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ABSTRACT

Our comprehension of the history of star formation at z > 3 strongly relies on rest-frame ultraviolet observations. However, this selection sys-
tematically misses the dustiest and most massive sources, resulting in an incomplete census at earlier times. Infrared facilities such as Spitzer and
the James Webb Space Telescope have shed light on a hidden population lying at z = 3—6 characterised by extreme red colours named HIEROs
(HST-to-IRAC extremely red objects), identified by the colour criterion Hg—ch2 > 2.25. Recently, Euclid Early Release Observations (EROs)
have opened the possibility to further study such objects, exploiting the comparison between Euclid and ancillary Spitzer/IRAC observations. The
aim of this study was to investigate the effectiveness of this synergy in characterising the population of a small test area of 232 arcmin?. We utilised
catalogues in the Perseus field across the VIS and NISP bands, supplemented by data from the four Spitzer channels and several ground-based
MegaCam bands (u, g, r, He, i, and z) already included in the ERO catalogue. We selected 121 HIEROs by applying the Hg—ch2 > 2.25 colour
cut, cleaned this sample of globular clusters and brown dwarfs, and then inspected by eye the multi-band cutouts of each source, ending with 42
reliable HIEROs. Photometric redshifts and other physical properties of the final sample were estimated using the spectral-energy-distribution-
fitting software Bagpipes. From the z,, and M, values, we computed the galaxy stellar mass function at 3.5 < z < 5.5. When we exclude all
galaxies that could host an active galactic nucleus, or whose stellar masses might be overestimated, we still find that the high-mass end of the
galaxy stellar mass function is similar to previous estimates, indicating that the true value could be even higher. This investigation highlights the
importance of a deeper study of this still mysterious population, in particular to assess its contribution to the cosmic star-formation rate density and
its agreement with current galaxy evolution and formation models. These early results demonstrate Euclid’s capabilities to push the boundaries of
our understanding of obscured star formation across a wide range of epochs.

* This paper is published on behalf of the Euclid Consortium.
** Corresponding author: giorgia.girardi.1l@phd.unipd.it
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1. Introduction

Addressing the process of stellar mass assembly over the age
of the Universe is fundamental to our understanding of galaxy
formation and evolution since it offers critical insights into the
processes driving the evolution of structures in the Universe.
This becomes even more crucial at early epochs, at z > 3,
where the buildup of massive galaxies remains a subject of active
investigation. Resolving this fundamental issue remains a cen-
tral objective of observational extragalactic astronomy given its
importance in validating or challenging the predictions of galaxy
formation models (Santini et al. 2009).

One technique for finding ‘normal’ high-redshift star-
forming galaxies has been to locate the Lyman break
between the rest-frame ultraviolet and optical stellar emis-
sion (Steidel & Hamilton 1993; Steidel et al. 1995; Madau et al.
1996; Steidel et al. 1999). These ‘Lyman-break galaxies’ are
detected because they are much brighter on the long-
wavelength side of the break than on the short-wavelength side
(Bouwens et al. 2015; Oesch et al. 2016). However, at z > 3
this selection method systematically misses the dustiest massive
objects.

Observations with the Spitzer Space Telescope, the Ata-
cama Large Millimeter/submillimeter Array (ALMA), the
James Webb Space Telescope (JWST), and radio telescopes
have led to the discovery of a population of dust-obscured
massive galaxies missed by the Lyman-break technique (e.g.
Wang et al. 2019; Gruppioni et al. 2020; Taliaetal. 2021;
Eniaetal. 2022; Gémez-Guijarro etal. 2023; Nelson et al.
2023; Pérez-Gonzalez et al. 2023; Gardneretal. 2023;
Gentile et al. 2024; Gottumukkala et al. 2024). These galaxies
have been called optically dark galaxies or HST-dark galaxies
due to the fact that they are missed even in the deepest Hubble
Space Telescope (HST) observations. Their spectral energy
distributions (SEDs) usually have very red slopes.

The contribution of this population to the star-formation
rate density may be as much as 10 times higher than the
contribution of the galaxies found by the Lyman-break tech-
nique at z = 4, and may be even higher at z = 5-7
(Wang et al. 2019; Rodighiero et al. 2023; Wang et al. 2025;
Traina et al. 2024). Their high stellar masses (Caputi et al. 2012;
Gottumukkala et al. 2024) mean that improved knowledge of
this population is important for a better understanding of the evo-
lution of the high-mass end of the galaxy stellar mass function
(GSMF) in the early Universe.

Euclid (Laureijs et al. 2011; Euclid Collaboration: Mellier
et al. 2025), which was launched by the European Space
Agency (ESA) in July 2023 to investigate the evolution of
dark matter and energy in the Universe, is also well suited to
search for these galaxies. It is equipped with two instruments:
the visible instrument (VIS; Euclid Collaboration: Cropper et al.
2025), able to obtain high-resolution optical imaging in
the Iz band, covering a wavelength range between 550
and 900nm; and the Near-Infrared Spectrometer and Pho-
tometer (NISP), which provides spectrophotometric obser-
vations in three near-infrared bands (Yg, Jg, and Hg)
at 900-2000nm (Euclid Collaboration: Schirmer et al. 2022;
Euclid Collaboration: Jahnke et al. 2025). The deep Euclid
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images of the Perseus cluster obtained during the Early Release

Observations (EROs; Euclid Early Release Observations 2024;
Cuillandre et al. 2025a), coupled with Spitzer observations of
this cluster, allow us to search for these optically dark galax-
ies. In this study we tested Euclid’s ability to search for such
high-redshift dark galaxies, focusing on a particular type, the
HST-to-IRAC extremely red objects (HIEROs), as defined by
Wang et al. (2016) using the colour criterion Hg—ch2 > 2.25
(see Caputi et al. 2012 for an introduction to this method). The
goal of this work was to compute the GSMF and evaluate the
contribution of these red galaxies to the overall mass function.

The paper is structured as follows. In Sect. 2 we provide a
brief overview of the images used in this study. In Sect. 3 we
describe the procedure used to build our sample and to estimate
the physical properties of the galaxies. We present our results
in Sect. 4, including our estimates of the GSMF. In Sect. 5 we
discuss the possible effects that may have biased our results. Our
conclusions are listed in Sect. 6.

Throughout the paper we assume a A cold dark matter
cosmology with parameters from Planck Collaboration XXIV
(2016) and a Chabrier (2003) initial mass function. All magni-
tudes presented in this work are reported in the AB magnitude
system.

2. Multi-wavelength observations and photometry
of the Perseus cluster

The Perseus cluster (centred at RA: 3M19M4851, Dec:
41°30'54"), also known as Abell 426, is at a distance of 72 Mpc,
corresponding to z = 0.0167. It extends over more than 50 Mpc
and belongs to the Perseus-Pisces supercluster (Wegner et al.
1993; Aguerri et al. 2020). It has been observed by numerous
X-ray telescopes (Lau et al. 2017; Sanders et al. 2020), as well
as at other wavelengths.

2.1. Euclid Early Release Observations

In this work we analysed the observations of the cluster that were
made during the ERO programme' (Cuillandre et al. 2025b;
Marleau et al. 2025). The Ir images have a pixel size of 071
and the NISP images have a pixel size of 0”/3. In the mosaics
made from the images, the full width at half maximum (FWHM)
values in the Ig, Yg, Jg, and Hg bands are 0”716, 0748, 0749,
and 0750, respectively (Cuillandre et al. 2025b). These FWHM
values correspond to 56 pc for VIS and 170 pc for NISP at the
distance of the Perseus cluster. We also used in our analysis
observations of the cluster that were made with MegaCam at the
Canada-France-Hawaii Telescope (CFHT) in the u, g, r, i, z, and
Ha ‘off” filters (Euclid Collaboration: Zalesky et al. 2025).

We used the catalogues of the sources provided by the Euclid
Consortium. Not all the sources detected in the Hg band were
detected in the I band, given that these catalogues were obtained
by running SExtractor (Source Extractor; Bertin & Arnouts
1996) separately on the Iz band and a combination of the three

I Euclid Early Release Observations. 2024, https://doi.org/10.
57780/esa-qgmocze3
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NISP images (Cuillandre et al. 2025b). We used the MAG_AUTO
measurements, automatically obtained by SExtractor within a
Kron-like elliptical aperture, thus minimising the need for addi-
tional corrections. In fact, this measurement estimates the total
flux by integrating the pixel values within an aperture that is
adaptively scaled according to each source’s light distribution,
thereby adjusting to its intrinsic morphology. We corrected for
Galactic extinction using the formula mjnginsic = Mobserved —
C E(B - V) with E(B — V) = 0.16 and the values of the parame-
ters given in the README file and in Table 1. The extinction was
derived using the dust extinction curve of Gordon et al. (2023)
and Gordon (2024).

2.2. Spitzer imaging and catalogue extraction

The Perseus cluster has been surveyed by the Spitzer Space Tele-
scope (Werner et al. 2004) in various programmes and observing
modes, mostly aimed at studying the core of the cluster. We took
advantage of the reduced and calibrated products available from
the archive. For this work, we downloaded the Infrared Array
Camera (IRAC) post-basic calibrated data products, including
observations in the four channels (from Programme IDs 3228
and 80089, P.Is. W. Forman and D. Sanders, respectively).

We used the two pointings that are within the area of the clus-
ter imaged by Euclid, which cover a total area of 232 arcmin?.
The four IRAC wavelengths are 3.6 um (chl), 4.5um (ch2),
5.7 um (ch3), and 8 um (ch4). For the first pointing there were
only useful data in chl, ch2, and ch3, while for the second point-
ing there were only useful data in chl, ch2, and ch4. The layout
of the Euclid and Spitzer images are shown in Fig. 1, where the
difference in the sizes of the images provided by the two tele-
scopes can be clearly seen.

We used the SExtractor set-up described by Moneti et al.
(2022) to detect sources in the Spifzer images, with the only
change being that we lowered the values of DETECT_THRESH
and ANALYSIS_THRESH from 2 to 1 in order to find the faintest
objects. The parameters we used are listed in Table 2. To convert
the fluxes in the IRAC maps from MJysr~! to AB magnitudes,
we used the flux density for a zeroth magnitude star of 3631 Jy
and a pixel size 07767,

We used the 4.5um images as detection images, using
SExtractor in dual mode to derive the fluxes in the other chan-
nels. In order for SExtractor to run in this mode, we had to
convert the images in the different channels to a common size.
For the first pointing, we converted the chl and ch3 images to
the same size as the ch2 image using the reproject package.
For the second pointing, we expanded the size of the chl image
to match the size of the ch2 image by adding a blank boundary.
As result, some of the sources detected in the ch2 image do not
have observations in chl.

Although the Galactic extinction at these wavelengths is very
small, we applied the same procedure as we used for the other
images (see Sect. 2.1). However, we had to calculate our own
corrections, since Spitzer data are not included in the Euclid
ERO catalogues. We used the same E(B — V) value as before
and calculate the C factors using the dust_extinction Python
package (Gordon 2024). The extinction values are listed in
Table 1.

We used the MAG_AUTO magnitudes obtained from
SExtractor, as in the FEuclid case, ensuring consistency
among the colours derived in the combined photometric

2 See https://irsa.ipac.caltech.edu/data/SPITZER/docs/
irac/iracinstrumenthandbook/19/ and Moneti et al. (2022).

Table 1. Values applied to correct for Galactic extinction in the different
filters.

Filter Amean C A(Amean)
[A] [mag]
CFHT/MegaCam.u 3692.7 4.633 0.7516
CFHT/MegaCam.g 4824.0 3.552 0.5764
CFHT/MegaCam.r 64254 2516 0.4081
CFHT/Megaprime.Halpha 6590.6 2.433  0.3947
Euclid/VIS.vis 7324.8 2.122  0.3443
CFHT/MegaCam. i 7721.0 1919 03113
CFHT/MegaCam. z 9004.8 1.487 0.2413
Euclid/NISP.Y 10898.7 1.066  0.1730
Euclid/NISP.] 13796.0 0.726 0.1178
Euclid/NISP.H 178779 0470 0.0763
Spitzer/IRAC.chl 353784 0.136  0.0221
Spitzer/IRAC.ch2 44780.5 0.098  0.0159
Spitzer/IRAC.ch3 56961.8 0.082 0.0133
Spitzer/IRAC.ch4 77978.4 0.087 0.0142

catalogue (see Sect. 3.1). We considered all detections with
signal-to-noise ratio (S/N) greater than 3. If a galaxy was
detected with a lower S/N, we gave it a magnitude limit
corresponding to 3.

3. Methods
3.1. A cross-matched Spitzer—Euclid catalogue

We matched the Spitzer catalogue with the Euclid NISP cata-
logue using TOPCAT (Taylor 2005) with a matching radius of
0”5. The radius chosen may seem small, considering that IRAC
positions can substantially move due to the presence of blend-
ing. However, most sources presenting a blending problem in
the IRAC images would have been discarded anyway during
the visual check (see below). Therefore, we adopted this con-
servative choice to end up only with candidates having reliable
photometry. After combining the Euclid NISP and Spitzer cat-
alogues, we used TOPCAT to match the sources to the VIS and
MegaCam catalogues, using the same matching radius.

The Spitzer catalogue from the first pointing contains 3294
objects, whereas the matched catalogue contains 1939 objects
having both Euclid NISP and Spitzer ch2 detections. Thus, 1355
objects do not have a Euclid counterpart. For the second point-
ing, the initial Spitzer catalogue has 5793 objects, but only 3377
also have a Euclid NISP detection, so 2416 lack a Euclid coun-
terpart.

In Table 3 we report the magnitude limits (at 1¢07) in all bands.
For Euclid, we simply scaled the S/N values in the Euclid cat-
alogues to obtain the 1o values. For Spitzer, we determined the
noise by placing 100 circular apertures randomly in background
areas of the images, ensuring they did not overlap with sources
by checking the segmentation maps provided by SExtractor.
We used the Python package photutils (Bradley et al. 2024)
to measure the fluxes in these apertures and the mean value of
these measurements as our estimate of the noise.

3.2. HIERO sample selection

To identify the candidate HIEROs in the matched Euclid+Spitzer
catalogue, we used the colour criterion of Wang et al. (2016),
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Fig. 1. Euclid red-green-blue image of the Perseus cluster made by combining the images taken through the three NISP filters. The solid coloured
lines show the extent of the two Spitzer/IRAC datasets, with the cyan and magenta lines showing the extent of the first and second pointings,
respectively. The images have been aligned with the WCS coordinate system, with north up and east to the left. In the low-right corner, a scale bar

representing 5 arcmin is shown.

Hg—ch2 > 2.25. This criterion provided us with an initial sam-
ple of 121 objects (50 from pointing 1 and 71 from pointing 2).
Figure 2 shows the parent sample and the objects found with the
colour cut. There were 18 objects detected in the combined NISP
image but that were not detected in the Hg image; we show them
with a triangle symbol (using the 1o~ Hg limit for clarity on the
plot).

We performed a visual inspection of the Spitzer/IRAC and
Euclid VIS and NISP images to spot objects that might be arte-
facts or noise features. We removed 69 objects, reducing our
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sample to 52. Figure 3 provides an example of the discarded
objects. To retain only reliable objects, we proceeded with a fur-
ther series of tests (see Sects. 3.3, 3.4, and 3.5).

3.3. Blending contamination in the IRAC photometry

Through the visual check on the Euclid VIS and NISP+Spitzer
cutouts (see Fig. A.1), we identified a few objects that appeared
to have several components in the VIS and NISP bands. We
checked that the extraction executed in all the available bands
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Table 2. Key parameters used for the SExtractor analysis of the
Spitzer images.

Parameter name Value
DETECT_MINAREA 5
DETECT_MAXAREA 1000000
DETECT_THRESH 1
ANALYSIS_THRESH 1
FILTER_NAME gauss_2.5_5x5.conv
DEBLEND_NTHRESH 32
DEBLEND_MINCONT 0.00001
MAG_ZEROPOINT 21.58
BACK_SIZE 32
BACK_FILTERSIZE 3
PIXEL_SCALE 0.60

Table 3. Magnitude limits (10) for the data used in this paper.

MegaCam
Band u g r Ha i z
Mag limit 26.1 269 271 248 261 246
Euclid
Band IE YE JE HE
Mag limit 284 262 261 263
Spitzer/IRAC
Band chl ch2 ch3 ch4
Mag limit of pointing 1 221 225 21.1 .
Mag limit of pointing 2 223 227 21.7

treated these multi-component objects as a single source. This
means that in all the bands the different components have been
detected as a single source, therefore not invalidating the pho-
tometry by being a single source in some bands and two different
sources in others (for a more detailed discussion of these objects,
see Sect. 5.2).

3.4. Globular cluster contamination

We removed possible globular clusters (GCs) by applying
the selection criteria used for the Fornax cluster ERO data
(Saifollahi et al. 2025). The GCs in Fornax were selected as: (1)
being partially resolved and with small eccentricity; and (2) hav-
ing colours 0.0 < Iy — Yg < 0.8, —0.3 < Yg — Jg < 0.5, and
—0.3 < Jg — Hg < 0.5. To be conservative, we decided to con-
sider as GCs all objects that satisfied the colour conditions, inde-
pendent of their size. Ultimately, nine candidates satisfied these
conditions, reducing our sample to 43 objects.

3.5. Brown dwarf contamination

We fitted the SEDs of the 43 remaining objects with brown
dwarf templates from Burrows et al. (2006). We used the T
dwarf models, which cover a temperature range from 700K to
2200 K, gravities between 10*> and 10°> cms~2, and metallici-
ties between [Fe/H] = —0.5 and 0.5. We then compared the /\{2
of the fit with the y? of the fit with the galaxy templates (see the
next section), removing any object with a better fit to a brown
dwarf template. There was only one of these (ID 39), giving us
a final sample of 42 objects.

HE —ch2

Fig. 2. Colour-magnitude (Hg—ch2 versus ch2) distribution of the
matched Euclid and Spitzer sample. The yellow stars show the objects
that satisfy the HIERO colour criterion (shown as a dashed red line).
The triangle symbols show lower limits for the Hg-undetected objects,
calculated using the 10 Hg magnitude limit. The other points show the
parent sample.

Table 4. Main input parameters for Bagpipes.

Redshift [0.1, 15]
Dust

Type Calzetti

Ay [mag] [0, 6]
Nebular emission

log,,U [—4,-1]
Delayed T model

Age [Gyr] [0.001, 15]

7 [Gyr] [0.01, 10]

Metallicity [Z5] [0, 2.5]

Mass-formed [log,,(M./Ms)] [6, 12.5]

3.6. SED fitting analyses

We fitted the SEDs of the 42 remaining objects with the
Bagpipes package (Carnall et al. 2018). For all the candidates
with no photometric detection in a specific band, we set the flux
to 0 and the error to 30 (see Sect. 3). We adopted a Bagpipes
set-up that maximises the exploration of the parameter space. We
used a Calzetti law (Calzetti et al. 2000) for the dust extinction,
a ‘delayed’ star-formation history, and we included the nebular
emission component, to allow for the effect of emission lines on
the SED, which might otherwise lead to an overestimate of the
stellar masses (Sect. 5.1.1). The broad range used for the dust
extinction value is essential for this particular type of galaxy,
since they are expected to be very dusty. Table 4 lists the param-
eters adopted as the input set up for the fitting code.

After the first run of Bagpipes, we noticed that for two
objects in the final sample, IDs 23 and 31, the MegaCam fluxes
were suspiciously high with respect to the others, in particular
relative to the flux in the /g band. For object 23, the fluxes in the
two MegaCam filters on either side of the /g band, the Ha and
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ID 27

Fig. 3. Example multi-wavelength cutout of an object that was discarded due to an artefact in the VIS image. The cutout sizes are 15” x 15”.

i bands, were, respectively, a factor of 1.3 and 2.5 higher than
the Ig flux. For object 31, the fluxes in the He and i filters were
30 and 15 times higher, respectively, than the Iy flux. To inves-
tigate the reasons behind these examples, we visually checked
the Euclid VIS and NISP + Spitzer cutouts of these objects. We
concluded that the fluxes measured from the MegaCam images,
which have lower resolution than the Euclid images, are likely to
be contaminated by nearby objects visible in the Euclid images.
For these two objects, we performed a second run of Bagpipes,
excluding the MegaCam data. We use the results of these fits in
the rest of the paper.

4. Results

Before presenting the outcome of our work, we want to stress
that we relied on only a few photometric data points. Even if
upper limits are taken into account in the SED fitting analyses,
sometimes we have just three or four detections with S/N > 3.
For this reason, we invite the reader to be cautious about the
photometric redshifts retrieved and the galaxies properties esti-
mated.

4.1. Main SED-fitting categories

Figure 4 shows an example of the main categories of fits. All
the fits are shown in Fig. A.2. We show three different fits:
fits with the lowest y2, the fit chosen by Bagpipes, which is
the fit for the median value of the posterior probability distri-
bution, and the best fit for the redshift value with the high-
est probability, the peak in the redshift probability distribution
function (PDF(z)). If some of the fits are not visible, it means
that they are hidden by the others. We decided to use this final
fit in the rest of the paper because this avoids any problems
caused by the effect on the physical parameters if there is a
bimodal PDF(z). For this reason, in the rest of this paper we
use the peak in the PDF(z) as the photometric redshift of the
object and the physical properties estimated with this redshift,
in particular the dust attenuation Ay and the stellar mass M.
values.

There are three categories of fit shown in Fig. 4: a low-z
solution; a bimodal PDF(z); and a typical HIERO candidate. The
Bagpipes fit of ID 42 suggests that the object is actually at low
redshift. The fit for ID 28, on the other hand, shows a bimodal
PDF(z), with a low-z solution and a very high-z (z > 7) one.
As previously mentioned, we always selected the solution cor-
responding to the peak of the probability distribution function
(PDF), in this case the low-z solution. Finally, object ID 11 is an
example of a typical HIERO source. The PDF(z) shows a clear
peak at z = 6, with all three fits in agreement that the object is at
high redshift. We also find HIEROs at lower redshifts (z = 3—4);
all the fits are shown in Appendix A.
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Fig. 4. Bagpipes fits to the SEDs for three representative objects, IDs
42, 28, and 11. The posterior PDF(z) are shown as insets. Photomet-
ric detections are shown by the coloured circles, and 30 upper limits
are plotted as triangles. The coloured lines show the three different fits
described in the text. The PDF for ID 42 peaks at a low redshift, ID 28
is bimodal, and ID 11 has a single high-redshift peak, making it repre-
sentative of the objects likely to be HIEROs.

4.2. Physical properties

The physical properties derived from the Bagpipes fits are given
in Table A.1 for all 42 objects in the sample. We show in Fig. 5
the main physical properties as a function of redshift, in par-
ticular the dust extinction and stellar mass. We do not discuss
the star formation rate estimates here since they are not reliable,
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Fig. 5. Properties of the HIEROs. Panel (a): Redshift versus stellar mass.
The red circles show the most massive candidates, with stellar mass
greater than 10" M,,. These objects are from here on defined as ‘over-
massive’ and shown with the same symbol, i.e. red circles, in all other
panels. The solid lines report the minimum observable stellar mass pro-
ducing an IRAC ch2 magnitude of 22.7. All three curves represent star-
forming galaxies, the green with an age between the redshift epoch and
the burst peak of 200 Myr, the teal one 100 Myr, and the dark blue one
50 Myr. Panel (b): Redshift versus dust attenuation distribution. Panel
(c): Dust attenuation versus stellar mass. The solid cyan line shows the
relation from McLure et al. (2018), while the magenta line delimits the
area identifying the so-called HELM galaxies (Bisigello et al. 2025).
Different symbols report values from previous studies, as indicated in
the legend.

given the lack of far-infrared data. The outlier point in the plots
is for ID 13, which has an estimated redshift of 14.6, although
this result is uncertain due to the multi-peak behaviour of the
redshift probability distribution (for further discussion regarding
this source see Sect. 5.3).

The mean photometric redshift of the sample is approxi-
mately 4. The top right panel of Fig. 5 shows that the majority
of the objects have high values of dust extinction, with a mean
value of Ay = 2.8, confirming that this kind of object is indeed
dusty (to obtain these high values, it was necessary to allow the
dust extinction parameter to cover a wide range of values, up to
Ay = 6). The trend is similar to the one found by Bisigello et al.
(2023) for fainter galaxies observed with JWST. The second and
third panels of Fig. 5 show that the galaxies generally have more
extinction than the relationship between extinction and stellar
mass found for normal galaxies by McLure et al. (2018). We also
show the relationship for highly extincted low-mass (HELM)
galaxies (Bisigello et al. 2025). Seven of the galaxies in our sam-
ple have extinction values that are above this relationship, while
16 galaxies have extinction values between the two relationships.

We can see that, as expected, stellar mass increases with red-
shift. The mean value of log,,(M./My) = 10.9 clearly shows
that we indeed find very massive galaxies. We highlight the most
massive galaxies, defined as log,,(M./My) > 11.7,in Fig. 5. We
discuss these galaxies in Sect. 4.3.

4.3. Stellar mass functions of HIEROs at z = 3.5-5.5

The GSMFs in the Perseus field have been derived by adopting
the best-fit photometric redshifts and stellar mass estimates given
in Table A.1. GSMFs have been calculated in a single redshift
bin, spanning from 3.5 to 5.5, to achieve better statistics given
the low number of data points. We intentionally decided to focus
the analysis on this redshift range to investigate the contributions
of the HIERO population to the stellar mass assembly beyond
cosmic noon.

The GSMFs have been derived following the technique
described in Fontana et al. (2006), Santini et al. (2012), and
Grazian et al. (2015). In detail, for each galaxy with 3.5 < zphot <
5.5 and magnitude in ch2 above the completeness limit (i.e.
[ch2] =20.9 AB), we derived the non-parametric GSMF as the
sum of the inverse accessible volumes.

The GSMFs have been limited to a stellar mass above 1.6 X
10" M, at 3.5 < z < 5.5, corresponding to the magnitude limit
in ch2 of the Perseus field, as described in Sect. 3.1. The error
bars for each point have been computed using the approach of
Gehrels (1986), which is Poisson statistics with proper correc-
tions for small number counts below ten objects. In order to take
into account the uncertainties on the photometric redshift deriva-
tion or on the stellar mass estimate, we generated 10* synthetic
catalogues by randomly sampling every time for each observed
object the PDF(z) and its associated stellar mass PDF produced
by Bagpipes. We derived the GSMF for each synthetic cata-
logue, and then we computed the uncertainties of the 10* random
GSMFs for each bin in redshift and stellar mass. This error was
summed in quadrature with the statistical error of the observed
GSMFs, as described above.

We also included the sampling variance in our error estimates
in order to take the finite volume sampled into account and to
avoid underestimating the total error budget. This variance has
been derived by adopting the Cosmic Variance Calculator® by

3 https://www.ph.unimelb.edu.au/~mtrenti/cvc/
CosmicVariance.html
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Trenti & Stiavelli (2008). We assumed an area of 232 arcmin?, a
mean redshift of 4.5, with a redshift interval of 2.0, i.e. the one
adopted here for the GSMF calculation. The other free parame-
ters in the computation are the number of objects (42), the halo
filling factor* (1.0) and the completeness of the observations
(1.0). We assumed both a halo filling factor and a completeness
fraction of 1.0 in order to maximise the amount of sample vari-
ance. For lower values of the halo filling factor and/or of the
completeness fraction, the calculated variance would be lower.
The resulting relative sampling variance is 0.17 dex, which has
been summed in quadrature with the GSMF errors listed above.

We considered the results from Forrest et al. (2024), who
point out that SED fitting tools are not able to properly repro-
duce the spectrum of red sources similar to those studied in
this work. They concluded that stellar mass values exceeding
log,o(M./My) > 11.7 in the redshift range 3 < z < 4, derived
through SED fitting, are unreliable due to incorrect zpho, esti-
mates. Briefly, they selected a sample of galaxies with photo-
metric redshifts between 3 and 4 and stellar mass values above
10"7 M, which they followed up spectroscopically. They found
that the spectroscopic redshifts did not agree with the photomet-
ric ones (Az > 0.5), generally lying below zgpec = 2.5.

Taking account of these results, we created a subsample of
galaxies with the same stellar mass and redshift cuts, namely
log,o(M./My) > 11.7 and z > 3.5. There were 13 objects in
this sample, with six of them showing a secondary peak at z <
3.5 in the Bagpipes redshift distribution. These sources will be
referred to as ‘over-massive’ from now on. In the next section we
discuss possible effects that could produce errors in the GSMFs,
such as the presence of active galactic nuclei (AGNs).

We computed the GSMFs in three different ways: (1) using
the whole HIERO sample, including the over-massive sources;
(2) removing the AGN candidates (see Sect. 5.1.2), but keep-
ing the over-massive sources; and (3) removing both the AGN
candidates and the over-massive sources. The different results
are shown in Fig. 6. The figure shows that our estimates of the
GSMF in the two highest mass bins are entirely due to the pres-
ence of the over-massive galaxies, which therefore vanish when
these objects are excluded (i.e. the most conservative case, rep-
resented by the filled orange star). Our estimate of the GSMF in
the lowest mass bin does not change very much when the AGN
and over-massive galaxies are removed. However, our estimate
of the GSMF in the second lowest mass bin changes significantly
when the AGN and over-massive galaxies are removed.

Nevertheless, even in the most conservative case, when all
the AGN and over-massive galaxies are removed, our data points
are very similar to previous estimates of the high-mass end of
the GSMF. Our estimates are likely to be lower limits because
of our very conservative removal of all objects that might pos-
sibly be spurious, which suggests that previous estimates of the
high-mass end of the GSMF may well be too low. Future Euclid
imaging will be crucial for investigating this question further.

5. Discussion
5.1. Overestimates of stellar mass?

In this section we explore effects that might lead to overestimates
of the stellar masses and thus produce the over-massive galaxies
found in the Bagpipes analysis.

4 This is the average halo occupation fraction, i.e. the fraction of dark
matter halos hosting HIERO galaxies.
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Fig. 6. Different GSMFs: with the complete original sample (orange
pentagons), with AGN candidates removed (empty orange stars), and
with both the AGN candidates and over-massive objects removed, the
most conservative case (filled orange stars). The comparison is shown
with respect to the values found by Grazian et al. (2015, blue circles)
and reported in Weaver et al. (2023, green triangles) and Weibel et al.
(2024, magenta squares). The cyan crosses report the values found
by Gottumukkala et al. (2024), who applied a similar selection to the
JWST/CEERS dataset.

5.1.1. Contribution from line emission

Papovich et al. (2023) pointed out that for a galaxy at z > 4 the
absence of a JWST Mid-Infrared Instrument (MIRI) detection at
5.6 and 7.7 um can lead to an estimate of the stellar mass that
is too high by up to a factor of 10. Bisigello et al. (2019) found
the same problem for a mock sample of galaxies with data in the
JWST NIRCam bands. The error is caused by the contribution
of emission lines in broad-band filters, which produce very red
colours.

In order to test how much our sample is affected by this issue,
we selected only the sources with a clear detection (S/N > 3)
in the longer wavelengths bands available, which are IRAC ch3
or ch4, depending on the pointing (as explained in Sect. 2.2).
We also required the galaxies to also have detections in the
other shorter wavelength IRAC bands, i.e. chl and ch2. Only
12 sources are detected in all three IRAC bands. We repeated
the SED fitting run reported in Sect. 3.6, this time excluding the
measurements for the filter at the longest wavelength. The result
was unexpected, with the opposite trend to that described in the
aforementioned papers: we found that by removing the last data
point, the stellar masses estimated are significantly lower than
the case where all the data are considered in the fit. We found
seven objects with a difference greater than 1dex, but in only
one case was the stellar mass estimate higher. For the other six,
the new stellar mass estimate was lower. The explanation for five
of them was that the redshift estimate in the new run was lower,
which led to a lower stellar mass estimate. For the remaining
galaxy, the two redshift estimates were similar but the new stel-
lar mass estimate was still lower.

To further investigate this result, we performed a second run
in which we still excluded the photometry at the longest wave-
length, but forced the redshift to be the same as in the original
run. We found that for four objects the new stellar mass was still
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Fig. 7. Multi-wavelength cutouts of ID 13 with an estimated z ~ 14. The available images are the Euclid bands Ig, Yg, Jg, and Hg and the Spitzer

channels chl, ch2, and ch3. The cutout size is 15" x 15”.
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Fig. 8. SED fits for ID 13: different SED fitting models found by Bagpipes (left) and the fit found by CIGALE (right). Both panels show photometric
data points, both detections (circles) and upper limits (triangles). The PDF(z) are displayed in the insets.

about 1 dex below the original estimate, but for the rest the dif-
ference was only about 0.13 dex.

Therefore, we conclude that our stellar masses are not
strongly overestimated because of bright nebular emission lines.
The difference in the result with respect to the previously men-
tioned papers might be due to the different sample luminosities.
In addition to that, since we used the Bagpipes configuration
that allows the nebular parameter to cover a range from —4 to —1
(see Table 4), our results may be less affected by their presence.

5.1.2. AGN contribution

An additional source of uncertainty for the physical properties is
the elusive presence of AGNs. If an AGN is present and we are
wrongly attributing its emission to stars, we will over-estimate
the stellar mass of the galaxy.

To investigate this possibility, we adopted the criteria used
inside the Euclid consortium to classify an object as an AGN.
The criteria were developed by Bisigello et al. (2021) from the
SPRITZ simulation. These criteria distinguish between AGNsl,
which are unobscured AGNs, and All-AGNs, which includes
obscured AGNs, unobscured AGNSs, and galaxies dominated by
star-formation with a minor contributions by the AGN.

For the AGN1 classification, the colour selection is Ig — Hg <
1.1 Au—z<12AIg—Hg < -1.3(u—-z)+1.9, while for the All-
AGN classification the colour selection is Ig—Yg < =0.9 (u—r)+
0.8 A u—r < 0.2 (Euclid Collaboration: Bisigello et al. 2024).
Only one object satisfies the criteria for both categories (ID 10),
while nine fall in the AIl-AGN class (IDs 1, 2, 4, 22, 26, 29,
36, 37, and 40). However, this colour selection method is tuned
with empirical constraints only up to z = 2, and therefore it is
not reliable in our case because the majority of our sample is at
z > 2. For this reason, we decided to compute the calculation of
the GSMFs both including and excluding the AGN candidates.

5.2. Visual morphology

Most of the objects have a compact shape in the VIS image.
However, it is worth noting that a few objects have extended
structure in the VIS image (the cutouts are shown in Fig. A.1).
This could be explained by the presence of a single source
composed of multiple components or with an irregular clumpy
structure. Another interesting explanation would be the merger
between dusty objects, such as the ‘Cosmic Whale’ identified by
Rodighiero et al. (2024). This aspect will be explored more in
future works.

5.83. A candidate atz ~ 14

As previously mentioned, with our SED fitting analyses we
found a candidate galaxy that appears to be at z =~ 14 (ID 13). Its
multi-wavelength cutout is shown in Fig. 7. In Fig. 8 we show
the different Bagpipes fits as explained above, along with the
PDF(z). Both the fit with the lowest y* and the one correspond-
ing to the highest peak in the PDF(z) give a photometric redshift
of around 14.6, whereas the one from the median of the posterior
probability distribution predicts the redshift corresponding to the
minor peak in the PDF(z) at z = 6.7.

The stellar mass value found is log,,(M./My) = 12.1, along
with a dust extinction of about Ay = 1.24mag (Table A.1).
The stellar mass value puts this source among the over-massive
objects, while not having a particularly high value for dust
extinction, which makes us suspicious of this result. However,
we also fit the SED with CIGALE (Boquien et al. 2019), which
includes an AGN component in the fit (although we note that
this galaxy does not satisfy the Euclid AGN criteria). The param-
eters used in this fit are listed in Table 5. The fit is shown in the
second panel of Fig. 8. The best redshift estimate is also about
14, strengthening the possibility that this galaxy is genuinely at
a very high redshift, although the estimate of the stellar mass
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Table 5. Input models and main parameters for the CIGALE code.

sfh_delayed
150, 200, 300, 500, 700, 1000,
1500, 3000, 5000, 10000
200, 300, 500, 700, 1000,
1500, 3000, 5000, 10000

7 (main) [Myr]

Age (main) [Myr]

bc03
Initial mass function Chabrier
Metallicity 0.02
nebular
log,,U -3
Emission True

dustatt_modified_starburst
Epy lines [mag] 0,05,1,1.5,2,2.5,3,3.5,4,4.5

E gy factor 0.44
Ry 3.1
fritz2006
Fratio 10, 60, 150
T 0.1,1,6
B -0.5
0% 0,4
Opening angle [deg] 60, 100
Disk type Schartmann et al. (2005) spectrum
) —-0.36
fracAGN 0, 0.1, 0.25, 0.5
redshifting
Redshift 0,1,2,...,15

Notes. The models used are: a delayed star formation history with
optional exponential burst; Bruzual & Charlot (2003) single stellar pop-
ulation; a continuum and line nebular emission model; a modified
Calzetti et al. (2000) dust attenuation law; AGN models from Fritz et al.
(2006); and a redshifting model that also includes the intergalactic
medium from Meiksin (2006).

is now even higher, 1.23 x 10'3 M. The PDF(z) produced by
CIGALE also presents a peak at lower redshift (z < 1).

As mentioned before, the few photometric detections avail-
able are not enough to robustly constrain the photometric
redshift of this source. In addition to this, the probability of find-
ing an object at this redshift in an area of about 232 arcmin? is
less than 10~%, based on the current estimates of the luminosity
function (Finkelstein et al. 2024). Hence, this object is likely to
be at a lower z than the estimate found through the SED fitting
procedures. We think that this object remains of great interest,
but spectroscopic observations will be necessary to distinguish
between the different possibilities and to determine the true z
value.

6. Conclusions

In this work we used Spitzer and Euclid observations
(Cuillandre et al. 2025b) of the Perseus cluster to search for
HIEROs, dusty galaxies in the redshift range 3 < z < 6. The
Spitzer selection allowed us to be certain about the non-spurious
nature of these detections, thus avoiding any problem with arte-
facts in the Euclid images.

In the selection of our final sample we were conservative,
both applying a visual check and removing the possible contam-
inants to assure the robustness of the candidates. Therefore, the
number of objects identified should be considered a lower limit.
We performed a similar study using the 63 deg? area from the
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first Quick Data Release (Q1; Euclid Quick Release Q1 2025),
identifying an initial sample of approximately 30 000 HIEROs
candidates, which was reduced to 3870 after visual inspection
and data cleaning (Euclid Collaboration: Girardi et al. 2025).
The surveyed area is smaller in the present work but the observa-
tions are deeper, allowing for more robust results. In particular,
we were able to examine the SED fittings individually, which
was not feasible in the Q1 study due to the sample size. This
allowed us to identify distinct categories among the HIERO can-
didates. Thanks to the improved data quality, we were also able
to compute the GSMF for the final sample of 42 objects, which
was not possible in the Q1 analysis. The GSMF was calculated
in a redshift range between 3.5 and 5.5 and is shown in Fig. 6.
The presence of objects with excessive stellar masses is dis-
cussed in Sect. 5, where we evaluate different possible expla-
nations. The findings in the work by Forrest et al. (2024) led us
to consider different scenarios, where we keep or remove pos-
sible biases. Even under the most conservative assumptions, our
results remain consistent with the interpretation that we are prob-
ing the massive end of the GSMF. This may indicate that previ-
ous GSMF estimates were somewhat underestimated, particu-
larly if such objects were not included in the analyses.

Further improvements are expected with the upcoming first
data release, which will cover the already observed Euclid Deep
Fields at a significantly greater depth, allowing for tighter con-
straints in the SED fitting. The rarity of these objects makes it
difficult to study them with JWST, whose largest contiguous pro-
gramme covers only 0.6 deg? (Casey et al. 2024). Their observa-
tion requires wide fields of view, which is possible only with the
synergy between Euclid and Spitzer.

This case study clearly points to the necessity of delving
deeper in the analyses of these sources to be able to correctly
characterise them. Above all, the possible unreliability of the
retrieved photometric redshift estimates calls attention to the
importance of follow-up observations, especially in regards to
obtaining spectroscopic data.
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Appendix A: Image cutouts and SED fits

Figure A.1 shows cutouts of all our 42 sources. For each object, we present both Euclid and Spitzer images. The SED fittings
obtained by Bagpipes of all our sample are reported in Fig. A.2, along with the main physical quantities estimates retrieved,
reported in Table A.1.

ID 2 ID1

ID 3

ID 4

ID5

ID 6

ID7

ID 8

ID9

ID 10
E 5

ID 11

59
™
be
Fa
»
2
3

i

Fig. A.1. Cutouts of all 42 sources present in our final sample. ID 13 has already been shown in the main text. For IDs 1 to 14, 42, and 43, the
sources belong to the first pointing and therefore are observed in ch3 and not ch4. For IDs 15 to 43, the objects are observed in ch4 and not in ch3;
some of them are missing ch1 data because of the different image sizes (see the explanation in Sect. 2.2). These cutouts are 15" x 15”.
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Fig. A.1. Continued.
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Fig. A.1. Continued.
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Table A.1. Main parameter output estimates retrieved by Bagpipes in our analyses, with the set-up presented in Table 4.
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ID RA Dec Z log,((M./My) Ay [mag]
1 3"19™50515  41°21'23726  5.11%92 11.30+0:26 1.94+039
2 3h19m4759  41°21°27761 8.20f8f§‘2‘ 12.15j81§g 2.92j83%;
3 3019746380 41°23'48763 4.70j§;13 11.27j8f?8 3.69j8f%0
4 3M9M57577  41°25'3709 1.10f1-§§ 10.29j8~§§ 4.97j§-§5
5 3h19m4842  41°25'24766 6.50j8?4' 12.16’:83'5 2.22+051
6  3M19M47353  41°25'28778  6.51 i§;§8 11 .55f83?8 2.72t°?‘7§g)
7 3h9m53570  41°27°127739 6.61f°11§ 11.43t8f§ 2.36t8f§1
8  3M19m34383  41°28/58796 1.30j§}§° 10.94t9-§0 3.89j§;79
9 3M19M44549  41°29'46760  4.10*012 12.oot8302 0.95+02
10 3M19™4322  41°29’5710 4.50j81{6 10.09j8357 1.98j83iz
11 3h19m45923  41°29'59707 6.02f835§ 12.29f8i§g 2.78t83{3
12 3"19m4343  41°30'50728 4.28j83§§ 12.26j§1?§ 2.03f83{g
13 3h19m3848  41°33'9710 14.60f‘}'ggo 12.107037 1.24j??48
14 3h20m33565  41°34’327/54 3.70f?;5'9 10.57j8149 1.66f83zg
15 30h20m0551  41°27°25797 2.11jg~48 10.96f§3§ 4.39j938
16 3h20m2504  41°28'22785 0.30f13% 7.42+05 0.54?%8
17 3h19m22593  41°29'19758 4.50j8%g 12.41+012 2.49j831$
18 om0 41°2037784 123700 10.49j§3ﬁ 5107014
19 3h20m3%62  41°29'38796 4.20j§?gg 11.6470-10 2.18f§1§§

20 3M19M44545  41°29'46"791 4.10f°?}9 11 .95t8382 0.83+0:23

21 3h19m24307  41°29'52741 1.21f§}§ 1077709 5.29j8fé§

22 3h9m23s54  41°29'52720  5.61*040 11.01f§3§ 2.97j8-gl

23 3M9m[9517  41°29'507/48 3.70j83g 12.35+0.04 3.38j831g

24 3h19M58:23  41°30/57744 8.80j§f§? 12.06j§f3§ 1.99j83%8

25 3M19m24:32 41°32'8749  1.2140°0 10.77+030 4.36f$}$§

26 3M9MISM6 4193254726 1.4075% 10.31+0% 5414

27 3h19m46%67  41°32/537756 4.93f8-;5 1 1.16f8~%6 3.26j6'}§

28 3M20M10:19  41°32'51722 1.70j%§§ 11.12j8fg§ 5.06f9f§8

29 3M19M45561  41°35'41700  4.50*01 11.99+0:10 1.96f8'§

30 3M19Mm3744  41°36/4792 4.70f8~}3 11.43j8-}g 2.72j83i;

31 3M19m59%41  41°37°30758  4.71 f8?g4 11 .47f8?og 3.06t8?03

32 3"19m3748  41°38'44740 3.61f8?;% 12.32j§f§§ 3.56f83?°

33 3M19m45558  41°38/52715  1.00+1-80 9.84+047 5.47f9128

34 3h20m227  41°39'2793 2.30ﬂf§8 9.83j§f§i 1.42j§f§?

35 3M20m2:85  41°39'23756  1.5070 9.14+037 0.52+07

36 3M19m23356  41°39'51767 4.60f§;§3 11.14+040 3.48‘:8:2‘

37 3M19M7E79  41°40°5780 1.10fg;g§ 9.83+0 4.85t?;§8

38 3M19M36:73  41°41°20730  6.80*3%0 11.62f°;§g 24509

40 3h19m54563  41°43/38782 4.6Of”8 11 .08t§~83 1.91 f8~5‘5‘

41 3h19m55510  41°44’12725 6.20f§?§9‘ 11.79jgf§i 2.03f83§5

42 3h19m52502  41°26/25724 0.12f0?28 6.80j8-‘§% o.59t81%§

43 3M19m29:95  41°31'57777 2.30j§f§ 10.44j3-§2g 1.15j§3§}

Notes. The associated errors represent the +1 o confidence intervals. The coordinates of each object are also listed.
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