitude and flux
limit is larger than the EDS-SFy;, one. Therefore, even with stacking, we will be mapping scaling relations of galaxies with He flux above 2 x 1076

ergs™ em™2.

flux measurements from mean stacks of observationally selected
galaxies, while cyan circles represent the mean fluxes from the
benchmark (8M) selection. The difference between these is dis-
played in the bottom inset of each panel (in purple, in dex), along
with the 1o uncertainties. Across all stellar mass bins, the ob-
servational selection reproduces the benchmark fluxes with re-
markable fidelity, with typical deviations ranging between 0.001
and 0.06 dex. Notably, the agreement with benchmark values
improves at higher stellar masses, particularly above 10' My,
where differences are reduced to between 0.001 and 0.03 dex.
The limited impact of residual contaminants on the flux arises
because, as shown in Fig. 9, their fluxes generally fall below the
surveys’ flux limits, contributing mainly low values to the stack
and minimally affecting the composite measurements.

Black contours and the dashed black line in each panel trace
the ground-truth distribution and median relation of the parent
EDS-SFi, sample (H; < 26), respectively. The comparison be-
tween fluxes measured from the stacked spectra and the photo-
metric ground-truth again highlights the intrinsic bias introduced
by the flux-limited selection of EDS-SF;y,, which is independent
of the stacking process. This bias is especially evident at stellar
masses below 10'9 M, (see Sect. 6).

For the EWS-SFg;, selection, the fluxes of prominent emis-
sion lines measured on stacked spectra as a function of the stel-
lar mass are shown in Fig. 15. We find that all lines we analysed,
such as He, HB, [O m], and [N 1], show a significant positive
bias compared to those of the ground-truth parent sample at H;
< 24. These elevated values reflect the more stringent flux limit
of 2 x 1071% erg s~! cm™ we imposed on the EWS-SF;;,,, which
preferentially selects galaxies with brighter emission lines (see

Sect. 6). The consistently narrow o uncertainties across all stel-
lar mass bins and emission lines demonstrate the strength of the
EWS-SF;;,, sample in probing bright systems with high statisti-
cal precision. This capability is particularly valuable for studying
the most active phases of galaxy evolution, such as starbursts,
where accurate measurements of emission line properties are es-
sential for constraining physical conditions of the most active
star formation phases.

7.2. The stellar mass attenuation diagram and the
Star-formation rate-Stellar mass relation

The “main sequence” (MS) of SFGs describes a well-
established, tight correlation between total stellar mass (M) of
a galaxy and its SFR (e.g., Noeske et al. 2007; Daddi et al. 2007;
Wuyts et al. 2011; Rodighiero et al. 2011, 2014; Popesso et al.
2023), showing a clear evolutionary trend across cosmic time.
The Ha emission line, emitted by ionized hydrogen in star-
forming regions, is a valuable tracer for measuring the SFR in
star-forming galaxies, particularly because it is well-calibrated
for use with local galaxies (Kennicutt 1998; Hopkins et al. 2003;
Kennicutt & Evans 2012), and can be observed in surveys like
the EWS at redshifts 0.9 < z < 1.8 and the EDS at redshifts 0.4 <
z < 1.8. By leveraging these observations, we can potentially ex-
tend the main sequence characterization to earlier epochs, pro-
viding insights into the star-formation history and the evolving
galaxy population over time and extending it to the most massive
galaxies. Fig. 16 shows the attenuation—M, relation (top pan-
els) and the SFR—-M., relation (bottom panels) derived from the
EDS-SF;i, stacked mock spectra. The attenuation, represented
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Fig. 13. Stacked mean spectra for the mock galaxies used for the sci-
entific predictions in this paper, for the redshift bin [1.52,1.86]. The
panels show stacked spectra divided by sample type and stellar mass
bins: left panels show the EDS-SF;,,, while right panels show the EWS-
SFgim. Rows correspond to stellar mass bins of 0.5 dex, ranging from
log,o(M./My) > 8.5 to < 11.5. Bins with fewer than 50 spectra are not
shown or considered in the analysis. In each panel, cyan and magenta
spectra represent the stacked spectra for the BM and observationally
selected samples, respectively, with the numbers indicating the spectra
counts. Note that the [O m]/[O m]A4959 ratios of all stacks here are ap-
proximately 2.3, lower than the theoretical value of 3, due to an error
in the simulated [O m]14959 emission line. Since the [O ] values are
correct and [O m]A4959 was not used in the analysis, the results remain
unaffected.

by the Balmer decrement (Ha/Hg ratio not corrected for under-
lying Balmer absorption), shows a dependence on stellar mass,
with higher attenuation observed at higher masses. In parallel,
the SFR—stellar mass relation highlights the ability of the EDS to
probe star-forming galaxies at stellar masses above ~ 10'0 M,
where the measured SFR closely aligns with the expected rela-
tion for all galaxies with H; < 26. However, for galaxies in the
lower-mass regime (< 10'° M), deviations of up to 1 dex be-
low the expected SFR—M., relation are evident. This discrepancy
suggests that while the deeper flux limits of the EDS improve the
sensitivity to lower-mass systems compared to the EWS, system-
atic offsets remain, due to the flux limit of the survey as evident
from Fig. 14.
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Fig. 14. Emission line fluxes (in units of ergs™' cm™2) measured on
stacked spectra as a function of stellar mass for the EDS-SFg;, selec-
tion corresponding to the redshift interval 1.52 < z < 1.86. From top
to bottom, panels show the fluxes of Ha, HB, [O mi], and [N n] emis-
sion lines. Fluxes have been corrected for flux loss using the method
by Cassata et al. (in preparation). Magenta curves represent measure-
ments from observationally selected galaxy stacks, whilst cyan circles
correspond to benchmark (8M) stacks. The red dotted horizontal line in
each panel indicates the flux limit of 2 x 10”7 erg s™' cm~2 imposed on
the EDS-SF;,. Shaded regions denote the 1o~ uncertainty, whilst black
contours and the dashed black line in each panel trace the ground-truth
distribution and median relation of the parent EDS-SFg;,, sample (Hy <
26), respectively. The bottom insets in each panel show the difference
(in dex) between the observational and benchmark flux measurements.

Figure 17 shows the attenuation—stellar mass relation (top
panels) and the SFR-M, relation (bottom panels) derived from
the EWS-SF;;, stacked spectra. For the EWS-SFg;,, sample, the
attenuation—stellar mass relation derived from the Balmer decre-
ment (Ha/Hp ratio) overlaps with the reference relation of the
H; < 24 sample. This agreement indicates that the corrections
for dust extinction applied to Ha fluxes from the stacked spectra
align closely with those of the reference sample, ensuring com-
parable dust attenuation estimates. Consequently, the SFRs de-
rived for the EWS-SF;,, reflect similar biases to those observed
in the Ha flux versus stellar mass relation, as presented in the
top panel of Fig. 15. This reinforces that while the EWS-SF;,
expands the reach of the survey to larger sky areas, the derived
SFR scaling relations remain systematically affected by the high
Ha flux limit relative to the benchmark magnitude-limited sam-
ple at all stellar masses, and especially at the low-mass end.
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Fig. 15. Emission line fluxes measured on stacked mock spectra as a
function of stellar mass for the EWS-SFy;,, selection. From top to bot-
tom, panels display the fluxes of He, HB, [O m], and [N 1] emission
lines. The red dotted horizontal line in each panel indicates the flux
limit of 2 x 107'® erg s™! cm™ imposed on the He line. The layout of
the panels is the same as in Fig. 14.
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Fig. 16. The attenuation—M., relation (top panels) and the SFR—M., re-
lation (bottom panels) derived from the EDS-SFg, stacked spectra. The
attenuation is measured using the Balmer decrement (Ha/HpS ratio),
while the SFR is calculated from the dust-corrected Ha luminosity, ap-
plying the Calzetti et al. (2000) extinction law and assuming case B
recombination conditions (electron density of 100 cm™ and 10000 K.
The panel layout follows the structure of Fig. 14. Shaded regions repre-
sent the 10~ uncertainties in the measured quantities.
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Fig. 17. The attenuation—M, relation (top panel) and the SFR—M., rela-
tion (bottom panel) derived from the EWS-SF, stacked mock spectra.
The attenuation is measured using the Balmer decrement (He/Hg ratio),
whilst the SFR is calculated from the dust-corrected Ha luminosity, ap-
plying the Calzetti et al. (2000) extinction law and assuming case B re-
combination conditions (electron density of 100 cm~2 and temperature
of 10000 K.. The panel layout follows the structure of Fig. 14. Shaded
regions represent the 1o~ uncertainties in the measured quantities.

7.3. The BTP diagram

Diagnostic diagrams that combine two emission-line ratios are
capable of distinguishing the dominant ionizing sources in
galaxies, whether from young, massive stars formed in re-
cent star formation (SF) or from an AGN. The well-known
Baldwin—Phillips—Terlevich (BPT) diagrams (Baldwin et al.
1981; Veilleux & Osterbrock 1987), which compare the ra-
tios [O m]A5007/HB with [N m]16584/Ha, [S n]16724/Ha, and
[O 1]16300/Ha, have proven effective for differentiating ionis-
ing sources in nearby galaxies (Kewley et al. 2001; Kauffmann
et al. 2003), while it remains uncertain whether the BPT dia-
grams will maintain their effectiveness at higher redshifts. As
galaxies evolve, their physical conditions and chemical composi-
tions change, potentially complicating the interpretation of these
traditional diagnostic diagrams in the distant Universe. Euclid
will allow us to extend with unprecedent statistic previous stud-
ies using only small sample observed within the Fiber Multi-
Object Spectrograph (FMOS)-COSMOS survey (Kashino et al.
2019) and the MOSFIRE Deep Evolution Field (MOSDEF) sur-
vey with Keck by Kriek et al. (2015) and Reddy et al. (2015) in
the redshift range 1.4 < z < 1.7. Further studies are indeed re-
quired to assess whether these diagnostic tools can reliably clas-
sify ionising sources in high-redshift galaxies.

In Fig. 18, we analyse the EDS-SF,, BPT-[N m]16584,
which relates the [O m]/HB and [N n]16584/Ha ratios to the ion-
ization mechanisms galaxies. In this analysis, the top and middle
panels show the relations between these emission line ratios and
stellar mass, based on stacked spectra from the EDS-SFg;,, sam-
ple, in the redshift bin 1.52 < 7 < 1.86.

The [O m]/HP ratio has been shown to be a reliable proxy
for the ionization parameter U, which traces the current ioniza-
tion state in star-forming regions (e.g., Citro et al. 2017; Quai
et al. 2018, 2019). It is also useful for distinguishing between
ionization driven by recent star formation and that dominated by
AGN activity, especially when contrasted against stellar mass,
as demonstrated by the stellar mass-excitation (MEx) diagnos-
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Fig. 18. The BPT diagram and corresponding stellar mass relations
for the [O m]/HB and [N n]16584/Ha ratios based on the EDS-SF;,
stacked mock spectra. The top and middle panels show the [O m]/HS
—stellar mass (i.e., the MEx diagnostic diagram, Juneau et al. 2011),
and [N 1]16584/Ha —stellar mass relations, respectively, with measure-
ments from the stacked spectra in different stellar mass bins. The bottom
panel displays the BPT diagram with symbols representing the positions
of the stacked spectra for various mass bins. The black contours in all
panels represent the EDS-SF;,, parent sample cut at Hy < 26, and the
black dashed curves in the top and middle panels represent its median
relations.

tic (e.g., Juneau et al. 2011), which we employ in this paper.
We observe that the [O m]/Hp ratio in the stacked spectra aligns
closely with the median values from the EDS parent sample cut
at Hy; < 26, as indicated by the black dashed curve, across nearly
all mass bins. In contrast, the [N 1]16584/Ha ratio shows a small
systematic positive offset from the relation for galaxies with Hy
< 26. This offset might be either a genuine difference between
the [N m]16584/Ha in the selected and reference populations, or
due to a non-perfect deblending of the Ha and the [N 1] lines,
which may still be affecting the measurement of the [N 1] flux.

Now examining the [O m]/HB and [N m]16584/Ha ratios to-
gether in the bottom panel of Fig. 18, the data points in the BPT
diagram remain below the Kauffmann et al. (2003) curve, plac-
ing them in the region associated with star formation. This indi-
cates that the dominant ionization source in the stacked spectra
is star formation, as expected because our MAMBO selection does
not include AGN contribution. While there may be biases in in-
dividual measurements, particularly in the [N m]16584/Ha ratio
as discussed above, this does not compromise the overall conclu-
sion. The data consistently support that stacking is robust enough
to preserve the position of galaxies even in BPT-[N u] diagram
potentially affected by deblending issues.

Article number, page 16 of 26

—r T T [ T T T T T

EWS -

—r r 1 | T T r°T

1I.52 <z<1.86

—~ Obs. BM (stacked)
_8?g —>— Obs. selection (stacked)

log10([O 111]/Hp)

|
§1_l:lIII::IIIIIMIIIIIII_

£
T
= E/
Z _10E
T o12p
& —TAFy o
<§.§§ - T T T ] T T T T I T '\I' T l T l’\l T I T T T T2
=0: T WL S S [ ST SN TN TN NN SN TN T S AU T SO S N W S S
9.0 9.5 10.0 10.5 11.0
logio (M./Mo)
. 1.0:lllllllllllllllllIIllllllllllllllllll!g.I2I5IIDlE
% 0.8 F 9.75 O 7
E 10.25 =r 7
=~ 06F 10.75 O 3
= 04F 11.25 33
S 02F E
s 0.0F =
) E E
©-0.2F — Kauffmann (2003? -
L L 111l 0T T 0T T 1 1l ll d
—0.4
—1.2 —1.0 —-0.4

—0.8 —0.6
logio ([N 11]/Ha)

Fig. 19. The BPT diagram and corresponding stellar mass relations
for the [O m]/HB and [N n]16584/Ha ratios based on the EWS-SF;,
stacked mock spectra. The top and middle panels show the [O m]/HB
-M., (i.e., the MEx diagnostic diagram, Juneau et al. 2011), and
[N 1]16584/Ha —M. relations, respectively, with measurements from
the stacked spectra in different stellar mass bins. The bottom panel
shows the BPT diagram with symbols representing the positions of the
stacked spectra for various mass bins. The black contours in all panels
represent the EWS-SF;,, parent sample cut at Hy < 24, and the black
dashed curves in the top and middle panels represent its median rela-
tions.

7.4. The gas-phase metallicity

Gas-phase metallicity, often expressed as the oxygen-to-
hydrogen ratio (O/H), is a tracer of galaxy evolution, reflect-
ing the integrated effects of star formation, gas inflows, and out-
flows over cosmic time. It plays a role in shaping the emission
spectrum of ionized gas in galaxies, influencing the strength
and ratios of nebular emission lines. Understanding gas-phase
metallicity provides insights into chemical enrichment processes
and the baryon cycle within galaxies (e.g. Kewley et al. 2019;
Maiolino & Mannucci 2019).

Oxygen abundance is commonly estimated using strong
line diagnostics calibrated against either direct tempera-
ture (T.) measurements or photoionization models. One
widely used diagnostic is the O3;N, parameter, defined as
([0 w]/HB)/(IN u]A6584/Ha), which serves as an effective
method for estimating metallicity, especially in galaxies where
direct methods are impractical due to the faintness of the auroral
lines required to determine 7. These calibrations, based on ob-
servations of local galaxies (e.g., Curti et al. 2017), should not
be blindly applied to higher redshift, as several studies suggest
that O/H evolves with redshift (e.g., Curti et al. 2024; Sanders
et al. 2024). To address this, Euclid Collaboration: Scharré et al.
(2024) provided guidelines from semi-empirical methods for ad-
justing metallicity calibrations for high-redshift galaxies. How-
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Fig. 20. The top panels show the O;N, as a tracer of the gas-phase
metallicity 12+log;o(O/H) parameter, in the redshift bin [1.52, 1.86].
The O3;N, values for stacked mock spectra in this study are calibrated
using the Curti et al. (2017) relation. The layout of the panels is con-
sistent with the bottom panel of Fig. 18. The bottom panels show the
mass-metallicity relation (MZR), showing the dependence of gas-phase
metallicity (inferred from O;N,) on stellar mass. The layout matches
Fig. 14.

ever, the MAMBO simulation adopts the metallicity calibration from
Curti et al. (2017) for its modelled galaxies. Consequently, we
derive 12+1logi0(O/H) values for our stacked spectra and analyse
how they vary with stellar mass (for both EDS-SF;;,, and EWS-
SFin) and redshift (for EDS-SFg).

The results regarding the EDS-SFg;,, are shown in Fig. 20.
First, we observe an almost perfect agreement between the ob-
servationally selected samples (purple) and the corresponding
benchmark samples (cyan), indicating that we can fully recover
the information up to the instrument’s limits. Compared to the
H; < 26, our analysis reveals systematic trends in gas-phase
metallicity with M,, consistent with the mass-metallicity rela-
tion (MZR). At lower stellar masses, metallicities derived from
OsN,, tend to be overestimated in all the three redshift bins anal-
ysed, potentially due to biases in the calibration or contamination
from emission-line ratios influenced by different ionization con-
ditions. Conversely, at higher stellar masses (M, > 10'°M,),
metallicities are either consistent with expectations or slightly
underestimated.

8. Summary and conclusions

In this preparatory paper for Euclid’s non-cosmological science,
we have developed and tested a dedicated stacking pipeline tai-
lored for for the Euclid mission’s NISP spectroscopic surveys,
with the goal of recovering faint spectral features from large
galaxy samples in the Euclid Wide and Deep Surveys (EWS,
and EDS, respectively).

To perform stacking, we released the dedicated code
SpectraPyle (see Sect. 3) on the ESA Datalabs platform, acces-
sible to the Euclid Consortium. SpectraPyle’s modular design
allows for flexible configurations tailored to diverse scientific ob-
jectives, while its computational efficiency supports large dataset
processing, essential for Euclid’s extensive sky coverage (see
Sect. 3). The method involves selecting suitable input spectra,
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Fig. 21. The top panel show the O;N; as a tracer of the gas-phase metal-
licity 12+log;o(O/H) parameter for the EWS-SF;,,. The O3;N, values
for stacked mock spectra in this study are calibrated using the Curti
et al. (2017) relation. The layout of the panels is consistent with the
bottom panel of Fig. 18. The bottom panel show the mass-metallicity
relation (MZR), representing the dependence of gas-phase metallicity
(inferred from O;N,) on stellar mass. The layout matches Fig. 14.

aligning them to a common reference frame, applying normal-
ization procedures chosen by the users among several possibili-
ties, and combining the data statistically to produce high-quality
composite spectra.

Our workflow has been applied to two sets of simulated
spectra generated with the MAMBO simulation, and processed to
match Euclid specifications using the FastSpec code. The re-
sulting datasets, EWS-SF;;,, and EDS-SFy,, correspond to the
EWS and EDS, respectively, and are designed to represent the
final surveys quality, assuming that known systematics, such
as zeroth-order residuals, persistence, and contamination from
neighbors, are fully masked and corrected in future pipeline re-
leases, and that flux losses are accounted for, achieving the fi-
delity expected from an optimal extraction of Euclid spectra.

The analysis begins with redshift and flux measurements for
each simulated spectrum using the automated fitting procedure
of Euclid pipeline described in Sect.4.4. We then performed
tests aimed at characterising the best selection, to maximise per-
formances in terms of retaining high success rate (SR) whilst
limiting contamination rate (C) for both samples. Our results in-
dicate that a residual percentage of redshift contaminants survive
even after rigorous quality cuts (see Appendix B). This under-
scores the need for careful interpretation and additional refine-
ment of selection methods when analysing stacked Euclid spec-
tra. For the EDS-SFj;,,, we obtain a fiducial selection with SR
between ~ % and ~ 70% and C < 6%, while for the fiducial
EWS-SF;;,, sample we find SR between ~ 50% and ~ 80% and
C < 4.5%. At these levels, stacking delivers high-quality spectra
of the benchmark (8M) sample down to log;,(M./My) ~ 8.5 in
the EDS-SFi, and log,o(M./Ms) =~ 9.0 in the EWS-SFpn, al-
lowing robust reconstruction of galaxy spectra and emission line
fluxes and therefore the derivation of physical parameters such as
star formation rate (SFR), dust attenuation, and gas-phase metal-
licity. The key to this performance is that noise contaminants
have significantly lower measured Ha fluxes than galaxies with
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accurate redshifts (Fig. 9), so their impact on the stacks is mini-
mal.

We have investigated the nature of stacked spectra for differ-
ent categories of redshift contaminants. Redshift contaminants
arise from various sources, including spikes of noise misinter-
preted as He, as well as misidentifications of spectral lines such
as [S m]A9531 and [O m] being erroneously attributed to Ha.
Stacking spectra consisting purely of noise spikes naturally re-
produces the features of the template used for galaxy redshift
measurements (Sect.5.2), confirming that such contaminants
do contribute to the recovered line fluxes. However, their im-
pact is not catastrophic, as they exhibit significantly lower mea-
sured Ha fluxes than galaxies with accurate redshifts, as noted
above.Contaminants produced by misclassified emission lines
introduce spurious flux at the wavelengths of the line they were
mistaken for, with the contamination amplitude scaling with the
intrinsic strength of the misidentified line (a dependence that
may differ between our simulations and real data), and, since
the whole spectrum is shifted to the wrong redshift, additional
emission features from those interloper spectra can produce fur-
ther spurious signals in the stacked continuum and at other line
wavelengths (see Sect. 5.1). Misidentified-redshift contaminants,
however, can be recognised in higher-order percentiles of the
stack, where faint but coherent features appear at wavelengths
corresponding to the misinterpreted lines (Sect. 5.3). This could
provide a useful diagnostic for their identification in real data.

By exploiting the clean benchmark stacks, we show that it is
possible to recover fluxes for secondary lines such as HB, [O ],
and [N 1] at levels well below the individual detection limit
(Figs. 14—15). This capability can, in principle, be extended to
even fainter lines, significantly expanding the range of physical
diagnostics accessible through stacking.

We also quantify the important limitations due to selection
effects. In particular, the flux-limited nature of the spectroscopic
samples that prevents to measure the redshift at fainter fluxes,
introduces biases that affect the recovery of global scaling rela-
tions, such as SFR—M, and attenuation—M,.. As demonstrated in
Sect. 6, these biases are not caused by the stacking technique
itself, but are inherent to the input spectroscopic sample. For
the EDS-SF;;n,, the deeper flux limit enables a recovery of scal-
ing relations that more closely match those of the parent sam-
ple, thanks to the higher completeness in redshift measurements,
particularly at the high-mass end (M, > 10'° M), where the ef-
fects of incompleteness are minimized. In contrast, for the EWS-
SFqim, the selection restricts analysis to the bright upper envelope
of such relations at all masses, preventing a full characteriza-
tion of the underlying population. These findings underscore the
need for caution when interpreting trends from flux-limited sam-
ples and emphasize the critical role of careful quality cuts and
completeness assessments in deriving reliable conclusions from
stacked spectra.

It is important to emphasise that these results are derived
from controlled simulations designed to emulate the final Eu-
clid survey data, after full pipeline optimisation and removal of
known artefacts. The mocks do not include truly passive galaxies
or other line-poor systems, whose presence in real observations
would likely increase contamination rates and amplify certain
biases. Current Q1 Euclid spectra still contain residual systemat-
ics from zeroth order, persistence, and contamination; however,
these are expected to be substantially mitigated in forthcoming
pipeline releases through improved extraction algorithms and
more aggressive masking. Our conclusions should therefore be
viewed as representative of the survey’s ultimate performance
rather than of the current early data products.
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Appendix A: Additional notes on the stacking
procedure

Appendix A.1: Test on the “flux conservation” method

In Sect. 3.1 we mentioned the limitations of the “flux conserva-
tion” method. For a more quantitative assessment, we conducted
tests using toy RGS spectra consisting of a flat, noiseless con-
tinuum at 2 x 1078 erg s™! cm™2 A~! (comparable to the average
continuum in Fig.4) and a noiseless He Gaussian line with a
flux of 2 x 107'® erg s™! cm™2. Redshifts were randomly drawn
from uniform distributions within various intervals in the range
0.9 < z < 1.8, where He falls in the Euclid RGS. We then
stacked these spectra at the sample average redshift and analysed
the resulting composite spectra. We found that the Ha luminosi-
ties in the stacked spectra deviated from the expected average
by up to 10%, demonstrating the limitations of this approach for
luminosity-sensitive analyses.

Appendix A.2: Caveats on the geometric mean

One of the spectral combination options offered by SpectraPyle
is the geometric mean, defined by

n 1/n
1—1 F/l,i] ,
i=1

where F,; is the flux density of the i-th spectrum in the bin cen-
tred on wavelength A, and n is the number of spectra contributing
to the bin. Vanden Berk et al. (2001) has shown that the geomet-
ric mean preserves the global continuum shape, which is use-
ful, for example, when analysing spectra with power laws (often
used to approximate quasar continua), whereas neither the me-
dian nor the mean typically yields a power law with the mean
index. Instead, the geometric mean correctly yields a composite
power law whose spectral index is equal to the arithmetic mean
of the frequency power-law indices. Furthermore, according to
the definition in Eq. (A.1), the geometric mean is less likely to
be dominated by the brightest spectra than the arithmetic mean.
Therefore, in many astrophysical applications involving samples
of galaxies with fluxes covering a large dynamical range, the ge-
ometric mean should be favoured. However, Euclid spectra, es-
pecially the EWS spectra, have a low S/N, and sometimes their
flux values subtracted from the background are less than zero.
Therefore, the geometric mean cannot be used in these cases as
it is only defined for positive values.

(Fa) = (A.D)

Appendix A.3: SpectraPyle performance evaluation

For this Euclid preparation paper, the SpectraPyle code was run
on simulated spectra to produce stacks for EWS and EDS spec-
tra. In operational mode, the code will handle Euclid’s actual
spectra, preferably read directly from the ESA Science Anal-
ysis System (SAS®), i.e., a software suite for processing and
analysing mission data. However, the code is designed to work
independently of the specific input data. We also created and
tested a Jupyter Notebook tutorial enabling users to prepare con-
figuration files and source lists. These include selecting galaxy
spectra for stacking by querying a provided dataset sample.
Users can also run the code within the Jupyter Notebook, and
they can see plots of the resulting stacked spectra directly in the
Jupyter Notebook.

% The SAS is available at https://eas.esac.esa.int/.
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Fig. A.1. Uncertainties (at 1o level) of the median stacked spectra as a
function of number of bootstrap samples. Different curves and colours
vary depending on the number of individual spectra in the stacking
(1000, 5000, 10000, 25 000 galaxies).

Using the version v.3.1 of the code, we conducted perfor-
mance tests to assess computing resource impact, varying code
parameters, such as bootstrapping samples for uncertainty es-
timates, stacked spectra count, survey configurations, spectral
normalisation type, and resampling. The code has three com-
putationally intensive steps, controlled by used-defined param-
eters: 1) recursively reading galaxy spectra from input files for
stacking; 2) pixel-scale operations (e.g., flux normalisation, re-
sampling) on each spectrum; 3) bootstrapping resampling for
estimating statistical uncertainties of stacked products. Through
our tests we identified the parameter configurations for efficient
runtime, without compromising statistical and scientific perfor-
mance. We observed linear runtime scaling with the number of
bootstrap samples and stacked spectra. However, the uncertain-
ties converge around 200-300 bootstrap samples for any stacked
galaxy count (see Figure A.1). For this reason, we cap the num-
ber of bootstrap samples at a maximum of 1000 iterations, issu-
ing a warning to users that require a number of bootstrap samples
exceeding this limit, to prevent runtime slowdowns. The conver-
gence test for the number of bootstrap samples will have to be
replicated with real Euclid ’s spectra, though we do not expect
a significant difference from the value obtained with our mock
MAMBO catalogue. Dedicated tests on the ESA Datalabs indicate
that, using an environment configured for SpectraPyle users,
with 15 CPUs and 32GB of RAM, the stacking of 10000 Euclid
RGS spectra can be completed in under 10 minutes.

Appendix B: Sample selection for stacking

In this section, we identify the z,0, threshold at a given flux limit
that enables the selection of observationally defined samples for
stacking, striking a balance between minimizing contamination
(C) and maximizing success rate (SR).

In Fig. B.1 we show the variation of the distribution of EWS-
SFim Ha fluxes with increasing zpop thresholds, to demon-
strate which is the net effect of progressively increasing the Zpop
threshold on the flux distribution. The top panel refers to the
flux threshold 2 x 107 erg s~'em™2, whereas the bottom one
is for 2 x 107! ergs~! cm™2. In the top panel, we observe that
higher z,op cuts lead to net distributions at higher Ha fluxes, pro-
gressively reducing the completeness at fainter fluxes. The pur-
ple distribution represents the distribution corresponding to the
benchmark sample (no cut in z,p). Then, as we progressively
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Fig. B.1. Distributions of true He flux for the mock EWS-SFg;;,, sample.
The top panel shows galaxies with true He flux F(Ha) > 2 x 107"
ergs™! cm™2, whereas the bottom panel shows galaxies with F(Ha) >

2x 107 ergs™' cm™2.

increase the zpop threshold, we are filtering out fainter galaxies
from the selection, resulting in a brighter median He flux, and
we expect to observe this effect also in the corresponding stacked
spectra. This result demonstrates that our goal of probing fainter
galaxy populations within the EWS through stacking is funda-
mentally constrained by the need to rigorously clean the sample
of redshift contaminants. This process, whilst necessary, has the
drawback of reducing the inclusion of the target population at
fainter fluxes. As a result, attempting to push to deeper fluxes
with stacking could become ineffective, as the selected sample
is progressively reduced at fainter fluxes. In contrast, the bot-
tom panel of Fig. B.1 shows that for the fiducial flux threshold
of 2 x 107! erg s~! cm™2, increasing the Zprob Cut has a minimal
impact on the Ha distribution. Therefore, in this case we expect
the quality of the stacked spectra across different zpqp, cuts to de-
pend primarily on the influence of residual redshift contaminants
that are not removed by the selection cuts.

We analysed how zpqp thresholds and flux limits affect the
success rate and contamination level in stacked spectra for
the EWS-SF;;,. Galaxies were selected within [Zmin, Zmax] =
[1.52,1.86], where strong emission lines from HB to Ha lie
within the red grism’s wavelength range. This selection ensures
uniform coverage of key spectral lines. For stacking, we tested
combinations of the following parameters

— Zprob thresholds: 0, 0.2, 0.4, 0.6, 0.8, 0.9, 0.99.

— Stellar mass (in bins of Alog;oM. = 0.5): [9, 9.5], [9.5,
10], [10, 10.5], [10.5, 11], [11, 11.5]. Note that we did not
consider higher stellar masses due to the limited number of
galaxies with M, > 10''> M, in the 3 deg? volume covered
by our simulation.

— Flux thresholds for the Ha line: 2 x 1077 and 2 x 10716
erg s'em™2.

For each combination, a stacked spectrum was generated apply-
ing Eq. (6). Stacking was performed using SpectraPyle with the
following process: individual spectra were shifted to z = 1.68
(the median redshift of the EWS-SFg;, sample), scaled for cos-
mological flux, and re-projected onto a uniform 0.5 nm wave-
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Fig. B.2. Success rate (SR) vs. contamination rate (C) for the mock
EWS-SF;;n, colour-coded by the applied redshift probability thresh-
old (Zpron). The top panel shows results for a flux threshold of 2 x
10~7ergs™! cm™2, while the bottom panel corresponds to a higher
threshold of 2 x 10~!%erg s~! cm2. Different symbols represent galaxies
in distinct stellar mass bins. As a reference, the black curves connect
the points corresponding to the mass bin log;o(M. /M) € [10, 10.5].

length grid. Median fluxes were then extracted at each pixel, with
uncertainties estimated via 350 bootstrap realizations. Key emis-
sion lines (He, [N 1], [O m], HB) were deblended and measured
in the stacked spectra using the SlineFit code.

Figure B.2 presents the success rate (SR) as a function
of contamination (C), colour-coded by the redshift probability
threshold (zprop), for the EWS-SFy,. Top panels correspond to
a flux limit of 2 x 107!7 ergs™! cm™2; bottom panels show the
fiducial case at 2 x 10716 ergs™' cm™2.

At the lowest flux limit, SR remains below 37% in all stel-
lar mass bins, declining to 12% in the lowest bin, regardless of
the applied zpr, cut. As anticipated from Fig. B.1, higher zprop
thresholds exclude low-S/N galaxies, reducing C but also re-
moving intrinsically fainter Ho emitters and lowering SR. This
unfavourable trade-off makes this flux limit unsuitable for ro-
bust stacking: high-z,rop cuts lead to biased samples dominated
by bright emitters, while low-zpqp cuts yield excessive contam-
ination. Consequently, we do not recommend using a 2 x 10~
ergs~! cm™2 limit for stacking purposes.

In contrast, the fiducial 2 x 107! erg s~! cm™2 sample shows
improved performance. At Zyop = 0, SR exceeds 70% across all
mass bins, albeit with contamination between 30-70%. Increas-
ing zprop progressively lowers C while preserving high SR up to
Zprob = 0.9. For instance, in the [10, 10.5] bin, C drops from 50%
to 10% while maintaining SR at roughly 80%. Beyond zprop =
0.9, the contamination continues to decrease, albeit more slowly,
while the SR also declines. We adopt zyrop = 0.99 to balance con-
tamination control and completeness, limiting contamination to
below 5% while retaining a success rate of roughly 50-77%. . In-
termediate flux thresholds (5x 107'7 and 1 x 107 '® ergs~! cm™2)
perform better than the lowest limit but fall short of the efficiency
achieved at the fiducial value and are not discussed further.

2
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Fig. B.3. Success rate (SR) vs. contamination rate (C) for the mock
EDS-SFm, colour-coded by the applied redshift probability thresh-
old (Zpron). The top panel shows results for a flux threshold of 2 x
10-"7ergs™' cm™2, while the bottom panel corresponds to a higher
threshold of 5x 10™7erg s~ cm™2. The layout is the same as in Fig. B.2.

In summary, we adopt a selection based on zpop > 0.99 and

a flux limit of 2 X 107! ergs™' cm™2 in the main analysis. This
combination ensures high completeness with minimal contami-
nation, preserving the fidelity of stacked spectral measurements
(see Sect. 6).

We applied the same framework to the EDS-SFg;,, sample,
which benefits from deeper flux sensitivity and extended spectral
coverage via the blue grism, enabling the analysis of a broader
redshift interval (0.9 < z < 1.86). To minimize evolutionary
effects, we divided the sample into three redshift bins: [0.9,
1.2], [1.2, 1.52], and [1.52, 1.86], with the latter overlapping
the EWS-SF;,, range. The selection optimization tests were con-
ducted in this uppermost redshift bin.

We used the same grid of parameters as in the EWS-
SFim analysis, but extended the stellar mass range down to
log1o(M../My) € [8.5,9], enabled by the lower flux threshold of
5 x 1077 ergs~! cm™2. Figure B.3 summarizes the results. The
trends are qualitatively similar to the EWS-SF;,, case but show
substantially better performance: at 2 x 1077 ergs™! cm™2, C re-
mains below 18% across all zyop cuts, and SR exceeds 80%. At
5x 1077 erg s~! cm™2, success rates reach 90%. This robustness
makes selecting a single criterion less critical.

Nevertheless, to ensure consistency with the benchmark pop-
ulation, we adopt a flux limit of 2x 1077 erg s™' em™ and a Zprop
threshold of 0.4 for the EDS-SFg;,, sample. This choice provides
the best balance between completeness and contamination across
stellar mass bins.

We caution, however, that although simulations remain ro-
bust down to 2x 10717 erg s~! cm™2, actual galaxies with H; < 26
may fall below this sensitivity, potentially limiting redshift re-
covery in the real survey. As such, our contamination estimates
may be slightly optimistic, and follow-up validation using real
Euclid data will be essential.
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Fig. C.1. Stacked mean spectra for the mock EDS-SF;,, galaxies used
for the scientific predictions in this paper, for the redshift bins [0.9, 1.2]
(left panels), and [1.2, 1.52] (right panels). The layout and notes are the
same as in Fig. 13.

In conclusion, based on the selection criteria, stacked spectra
for the EDS-SFg;,, were generated with an He flux limit > 2 X
10717 ergs™ cm™ and a redshift probability threshold of Zpp
> 0.4, whilst for the EWS-SFj;,,, stacked spectra were created
with a stricter flux limit in He of > 2 x 107"% ergs™' em™ and a
redshift probability threshold of zprop > 0.99.

Appendix C: Scaling relations for EDS-SFgjn,, in
other redshift bins

In this appendix, we present the scaling relations derived from
the EDS-SFg;,, stacked spectra in the lower redshift bins 0.9 <
z < 1.2 and 1.2 < z < 1.52. These results are qualitatively con-
sistent with those discussed in Sect. 7 for the highest redshift bin
(1.52 < 7 < 1.86). The emission line fluxes (Fig. C.2), measured
from the stacked mock spectra shown in Fig. C.1, along with de-
rived physical quantities such as attenuation, the star-formation
rate—stellar mass relation (Fig. C.3), the BPT diagram (Fig. C.4),
and gas-phase metallicity (Fig. C.5), exhibit the same overall be-
haviour, with only modest variations attributable to the cosmo-
logical evolution encoded in the MAMBO simulation. In particular,
the fluxes of key emission lines (e.g., Ha, [O m], [N n]) measured
from stacked spectra track the corresponding benchmark sam-
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Fig. C.2. Emission line fluxes (in units of ergs™' cm~2) measured on
stacked mock spectra as a function of stellar mass for the EDS-SFj;,
selection corresponding to the redshift intervals 0.9 < z < 1.2 (left
panels), and 1.2 < z < 1.52 (right panels). From top to bottom, panels
show the fluxes of He, HB, [O m], and [N 1] emission lines. Fluxes
have been corrected for flux loss using the method by Cassata et al. (in
preparation). The layout is the same as in Fig. 14.

ples with comparable accuracy, and the main sequence relations
maintain their characteristic shapes and slopes. We note slight
differences in normalization and scatter that reflect the gradual
evolution of galaxy properties over cosmic time, as expected
from both simulations and observations. These differences re-
main well within the uncertainties and do not alter the qualitative
conclusions drawn for the higher redshift bin.
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Fig. C.3. The attenuation—M, relation (top panels) and the SFR—M, re-
lation (bottom panels) derived from the EDS-SF;, stacked mock spec-
tra for the EDS-SFy;, selection corresponding to the redshift intervals
0.9 < z < 1.2 (left panels), and 1.2 < z < 1.52 (right panels). The at-
tenuation is measured using the Balmer decrement (Ha/Hg ratio), while
the SFR is calculated from the dust-corrected Her luminosity, applying
the Calzetti et al. (2000) extinction law and assuming case B recom-
bination conditions (electron density of 100 cm~2 and 10000 K. The
panel layout follows the structure of Fig. 14. Shaded regions represent
the 1o uncertainties in the measured quantities.
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Fig. C.4. The BPT diagram and corresponding stellar mass relations
for the [O m]/HB and [N u]16584/Ha ratios based on the EDS-SFg,
stacked mock spectra. The top and middle panels show the [O m]/HB
—stellar mass (i.e., the MEx diagnostic diagram, Juneau et al. 2011),
and [N m]16584/Ha —stellar mass relations, respectively, with measure-
ments from the stacked spectra in different stellar mass bins. The bottom
panel displays the BPT diagram with symbols representing the positions
of the stacked spectra for various mass bins. The black contours in all
panels represent the EDS-SF;,, parent sample cut at H; < 26, and the
black dashed curves in the top and middle panels represent its median
relations.
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Fig. C.5. The top panels show the O3N, as a tracer of the gas-phase
metallicity 12+log;o(O/H) parameter, in the redshift bins [0.9, 1.2], and
[1.2, 1.52]. The O3;N, values for stacked mock spectra in this study
are calibrated using the Curti et al. (2017) relation. The layout of the
panels is consistent with the bottom panel of Fig. 18. The bottom panels
show the mass-metallicity relation (MZR), showing the dependence of
gas-phase metallicity (inferred from O3;N;) on stellar mass. The layout
matches Fig. 14.
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