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ABSTRACT

Recent observations with the James Webb Space Telescope (JWST) have revealed an interesting population of sources with a compact morphology
and a characteristic v-shaped continuum, namely blue at a rest frame A < 4000 A and red at longer wavelengths. The nature of these sources, which
are called little red dots (LRDs), is still highly debated because it is unclear whether they host active galactic nuclei (AGNs) and their number
seems to drop drastically at z < 4. We took advantage of the 63 deg® covered by the quick Euclid Quick Data Release (Q1) to extend the search for
LRDs to brighter magnitudes and lower redshifts than what was possible with JWST. This is fundamental for a broader view of the evolution of
this peculiar galaxy population. The selection was performed by fitting the available photometric data (Euclid, the Spitzer Infrared Array Camera
(IRAC), and ground-based griz data) with two power laws to retrieve the rest-frame optical and UV slopes consistently over a wide redshift range
(i.e. z < 7.6). We then excluded extended objects and possible line emitters and inspected the data visually to remove any imaging artefacts. The
final selection included 3341 LRD candidates from z = 0.33 to z = 3.6, 29 of which were also detected in IRAC. The resulting rest-frame UV
luminosity function, in contrast with previous JWST studies, shows that the number density of LRD candidates increases from high redshift to
z = 1.5-2.5 and decreases at even lower redshifts. The subsample of more robust LRD candidates that are also detected with IRAC show a weaker
evolution, however, which is affected by low statistics and limited by the IRAC resolution. The comparison with previous quasar UV luminosity
functions shows that LRDs are not the dominant AGN population at z < 4 and Myy < —21. Follow-up studies of these LRD candidates are pivotal
to confirm their nature, probe their physical properties, and determine whether they are compatible with JWST sources because the different spatial

resolution and wavelength coverage of Euclid and JWST might select different samples of compact sources.

Key words. Galaxies: active - Galaxies: luminosity function - Galaxies: evolution

1. Introduction

Supermassive black holes (SMBHs) with tens of millions of so-
lar masses appear to be ubiquitous at the centres of local galax-
ies (e.g. Magorrian et al. 1998; Giiltekin et al. 2009). Moreover, a
close co-evolution that links SMBHs to their host galaxies is sug-
gested by the tight scaling relations that are observed between
the SMBH masses and different galactic properties (e.g. Magor-
rian et al. 1998; Silk & Rees 1998; Gebhardt et al. 2000; Fer-
rarese 2002; Mullaney et al. 2012; Delvecchio et al. 2022). The-
oretical models calibrated against present-day scaling relations
seem to produce a wide range of SMBH properties at higher
redshifts, however, which arise from the differences in the imple-
mentation of supernova and BH feedback and sub-grid physics
(e.g. Habouzit et al. 2020, 2021). It is therefore important to ex-
tend the analysis of SMBHs and their host galaxies to a wide
range of times.

Observational evidence for massive accreting BHs that shine
as active galactic nuclei (AGNs) at increasingly higher red-
shifts places strong constraints on their formation scenarios and
the mass of their seeds. The formation of a 10° M, SMBH by
z = 7 requires a heavy seed (Mpy ~ 10° M), a light seed
(Mgy ~ 10> M) that accretes for some time at super-Eddington
or hyper-Eddington rates (e.g. Wyithe & Loeb 2012; Alexander
& Natarajan 2014; Inayoshi et al. 2016; Begelman & Volonteri
2017; Pacucci et al. 2017; Pacucci & Loeb 2022; Maiolino et al.
2024c), or primordial BHs that formed as a result of fluctuations
in the early Universe (Hawking 1971; Carr & Hawking 1974;
Dayal et al. 2025). It is unclear, however, whether the currently
observed high-z AGNs can be considered representative of the
whole AGN population. The study of low-luminosity AGNs and
low-mass SMBHs is therefore key to placing constraints on the
mass distribution for seeds of high-z AGNs.

* e-mail: laura.bisigello@inaf.it
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The epoch of reionisation marks the transition phase at which
the first sources of ultraviolet (UV) radiation were able, after the
so-called dark ages, to ionise hydrogen atoms in the surrounding
intergalactic medium for the first time (Barkana & Loeb 2001;
Dayal & Ferrara 2018). It is still largely debated which sources
caused this process, however. Many studies identified low-mass
metal-poor star-forming galaxies at high redshift as the main
driver of cosmic reionisation (e.g. Atek et al. 2024; Simmonds
et al. 2024; Dayal 2024), and others showed evidence that faint
AGN:s can contribute significantly to reionisation (e.g. Asthana
et al. 2024) and in some cases dominate reionisation (e.g. Madau
et al. 2024; Grazian et al. 2024). It is therefore fundamental to
quantify the number density of these faint AGNs to constrain
their contribution to the reionisation of the Universe.

The first years of observations with the James Webb Space
Telescope (JWST) have revealed a new intriguing population
of compact red sources that are characterised by a peculiar v-
shaped spectral energy distribution (SED), namely a blue rest-
frame UV continuum and a steep red slope in the rest-frame
optical (e.g. Kocevski et al. 2023, 2024; Harikane et al. 2023;
Matthee et al. 2024; Greene et al. 2024; Labbé et al. 2023; Labbe
et al. 2023; Killi et al. 2024; Furtak et al. 2023). These so-called
little red dots (LRDs) are mainly observed at z > 4 and can easily
be selected by photometric observations because their morphol-
ogy is compact and their SED shape is peculiar. Particular care
needs to be taken to remove contaminating populations, how-
ever, such as brown dwarfs, which correspond to 21% of the
colour-selected JWST LRD candidates according to Langeroodi
& Hjorth (2023).

The nature of these LRDs is heavily debated. Their steep
rest-frame optical slopes are consistent with either a reddened
AGN continuum or emission from dusty star formation (e.g. Ko-
cevski et al. 2023; Barro et al. 2023; Labbé et al. 2023; Akins
et al. 2024), with evidence supporting both scenarios. For exam-
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ple, spectroscopic follow-up studies of LRDs have shown that
about 80% of them show broad hydrogen (H« and Hf) emis-
sion (e.g. Kocevski et al. 2023, 2024; Kokorev et al. 2024a;
Killi et al. 2024; Matthee et al. 2024; Furtak et al. 2023; Greene
et al. 2024; Wang et al. 2024), with general line widths with an
FWHM < 1000 km s~', but some even reach 3000 kms~'. These
line widths would far exceed those of typical star-forming galax-
ies at lower redshift (e.g. Fumagalli et al. 2012), which supports
the AGN scenario. In this picture, we have a direct view of the
broad-line region and the accretion disk of the AGN, but with
foreground dust attenuation that either originates from a dusty
interstellar medium (ISM) or from nuclear dust (see, e.g. Netzer
2015; Hickox & Alexander 2018). This scenario would mean
that LRDs are similar to the red quasars that are observed at
lower redshifts (e.g. Webster et al. 1995; Richards et al. 2003;
Urrutia et al. 2008; Glikman et al. 2012, 2015), considering also
that some of these red quasar show a similar excess of UV light
(Wethers et al. 2018; Stepney et al. 2024). While the majority
of LRDs may host an AGN, they represent a sub-sample of the
overall AGN population. Out of the large number of broad-line
AGNs discovered by JWST, only 10-30% have SEDs that are
typical of LRDs (Hainline et al. 2024).

The SMBH masses inferred for these LRDs lie in the
range Mpy = 10°-108 Mo, and their stellar masses range from
107 to 10" M. This shows that a fraction of them are over-
massive relative to the stellar masses of their host galaxies
when compared to the local Mgy—M. relation (e.g. Maiolino
et al. 2024b; Harikane et al. 2023), and they are consistent with
the local relation between Mpy and stellar velocity dispersion
(Maiolino et al. 2024b). This finding indicates they may be go-
ing through super-Eddington accretion or originate from heavy
BH seeds. Bellovary (2025) instead recently hypothesised that
LRDs might be runaway-collapse globular clusters with tidal
disruption events, which might explain their compact size, UV
luminosities, and high number densities.

In the scenario in which LRDs are entirely powered by
dusty starbursts, they would correspond to very massive galax-
ies (M, = 10°-10'"' My). In this picture, a final excess of mas-
sive early galaxies would be reached, but some of which would
contradict cosmological models and some would be so com-
pact as to be unstable against supernovae feedback (Wang et al.
2024; Akins et al. 2024). This supports the AGN scenario. Mid-
infrared (mid-IR) observations at 5-25um have shown a re-
markably flat continuum, however, which favours SED models
consistent with a dusty compact starburst and only a mild con-
tribution from an obscured AGN (Williams et al. 2024; Pérez-
Gonzdlez et al. 2024) or an AGN torus without hot dust (Leung
et al. 2024; Barro et al. 2024). Only two LRDs have been de-
tected in the far-IR so far, which provides some indications of
warm dust emission (Barro et al. 2024; JuodZbalis et al. 2024),
and many other LRDs have not been detected in the far-IR. This
limits the possible presence of cool or warm dust that is linked
to star formation (Labbe et al. 2025). Moreover, the spectra of
several broad-line objects show a clear Balmer break, which im-
plies that evolved stars might indeed contribute to the rest-frame
optical (Kokorev et al. 2024b). The precise contribution is highly
degenerate, however (Wang et al. 2024).

In addition, the majority of LRDs are not strong X-ray emit-
ters. They are undetected (or only marginally detected) even in
very deep observations or in a stacking analysis (Ananna et al.
2024; Yue et al. 2024). For this reason, some studies have hy-
pothesised that the broad-line components cannot be due to an
AGN, but to outflows driven by star formation or inelastic Ra-
man scattering of stellar UV continua by neutral hydrogen atoms
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(Kokubo & Harikane 2024). Alternatively, other studies have re-
ported that the broadening might be consistent with the stellar
velocity dispersion if the galaxy were going through a short-lived
phase when the central densities are much higher than at later
times (Baggen et al. 2024). Other studies have instead suggested
that the X-ray weakness might be due to a very steep X-ray spec-
trum that is induced by the absorption by large Compton-thick
columns or a very high BH accretion rate (Maiolino et al. 2024a).
The last two scenarios would also explain the non-detection
at radio frequencies (Mazzolari et al. 2024). The dense neutral
gas around the AGN accretion disk would also mimic a Balmer
break, which indicates that the rest-frame optical may not be due
to evolved stars (Inayoshi & Maiolino 2024). The absence of
variability in the rest-frame UV, except for a few LRDs (Zhang
et al. 2024), may argue against a strong contribution by AGN,
however (Tee et al. 2024; Kokubo & Harikane 2024).

The uncertainties on the nature of the LRDs are, at least par-
tially, driven by their high-z nature, which implies that they are
faint and require near-IR observations. While preliminary stud-
ies trying to find low-z and local analogues have been performed
by, for example, Noboriguchi et al. (2023), Mezcua et al. (2024),
and Lin et al. (2024), large near-IR surveys are necessary to fol-
low the redshift evolution of LRDs because their number den-
sity has been suggested to dramatically drop at z < 4 (Kocevski
et al. 2024). Moreover, large near-IR surveys like this are key for
probing the LRD clustering on large scales. Tanaka et al. (2024)
already suggested that LRDs may show an excess of clustering
at kiloparsec scales. The large observed area and the near-IR
coverage of Euclid (Euclid Collaboration: Mellier et al. 2025)
is therefore ideal to search for and study LRDs.

We searched for LRDs using the newly available Euclid
Quick Release Q1 (2025), combined with publicly available
images from the Spitzer Infrared Array Camera (IRAC) and
ground-based optical data. The area and depth of these Euclid
observations are ideal for a first characterisation of the bright
end of the LRD luminosity function and to extend the search
to z < 4. To select LRDs, we follow the approach by Kocevski
et al. (2024) and select them using cuts on the rest-frame opti-
cal and UV slopes. The paper is structured as follows. In Sect. 2
we present a summary of the Euclid data products we used, as
well as the ancillary IRAC images. In Sect. 3 we outline our
selection method, and we discuss our findings in Sect. 4. The
final conclusion and future prospects are reported in Sect. 5.
Throughout the paper, we consider a ACDM cosmology with
Hy = 70kms™! Mpc_l, Qn = 0.27, and Q5 = 0.73. All magni-
tudes are reported in the AB system (Oke & Gunn 1983).

2. Data description
2.1. Euclid data products

The Q1 data release was described by Euclid Collaboration:
Aussel et al. (2025), the Visible Camera (VIS) and Near-Infrared
Spectrometer and Photometer (NISP) processing and data prod-
ucts were reported by Euclid Collaboration: McCracken et al.
(2025) and Euclid Collaboration: Polenta et al. (2025), respec-
tively, and the photometric catalogue was discussed in Euclid
Collaboration: Romelli et al. (2025). An overview of the scien-
tific objectives of the Euclid ESA mission was reported in Euclid
Collaboration: Mellier et al. (2025).

Briefly, Q1 includes 63 deg? of the extragalactic sky, di-
vided into three fields: 22 deg® in the Euclid Deep Field North
(EDF-N); 12 deg? in the Euclid Deep Field Fornax (EDF-F); and
28 deg? in the Euclid Deep Field South (EDF-S). Each field has
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Table 1. Filters and associated observed depths.

Band Aeg [um] EDF-F  EDF-N  EDF-S
CFHT/MegaCam u 0.372 234

HSC g 0.480 24.9
CFHT/MegaCam r 0.640 24.0
PAN-STARRS i 0.755 23.1

HSC ¢ 0.891 23.3

Decam g 0.473 24.6 24.7
Decam r 0.642 243 244
Decam i 0.784 23.8 23.8
Decam z 0.926 23.1 23.1
VIS/I; 0.715 24.7 24.7 24.7
NISP/Y: 1.085 23.1 23.2 23.1
NISP/J; 1.375 23.2 233 233
NISP/H; 1.773 23.2 23.2 23.2
IRAC/IRACI 3.550 24.0 24.0 23.1
IRAC/IRAC2 4.493 24.0 24.0 23.0
IRAC/IRAC3 5.696 21.2 20.0
IRAC/IRAC4 7.799 19.9 21.1

Notes. The reported magnitudes are the 100~ observed depths. The op-
tical and Euclid magnitudes refer to an extended source in an aperture
with a diameter of 2 X FWHM and correspond to the median depths
of the observing tiles (Euclid Collaboration: Romelli et al. 2025). For
the IRAC1 and IRAC2 values, see Euclid Collaboration: Moneti et al.
(2022) and Euclid Collaboration: McPartland et al. (2025). The depths
correspond to average values in the fields that were derived considering
empty apertures of 2”. For the IRAC3 and IRAC channels, we report
the average depths derived from the catalogue after correction of the
aperture to the total magnitudes.

been observed in four photometric bands, one band in the vis-
ible (Iz, Euclid Collaboration: Cropper et al. 2025), and three
bands in the near-IR (NISP, Y;, J;, and H; band, see Euclid Col-
laboration: Jahnke et al. 2025). In addition, these observations
are complemented with ground-based observations that are car-
ried out with multiple instruments and cover between 0.3 um and
0.9 um. They are part of the Ultraviolet Near-Infrared Optical
Northern Survey (UNIONS; Gwyn et al. in prep.) or the Dark
Energy Survey (Abbott et al. 2018). The complete list of avail-
able filters in each field and their corresponding observational
depths are reported in Table 1.

We considered aperture photometry measured for all bands
on the images convolved to the lowest spatial resolution (usu-
ally a ground-based band). We considered an aperture with a di-
ameter of two full widths at half maximum (FWHM; a median
value of 173), and we corrected it to the total (see Euclid Col-
laboration: Romelli et al. 2025, for more details). We also cor-
rected each flux for Galactic extinction using the position of each
source and the relation by Gordon et al. (2023), which strongly
relies on the results by Gordon et al. (2009); Fitzpatrick et al.
(2019); Gordon et al. (2021), and Decleir et al. (2022).

2.2. IRAC photometry

We started from the collection of IRAC images described by Eu-
clid Collaboration: Moneti et al. (2022) , which cover a fraction
of the Euclid Deep Fields (EDFs) as part of the Cosmic Dawn
survey (Euclid Collaboration: McPartland et al. 2025). The im-
ages result from a collection of different programmes with a non-
uniform coverage in area and depth. We report the average 100
depths in Table 1 and the area coverage in Table 2. The IRAC3

Article number, page 4 of 21

Table 2. Area coverage in deg” of the available IRAC images (Euclid
Collaboration: Moneti et al. 2022).

Channel EDF-F EDF-N EDF-S
IRAC1 10.52 11.74 23.60
IRAC2 11.05 11.54 23.14
IRAC3 7.78 0.61
IRAC4 .77 0.62

and IRACH4 filters are only available for a small portion of the
EDF-F and EDF-N, and none is available for the EDF-S.

Starting from the public images, we removed the sky back-
ground using the Python pacakge PHOTUTILS (Bradley et al.
2023). We derived the median value using a filter with 3 pixel x
3 pixels . With the same package, we then used the position of all
Euclid sources to extract aperture photometry with an aperture
radius of 1”7 , which is consistent with half the smallest FWHM
of IRAC, from all available IRAC images. In this preliminary
work, no attempt was made to de-blend IRAC sources using the
Euclid positions. For this reason, we visually confirmed the se-
lected LRD candidates to remove objects that were affected by
blending.

To derive the correction for the aperture to the total fluxes for
all four IRAC filters, we compared this catalogue with a separate
extraction that was performed for the EDF-N alone (Bisigello
et al. 2025). The extraction was performed using the co-added
IRACI and IRAC2 images as the detection image, weighted for
each uncertainty map, and considering Kron apertures that were
derived with a scaling parameter of the unscaled Kron radius of
1.8 and a minimum value for the unscaled Kron radius of 2.5 pix-
els. We then matched the two EDF-N catalogues with the aper-
ture and Kron fluxes to derive the aperture-to-total correction in
each filter. We applied the same correction in all three fields.

We verified that the total fluxes were consistent with the cata-
logues described by Euclid Collaboration: Zalesky et al. (2025),
which only cover two out of three EDFs, however, and only in-
clude the IRAC1 and IRAC?2 filters. The comparison is shown
in Appendix A. The magnitudes we derived are clearly brighter
on average by 0.1 magnitudes in the EDF-F and by 0.3 magni-
tudes in the EDF-N than the magnitudes presented in the Cos-
mic Dawn Catalogue. The agreement is, however, within 0.1
magnitudes when we only consider bright objects (i.e. IRAC1
or IRAC2 < 21).

2.3. Photometric redshifts

As a first estimate of the photometric redshift, we considered
the median value and the two first modes derived in the main
Euclid pipeline, which were described in detail by Euclid Col-
laboration: Tucci et al. (2025). Because these estimates are lim-
ited to z = 6, we also considered the redshift estimate derived
for NISP-detected objects. This extended the redshift range to
z = 12. In this case, we considered the redshift of the highest
peak of the probability distribution as the best estimate. As tested
by Appendix B, the redshift estimation for LRDs derived from
the pipeline includes about 40% of outliers because LRD tem-
plates are not included in the pipeline at the moment. We discuss
the method we used to improve these estimates below.

3. Sample selection

Previous JWST photometric studies mainly identified LRDs by
applying some colour cuts to compact sources (e.g. Barro et al.
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Table 3. Number of sources retrieved in the different steps of the LRD selection in the three EDFs.

EDF-F EDF-N EDF-S
Total sources 5328489 11378352 13060965
Reliable objects 3640908 7342804 8588063
IRAC-detected, z < 6 2762173 2556970 4388 869
Niiter,s/N>3 = 4 1094377 (43%) 631576 (23%) 1850820 (43%)
v-shaped continuum 891 (0.08%) 616 (0.09%) 3848 (0.2%)
Compact 42 (5%) 22 (4%) 173 (5%)
No emission lines 20 (48%) 8 (36%) 86 (50%)
x> <100 16 (80%) 7 (87%) 82 (94%)
Visual inspection 8 (50%) 1 (14%) 20 (24%)
No-IRAC, z < 2.1 1021175 4520496 3935178
Niitter,s/N>3 = 4 189275 (18%) 692437 (15%) 735675 (19%)
v-shaped continuum 15838 (8%) 45797 (7%) 59035 (8%)
Compact 624 (4%) 1611 (3%) 2804 (5%)
No emission lines 558 (90%) 1344 (83%) 2560 (91%)
x> <100 546 (87%) 1233 (76%) 2509 (98%)
Visual inspection 422 (77%) 970 (79%) 1920 (76%)
Total z > 6 candidates 24 050 71776 53131
Reliable galaxies 12325 (51%) 27535 (38%) 42 564 (80%)
IRAC-detected 3508 (28%) 5024 (18%) 4534 (11%)
Niilter,s/N>3 = 4 1883 (54%) 3098 (62%) 1617 (36%)
v-shaped continuum 103 (5%) 128 (4%) 68 (4%)
Compact 0 0 0

Notes. The different selections are described in Sect. 3. The percentages correspond to the percentage of objects that was selected in one line with

respect to the line above.

2023; Labbe et al. 2023; Kokorev et al. 2024a). This type of se-
lection is difficult to apply directly to Euclid, however, because
the filter set is different. In addition, a simple colour cut does not
allow us to select the sources uniformly at different redshifts be-
cause it is based on observed and not on rest-frame properties.
Therefore, we considered the alternative approach adopted by
Kocevski et al. (2024) and selected sources with a compact mor-
phology, a red continuum in the rest-frame optical wavelengths,
and a blue continuum in the the rest-frame UV. The latter two
quantities were directly derived by fitting the available photo-
metric data. We report the entire classification procedure we ap-
plied in detail below, and we report in Table 3 the original source
number in each field and the change in this number at the differ-
ent selection steps.

3.1. LRD selection procedure

As a first conservative selection, we removed objects that were
classified as stars (PHZ_CLASSIFICATION = 1) using the clas-
sification from the PHZ processing function (Euclid Collabora-
tion: Tucci et al. 2025). This classification is based on photome-
try and not on compactness. This is fundamental to avoid remov-
ing any LRD candidates. We also retrieved only galaxies from
the Euclid archive with reliable photometry, which we defined
as having DET_QUALITY_FLAG = 0, SPURIOUS_FLAG = 0, and
FLAG = O for any Euclid filter. This selection allowed us to re-
move objects in the proximity of bright stars, blended sources,
saturated or bad pixels, and sources that are contaminated by
close neighbours. We refer to the subsample of objects that we
obtained after this selection step as reliable objects.

We proceeded by removing objects outside the area that is
covered by IRAC observations because these bands are funda-
mental to extending the search of LRDs at z > 2. For the same

reason, we only kept objects with a signal-to-noise ratio S/N > 3
in the IRACI or IRAC?2 filter. We refer to these objects as IRAC-
detected sources. Moreover, to fit the UV and the optical rest-
frame continuum simultaneously, we only considered objects
with S/N > 3 in more than four filters. We also ensured that
at least two filters traced the rest-frame UV continuum and two
filters traced the rest-frame optical continuum.

We continued by selecting only sources with the character-
istic v-shaped continuum, following the approach by Kocevski
et al. (2024), as described above. In particular, the continuum
slope B, defined such that f; o A%, was determined by perform-
ing a y> minimisation fit to the observed magnitudes,

Ai
m; = -2.5(B+?2) 1og10( )+c, 1)
/lbreak

where m; is the AB magnitude measured in the ith filter with
an effective wavelength of A;, and Apgeax = 3645 A is the wave-
length of the break of the v-shape continuum. This fit was per-
formed to derive the rest-frame UV and optical spectral slopes
Buv and Bop. In Fig. 1 we report the filters we used to fit Syy and
Bopt at different redshifts considering the Euclid, ground-based
bands and the IRAC1 and IRAC2 IRAC filters. We considered a
filter to trace the rest-frame UV or optical part of the SED when
the filter was totally redward or blueward Ape,k to avoid the red-
shift interval in which the filter is at the break. Based on the
filter availability and considering the small area coverage by the
two longest IRAC filters, the fit was mainly possible between
z = 1 and z = 7.6 for the EDF-F and EDF-S, but it can be
extended to z = 0.6 in the EDF-N based on the u-band obser-
vations. In the same plot, we report for comparison the redshift
range in which at least two JWST NIRCam broad-band filters
cover the rest-frame UV and optical parts of the SED. The ab-
sence of the shortest filters, which are rarely included in JWST
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surveys, would push the blue limit to higher redshifts. The NIR-
Cam medium- or narrow-band filters or the MIRI bands might
instead increase the redshift range in which the LRD analysis
can be performed.

The LRD redshifts are not correctly recovered by the stan-
dard Euclid pipeline (see Appendix B) because LRD templates
are currently not included. We therefore included the redshift as
a free parameter in the fit. We considered the median redshift
from the pipeline as an initial guess and the first- and second-
mode redshifts (i.e. first and second peak in the redshift proba-
bility distribution) as limits. For candidates at z > 6, the photo-
metric redshift was derived considering a secondary branch of
the pipeline. In this case, we therefore considered the first peak
of the redshift probability distribution as the initial guess. The fit
was performed with the Scipy package (Virtanen et al. 2020).
To take possible unknown uncertainties into account, we added
5% of the flux in quadrature to the flux uncertainties. In the fit,
we considered all available filters, but we included fluxes with
S/N < 3 as 0 with an error equal to twice the flux uncertainties
to take unknown uncertainties into account. The uncertainties
on the output properties were derived by repeating the fit 100
times after randomising the fluxes, considering a Gaussian func-
tion centred on the measured value, and with o equal to the flux
uncertainties. The performance of the new redshift estimation
and the redshift of the pipeline are analysed in Appendix B.

Following the selection made by Kocevski et al. (2024), we
selected objects with

ﬁ()pl > 0 s
ﬁUV < -0.37,

ﬁUV >-2.8.

2

The third cut to the UV slope was applied to remove contamina-
tion by brown dwarfs. These near-IR colours of these objects are
similar to those of reddened AGNSs, but they appear to be signifi-
cantly bluer at shorter wavelengths (Langeroodi & Hjorth 2023).
To ensure a v-shape SED when the two longest wavelength fil-
ters had S/N > 3, we also requested that the flux of the filter at
the longest wavelength was the highest.

In order to select only compact sources, we considered
sources With tmax — Mpoint—like < —2.6 mag arcsec™2, which cor-
responds to the difference between the peak surface brightness
(Umax) above the background in the detection band (/; for VIS-
detected objects and J; +Y; +H; for NISP-detected objects) and
the expected magnitude for point-like sources (Mpoint—iike). The
chosen threshold was optimised in the Euclid pipeline to select
compact objects, such as stars (Euclid Collaboration: Romelli
et al. 2025).

A red rest-frame optical continuum can be mimicked by
strong nebular emission lines. We therefore performed an ad-
ditional selection to remove such objects. In particular, the
Ha + [N 1] complex is present in the Y; filter at z = 0.44-0.85,
in the J; filter at z = 0.77-1.39, in the H; filter at z = 1.31-2.09,
and in the IRACI filter at z = 3.82-4.99. In these redshift in-
tervals, we imposed that the flux of the contaminated band was
lower than the flux of the next redward filter. A negative slope
would indeed indicate strong nebular emission lines even when
the overall optical slope is consistent with our LRD slope se-
lection. Many previous JWST samples did not perform this se-
lection, and the LRD optical colours may indeed be boosted by
nebular emission lines (Hainline et al. 2024). A more complex
analysis, which we leave for future studies, is necessary to un-
derstand whether the underlying continuum of these strong-line
emitters is anyway consistent with the LRD selection, however.
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We then studied the distribution of the y? and removed any
object with y*> > 100. This threshold was chosen based on the
overall distribution of y? and on a random selection of SED.

Finally, because the number of sources is limited, we visu-
ally verified the Euclid and IRAC cutouts of any remaining ob-
ject to remove cases that were affected by blending issues in the
IRAC bands, any remaining artefacts, or sources that were ex-
tended in the NISP filters. Future work that performs a detailed
deblending analysis might improve over this step. This selection
unfortunately removes potential close pairs, which some LRDs
may be part of (e.g. Tanaka et al. 2024 found three dual LRD
candidates over 0.54 deg?).

We also considered the photometric redshift estimation de-
rived for NISP-detected sources that extend the redshift bound-
ary at z > 6. As for the previous sample, we only selected re-
liable sources using the flagging available in the catalogue. We
imposed a detection in the IRAC filters, an S/N > 3 in at least
four bands, and only selected v-shaped and compact sources.
The sources that we selected in the different steps are listed in
Table 3, but we finally did not obtain any additional LRD candi-
dates.

The search for LRDs at z = 1-2.1 can be performed without
the IRAC filters because the J; and H, filters cover the rest-frame
optical continuum (see Fig. 1). We therefore repeated the selec-
tions described above and limited the analysis to objects with a
pipeline redshift zpipeline < 3 as a conservative cut, but removed
any object that was detected in IRAC. As for the previous selec-
tion, we searched for objects that were detected in at least four
filters (two blueward and two redward Apeax), With a v-shaped
continuum, which were compact, had no evident contamination
from strong nebular emission lines, and with )(2 < 100. We vi-
sually inspected the Euclid cutouts of any remaining object to
remove any remaining artefact or extended objects.

The final sample of LRD candidates includes 29 objects with
IRAC detections. This corresponds to a density of 0.8 deg™2. It
also includes 3312 objects without IRAC detections and is lim-
ited to z < 2.1, corresponding to a density of 57.3 deg=2. The to-
tal sample includes 3341 LRD candidates. The number of LRD
candidates is conservative because of the uncertainties in the
rest-frame UV and optical slopes we outlined in Appendix C and
the conservative selection steps we performed. The complete list
of LRD candidates and their properties is reported in Table D.1,
and the cutouts and photometric fit of two LRDs are shown as ex-
amples in Figs 2 and 3. The Euclid point-spread function (PSF)
is slightly undersampled in I has a pixel scale of (0’1 and an
FWHM=0"158-0"164 Euclid Collaboration: McCracken et al.
(2025), which is reflected in the cutouts. The NISP images were
instead interpolated to the same pixel scale as I, but their pixel
scale originally is 03 and their FWHM=0.35".

The redshift and magnitude distributions in the three fields
are reported in Appendix E. They show that the selection is rea-
sonably uniform across the fields.

3.2. Differences between the IRAC-detected and
IRAC-undetected LRD candidates.

The difference in density of LRD candidates with and without
IRAC is probably driven by several factors. On the one hand, the
number of LRD candidates with IRAC may be underestimated
because blending issues can affect IRAC fluxes. This produces
a boost in the contaminated band that results in a large y?, and
we simultaneously performed a stricter visual check to remove
any possible blended source. As shown in Table 3, the fraction
of sources removed by the y? cut and the visual inspection is
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Fig. 1. Redshifts in which the different Euclid, IRAC, and ground-based
filters trace the optical (red bars) or UV (blue bars) continuum. The grey
shaded area indicates the redshift range in which we have at least four
filters to derive the slopes necessary to select LRDs. The hatched area
indicates the redshift range covered without IRAC. The first two bars,
separated by a horizontal solid black line, indicate the redshift range
in which at least two JWST NIRCam broad-band filters trace the rest-
frame optical or UV continuum.

larger for IRAC-detected sources. To understand the importance
of blending, we verified that about 15% of all reliable Euclid
sources had a neighbour within 2” (equal to the smallest IRAC
FWHM) and that 5% of the sources had a neighbour within 1”.
LRDs might cluster more strongly at kiloparsec scales (Tanaka
et al. 2024), and the effect of blending might therefore be even
stronger in LRDs than in the general galaxy population. In addi-
tion, the FWHM of IRAC is larger than the radius we used for the
photometry, so that flux loss might effect the source detection.

On the other hand, the number of LRD candidates selected
without IRAC may be overestimated because the Ha + [N ]
complex is contained within the H; filter at z = 1.31-2.09. The
IRAC bands can help us to identify them. In addition, the wider
wavelength coverage can simply improve the removal of any
type of contaminants.

Some differences may be intrinsic, however. Observations
with the JWST mid-infrared instrument (MIRI) have shown that
the rest-frame continuum at 2 > 0.7 um becomes remarkably
flat. This indicates a mild contribution from an obscured AGN
(Williams et al. 2024; Pérez-Gonzdlez et al. 2024) or an AGN
torus without hot dust (Leung et al. 2024; Barro et al. 2024). At
z < 2.8, IRAC bands cover the same rest-frame wavelengths as
MIRI at z > 5 (i.e. 4 > 0.7 um). This covers the flatter part of the
SED.

4. Results
4.1. Comparison with the JWST LRD catalogues

In Fig. 4 we show a comparison of the redshift and Myy at
1450 A of our sample of LRD candidates, derived by fitting the
available data with two power laws, as explained in detail in Ap-
pendix B. We also compare our results with some of the previous
samples derived with JWST data (Kocevski et al. 2024; Labbé
et al. 2023; Kokorev et al. 2024a). Our sample is complementary
to the JWST samples that were derived so far because it covers
brighter magnitudes. Only one JWST source is as bright as Eu-
clid-selected sources. It is also clear that our sample extends to
lower redshifts than the JWST sample. In the same figure, we
also show the Myy that we expect to reach at the end of the Eu-

Table 4. FWHM of the Euclid VIS/NISP, JWST NIRCam, and IRAC
PSFs.

Filter FWHM
[arcsec] [kpclatz=1 [kpclatz=6

Euclid/I,, 0.16 1.3 0.9

Euclid/H, 0.3 2.5 1.8
JWST/FO70W 0.029 0.2 0.17
JWST/F150W 0.050 04 0.29
JWST/F356W 0.116 0.96 0.67
JWST/F444W 0.145 1.19 0.85
IRAC/IRAC1  1.66-1.95¢ 13.7-16.1 9.7-114
IRAC/IRAC2  1.72-2.02¢ 14.2-16.6 10.0-11.8

Notes. Citations: Euclid/Iz (Euclid Collaboration: McCracken et al.
2025), Euclid/H; (Euclid Collaboration: Polenta et al. 2025). JWST
(Rigby et al. 2023). ¢ The two numbers refer to when Spitzer was cryo-
genically cooled and when it was warm, respectively.

clid mission. The EDFs will be two magnitudes deeper when
completed. Even when the IRAC data remain unchanged, this
will allow us to reach Myy = —20 at z = 4, which extends the
overlap with JWST, but also probes the bright end up to z = 8.

It is necessary, however, to consider that even if we select
only compact sources, the different angular resolution of JWST
and Euclid might affect the selection. In Table 4 we report the
FWHM of the two missions at similar wavelengths, with the cor-
responding physical scales given at z = 1 and z = 6. The differ-
ence with respect to IRAC is even larger and reaches a factor of
at least 10 in physical size. Therefore, follow-up campaigns will
be necessary to confirm that the LRD candidates identified with
Euclid and IRAC are as compact as the JWST candidates.

To understand the level of contamination from the different
angular resolutions of JWST and Euclid, we analysed the sub-
sample of extended v-shape sources from Kocevski et al. (2024,
priv. com.). These sources are mainly dusty star-forming galax-
ies and correspond to 14% of all v-shape sources, but their red-
shift distribution is skewed toward z < 4 (see Fig. 7 in Kocevski
et al. 2024). In Fig. 5 we compare the size of these extended
v-shape sources derived from the JWST/F444W filter with the
angular resolution of Euclid. In particular, the JWST/F444W fil-
ter and the H filter both trace the rest-frame optical of the LRDs
up to z = 3.1 and can therefore be compared directly. This com-
parison clearly shows that the majority of these sources are also
extended for Euclid. Only 8% (15) of them are below the H; fil-
ter FWHM at z = 2-4. Combining this finding with the redshift
distribution of the LRD candidates by Kocevski et al. (2024), we
obtained that we expect 15% of contaminants at z = 2—4.

At lower redshift. these contaminants are expected to con-
tribute even less, but we do not have direct measurements be-
cause the sample by Kocevski et al. (2024) is limited to z > 2.
Considering the redshift evolution of the size mass relation for
late-type galaxies (van der Wel et al. 2014), however, we expect
a median increase in the galaxy size by 1.2 between z = 2.25 and
z = 1.75 and 1.9 between z = 2.25 and z = 0.75. The smallest
extended v-shape source at z < 4 by Kocevski et al. (2024) is
only a factor of 0.88 of the Euclid angular resolution in the H;
band. We therefore expect that all sources at z < 2 are resolved.

4.2. Comparison with other Euclid AGN catalogues

Other works have focused on the selection of AGNs and mainly
used Q1 photometric data. We therefore investigated the amount
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Fig. 2. Two example LRD candidates, showing cutouts of 4 x 4" in the four Euclid filters and the two shortest IRAC channels. From left to right:
Iy, Y&, Jg, Hg, IRACI, and IRAC2. We report the size of the PSF in the top left and the physical scale on the bottom left corner of each panel.
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Fig. 3. Fit with two power-laws of the photometric data of the two ex-
ample LRD candidates shown in Fig. 2. We show fluxes with S/N > 3
as black squares, and the 30 upper limits are shown with empty trian-
gles. The best fit is shown with a blue solid line, and the shaded region
shows the 16% and 84% uncertainties. We report the y? and the output
parameters in the top left corner.

of overlap with our sample of LRD candidates. In particular, the
Euclid AGN catalogue presented by Euclid Collaboration: Mata-
moro Zatarain et al. (2025) focused on the selection of AGN,
mainly blue QSOs, based on Euclid photometry, but also on an-
cillary data from UV to IR, and previous public spectroscopic
data. Euclid Collaboration: Roster et al. (2025) instead matched
Euclid sources with public X-ray surveys and identified X-ray
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w EDF-F o Kocevski et al 2024
* EDF-N = Labbe et al 2023
* EDF-S v Kokorev et al 2024

Fig. 4. Myy and redshift for all LRD candidates, shown as contour
lines, equally spaced from 10% to 90%. The last line represents 99% of
the distribution. The remaining 1% of the sample is shown with stars,
colour-coded based on their field. We also show three samples of LRDs
selected with JWST observations (Kocevski et al. 2024; Labbé et al.
2023; Kokorev et al. 2024a; Akins et al. 2024). The dotted black line
shows the 80% completeness that is expected when the EDFs are at
their final depth.

detected AGNs. The details of these selections and the overlap
with our samples of LRD candidates is reported in Appendix F.
No sources are identified by all QSO selections in de EDF-F and
EDEF-S overall, and 1898 (80%) are selected by at least one cri-
terion. In the EDF-N, 816 sources, which corresponds to 84% of
the EDF-N sample of LRD candidates, is selected by at least one
QSO criterion, while no sources are selected by all criteria.

4.3. LRDs luminosity function
To measure the UV luminosity function of our sample of LRD

candidates, we used the 1/ V., method (Rowan-Robinson 1968;
Schmidt 1968). In particular, the luminosity for each magnitude
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Fig. 5. Top: Half-light ratio in the JWST/F444W filter vs. redshift for
the sample of extended v-shape objects by Kocevski et al. (2024). The
horizontal solid line indicate the H; band FWHM, scaled assuming a
Gaussian function. Bottom: Fraction of extended v-shape objects that is
expected to be unresolved in the Hg band as a function of redshift.

and redshift bin is defined as
1 &
OM)dM = — B —

Vmax,i ’ (3)
where AM is the width of the magnitude bin, w; is the complete-
ness correction for the ith object, and Vi, ; is the maximum co-
moving volume at which object i could have been detected. To
calculate the latter, we considered the area that is covered by
the observations, the minimum redshift of the bin, and the max-
imum redshift at which each source could be observed. The lat-
ter was derived considering the v-shaped model of each source,
described by two power laws with slopes Byy,; and Bop,;, nor-
malised to the absolute UV magnitude (Myy ;). This model was
then shifted from the minimum to the maximum redshift of the
redshift bin and was convolved at each redshift step with the Eu-
clid and ancillary bands to estimate the expected fluxes. These
fluxes were then used to derive the maximum redshift at which
we would have at least four filters with S/N > 3.

4.3.1. Area

The area associated with each field was derived considering the
coverage map for the four Euclid filters, combined to remove the
area in which at least one filter was masked. In addition, we also
removed additional masked areas that covered bright stars, both
halo and ground-bleeding trails, and extended bright foreground
sources. In addition, we combined these masks with the cover-
age by IRAC to derive the area associated with IRAC-detected
sources. The areas we considered are listed in Table 5.

4.3.2. Completeness limits and correction

To derive the 80% completeness limit of our sample, we derived
the fraction of LRDs with at least four filters with S/N > 3
as a function of redshift and Myy. In particular, we considered

Little red dots with z < 4 from Euclid

Table 5. Area in deg” used to estimate the LRD luminosity function.

EDF-F EDF-N EDF-S

11.85 19.76 26.16
2.57 13.46 21.10

After masking
w/IRAC

redshift bins of Az = 0.25 up to z = 6, since no LRDs are
found at higher redshifts. We also considered magnitude bins of
AMyy = 0.25 from Myy = —-25 to Myy = —10. In each redshift-
magnitude bin, we randomly extracted 1000 Byy and B, values
from the observed distribution. We then derived the fraction of
these mock LRDs that were observed in at least four filters with
S/N > 3, considering the depths of the different fields reported
in Table 1. We used this estimate to correct the derived luminos-
ity function.

We also applied the corrections for incorrect redshifts that
we derived from the analysis of the redshift recovery on the sim-
ulated sample in Appendix B. This correction varied from 0.6
for z = 1-1.5 because the number of sources in this redshift
range is expected to be overestimated, to 1.3 for z = 2-2.5,
where the number of objects is underestimated instead. A more
detailed completeness correction that takes the compactness of
the sources into account, for example, will be estimated in fu-
ture works when the systematic effects of the telescope are un-
derstood better.

Finally, we considered a correction of 15% due to the con-
tamination by extended sources that are unresolved by Euclid
(see Sect. 4.1). This contamination is expected to increase at
z > 6, but we found no LRD candidates at these high-z values.
At the same time, this correction is expected to decrease at 7 < 2
due to the average increase of galaxy size with decreasing red-
shift, but we lack the data to properly quantify this decrease. As a
conservative approach, we therefore applied the same correction
at all redshifts.

4.3.3. Uncertainties

We estimated the uncertainties of the luminosity function by per-
forming a bootstrap analysis of the sample. We generated 100
random samples starting from the entire LRD sample. In every
realisation, we also randomised the redshift and the absolute UV
magnitude considering a Gaussian function centred on the best-
fit value and with a standard deviation equal to their respective
uncertainties. We added the Poisson errors in quadrature to these
uncertainties, following the prescription by Gehrels (1986). We
did not include any uncertainty due to cosmic variance because
the areas we analysed are so large.

4.3.4. Estimated luminosity functions

We derived the UV luminosity functions of LRDs as explained
in the previous sections and considering the following redshift
bins: 0.6 <z<1.0;1.0<z<15;15<z72<2.0;20<z<2.5;
and 2.5 < z < 4.0. In the first redshift bin, we only considered
objects in EDF-N because the other fields lack the u-band obser-
vations necessary to properly trace the UV slope. Eleven objects
(0.3% of the sample) were not considered in the UV luminosity
functions because they correspond to a redshift at which the
UV slope is not properly covered. The derived UV luminosity
functions are shown in Fig. 6, where we also compare our results
with UV luminosity functions from the literature of LRDs based
on JWST data (Kokorev et al. 2024a; Kocevski et al. 2024) and
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Fig. 6. UV luminosity function of the LRD candidates from z = 0 (top left) to z = 4 (bottom right). The empty stars indicate the values
before any corrections, and the coloured stars show the density after correcting for completeness and redshift estimation. The coloured triangles
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therein), Akiyama et al. (2018), and Pan et al. (2022). We also report the UV luminosity function of QSOs modelled by Kulkarni et al. (2019, dashed
black line). For a comparison, the horizontal dash-dotted red line shows the minimum density probed by the HST CANDELS survey (0.29 deg?
Grogin et al. 2011; Koekemoer et al. 2011), and the horizontal dotted red line shows the minimum density probed by the JWST COSMOS-WEB

survey (0.54deg’ Casey et al. 2023).

QSOs, including JWST data (Maiolino et al. 2024b; Harikane
et al. 2023; Grazian et al. 2024) or before JWST (Giallongo
et al. 2012; McGreer et al. 2013; Giallongo et al. 2015; Akiyama
et al. 2018; Niida et al. 2020; Pan et al. 2022). The values of
the LRD luminosity function of this work are also reported
in Table 6. When these results are analysed, it is necessary to
consider that the luminosity function based on Euclid data alone
may be overestimated because some contaminants might not
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have been properly included in the corrections. On the other
hand, the luminosity function based on IRAC observations
might be severely underestimated because we strictly removed
any source that was affected by blending.

In the highest-redshift bin (i.e. 4.0 < z < 6.0) , we found
no candidates. This prevents comparisons with previous JWST
results. We must therefore wait for future Euclid releases to im-
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Fig. 7. Comparison of the corrected UV luminosity function of LRD
candidates from z = 0 to z = 4, and values at z = 6 from the literature
(Kocevski et al. 2024; Kokorev et al. 2024a).

prove over these results. The depth of the EDFs is expected to
increase by two magnitudes until the end of the mission (Euclid
Collaboration: Mellier et al. 2025). We predict that with the final
depths of the EDFs, Euclid will be able to observe the brightest
LRDs observed by JWST so far (Fig. 4).

At redshifts z < 4, we can only compare our results to pre-
vious QSO UV luminosity functions because observations of
LRDs with JWST were mainly limited to z > 4. The luminosity
function of the LRDs is always well below the QSO luminos-
ity functions at bright magnitudes by 1.2-2.6 dex, which cor-
responds to 1-40 because of the low number statistics, how-
ever. This difference generally indicates that LRDs are not the
dominant AGN population at these magnitudes at z < 4, as-
suming they are AGNs. The LRD luminosity functions are in-
stead closer to the QSO luminosity functions at at z > 1 and
at the faintest magnitudes probed by this work. The closest
point is at 1.5 < z < 2.0, where the LRD luminosity func-
tion is only 0.7 dex below the QSO luminosity function about
Myy = —19.25 mag, but given the large statistics, the uncertain-
ties are small, and this difference corresponds to more than 100
We cannot verify whether the LRD luminosity function is closer
to the QSO luminosity function at even fainter magnitudes be-
cause of incompleteness.

In the same figure, we also report the maximum volume
probed by one of the largest JWST survey so far, that is,
COSMOS-Web (Casey et al. 2023), which covers 0.6 deg2 (dot-
ted red line in Fig. 6), and the Cosmic Assembly Near-infrared
Deep Extragalactic Legacy Survey (CANDELS Grogin et al.
2011; Koekemoer et al. 2011), which covers 0.29 deg2 with the
Hubble Space Telescope (HST; dash-dotted red line in Fig. 6). At
z < l and z > 2.5, the area of these two surveys is too small to
observe a significant number of objects with luminosities similar
to the candidates we selected. We would expect to observe some
objects at the other redshifts, however: l7“_’§ at 1.0 < z < 1.5;
62’:}2 at 1.5 <z7<20;and 15’:;‘ at2.0 < z < 2.5in CANDELS;
31f}2 at 1.0 < z < 1.5 11638 at 1.5 < z < 2.0; and 29f; at
2.0 < z < 2.5 in COSMOS-Web. At these redshifts, however,
no LRD was identified with HST and only a few were identi-
fied with JWST. For example, Kocevski et al. (2024) found 17
LRD candidates at z < 4. Based on the LRD luminosity function
we found here, we would expect 563(1) candidates in this area.

Little red dots with z < 4 from Euclid

This difference (20 deviation) in number density may be due to
contaminants or to the different angular resolution of Euclid and
JWST. This means that future follow-up studies are fundamen-
tal. It is important to note, however, that the number density of
the subsample of more robust LRD candidates, which are those
that are also observed by IRAC, is too low to be detected by any
JWST or HST survey.

We also report the conservative luminosity function derived
with the IRAC-detected sources alone, which have more con-
straints, but were also cleaned more severly to avoid blending
issues. This estimates are compatible with the few LRD candi-
dates at z < 4 that were observed by JWST and HST.

A comparison between the LRDs UV luminosity functions
we derived is shown in Fig. 7. This plot shows a tentative evo-
lution of the luminosity function with redshift. The density of
LRD candidates increases from the high redshift to z = 1.5—
2.5 and decreases at even lower redshifts. For example, at
1.5 < z < 2.0 and Myy = —20.25mag, we obtained a den-
sity of logio(N Mpc™ mag™") = —5.83*03>. Our estimate at the
same magnitude but at 2.0 < z < 2.5 is slightly lower, that
is logjo(NMpc™ mag™') = —6.15*032, but it may be incom-
plete given the necessity of using IRAC data at z > 2.1. In
contrast, the drop at z < 1.5 is not linked to observational bi-
ases because we expect Euclid data to have the same capac-
ity of selecting LRDs down to z = 0.7. To give a more quan-
titative estimate, at Myy = —19.25mag, the LRD density is
logio(NMpcmag™) = —-5.67"307 at 1.0 < z < 1.5 and
it is logio(NMpc— mag™)) = -5.017002 at 1.5 < z < 2.0,
with a drop of 0.67 dex. The statistics in the lowest-redshift bin
are quite poor because it is based on the EDF-N alone. This
prevents us from further exploring the possible redshift evolu-
tion. The density of LRD candidates with Myy > —21 mag at
1 < z < 2.5 is also similar to the density derived with JWST
at 4 < z < 6 (Kocevski et al. 2024; Kokorev et al. 2024a),
however, which is log;o(N Mpc3 mag™) = —5.19 + 0.20 and
logio(N Mpc~ mag™!) = —5.10 + 0.1 respectively. This supports
the idea that the high-z evolution might be due to incomplete-
ness in our LRD sample. This evolution is absent when we only
consider the few LRD candidates that were detected in IRAC
because the statistics is too low.

Overall, we speculate that the LRD number density seems
to remain constant from z = 4-6 to z = 1.5-2.5, and this re-
sembles the observed evolution of the star formation rate density
(e.g. Madau & Dickinson 2014; Gruppioni et al. 2020; Traina
et al. 2024), the BH accretion rate density (e.g. Delvecchio et al.
2014), and the evolution in the molecular gas mass (see Tacconi
et al. 2020, for a review). When we consider that LRDs may
be very dense and dust-obscured starbursts or obscured SMBHs
that might accrete at a super-Eddingthon rate, their frequency
might follow the trend for the more general population of star-
forming galaxies or AGNs, which is at the end regulated by the
availability of cold gas.

Further analysis is needed to understand the level of contam-
ination in our sample or why these LRD candidates have been
missed by previous JWST studies. These sources might also not
be as compact as those that are observed with JWST, which are
compact when the spatial resolution of Euclid is considered, but
not with JWST, which is 4-6 times better that the Euclid’s. Fol-
lowing the estimates from Sect. 4.1 we considered 15% of such
contaminants in estimating the luminosity function, but detailed
spectroscopic follow-ups are necessary to properly quantify the
purity of our sample of LRD candidates. If the sample is dom-
inated by contaminants, considering that the number densities
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seems to remain similar from z = 6 to z = 2, we might be follow-
ing different evolutionary stages of the same galaxy population.

As the depth of the EDFs increases and the spectroscopic
coverage improves, the identification of LRDs and the estima-
tion of their properties will improve in the future. This will en-
able us to derive more conclusive results on the possible redshift
evolution of the LRD luminosity function.

5. Conclusions

We have taken advantage of the Euclid Q1 data that cover about
63 deg? to search for LRD candidates. The selection was per-
formed by exploiting Euclid photometric data, ground-based an-
cillary data, and Spitzer/IRAC data. After a conservative selec-
tion that included conservative flagging and a visual inspection
of all candidates, we obtained a final sample of 3341 LRD can-
didates, 29 of which are also detected with IRAC.

Even when we imposed a S/N>3 in at least four filters,
LRD candidates are relatively faint, with means magnitudes of
I, =255,Y; =243, J. = 24.0, and H, = 23.7. These are fainter
than the 5o limits of the Q1 data release. Their photometric red-
shift was estimated to range between z = 0.33 and z = 3.6, where
previous JWST selections identified a rapid decline in the num-
ber of LRD candidates. At z > 4, the depth of the ancillary IRAC
data limits our sample to only the brightest sources, however.

We also derived the rest-frame UV luminosity function, but
found no overlap in the parameter space of Euclid and JWST.
This limited the direct comparison. Euclid is complementary to
JWST observations because it can probe the bright end of the
UV luminosity function because the covered area is so large.
The most puzzling result is that the UV luminosity function of
LRD candidates increases from high z to z = 1.5-2.5, below
which it decreases again. This is in contrast with previous JWST
results, which derived a drastic drop in LRDs at z < 4, with
almost no candidates at z < 2. The z > 4 evolution of our lumi-
nosity function may be affected by incompleteness in our LRD
candidate sample, however. It is important to note that no sig-
nificant evolution is apparent in the subsample of more robust
LRD candidates that are also detected by IRAC, which has poor
statistics (only 29 objects), however, and is limited by the IRAC
resolution. Clearly, more observations are required to clarify this
situation. Another interesting result is that the LRD UV luminos-
ity function remains below the QSO luminosity function, except
at Myy > —21, where they become compatible. This might in-
dicate that if LRDs are indeed AGNSs, they are a sub-dominant
AGN population.

Further analyses are necessary to validate the LRD candi-
dates of this work and optimise the removal of possible contam-
inants. In addition, further critical studies need to probe their
structure and determine their compatibility with JWST sources
because of the different spatial resolution of the two telescopes.
If a sizeable fraction of the LRD candidates we identified are
confirmed by future studies, it will enable us to study the red-
shift evolution over a broad redshift and luminosity range. This
will help us to shed light on these mysterious sources. Future
Euclid data releases are expected to increase the number of LRD
candidates, but also to increase the overlap in parameter space
with previous JWST samples, as the Euclid Wide survey will be
wider than the Q1 at similar depth, while the Euclid Deep sur-
vey will be considerably deeper. In addition, a direct comparison
between JWST and Euclid selections will be possible in future
releases because Euclid will cover some of the area that was al-
ready observed with JWST.
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Data availability: Table D.1 is only available in elec-
tronic form at the CDS via anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-
bin/qcat?J/A+A/.
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Appendix A: IRAC photometry comparison

In this Section we show the comparison between the IRAC pho-
tometry derived in this work (see Sect. 2.2) and the one from the
Cosmic Dawn Survey Catalogue (Euclid Collaboration: Zalesky
et al. 2025). This comparison is possible only in the EDF-N and
EDF-F, as the Cosmic Dawn Catalogues are not available for the
EDF-S. Sources are matched considering a 1”” radius, but we ver-
ify that the difference does not change significantly considering
a smaller matching radius.

As visible in Fig. A.1, the magnitude estimated in our work
are, on average, slightly underestimated by —0.10 magnitudes in
the EDF-F and —0.30 magnitudes in the EDF-N. These differ-
ences are mainly dominated by faint sources as they decrease to
AIRAC1 = 0.07 £0.34 and AIRAC2 = 0.07 +£0.35 in the EDF-F
and AIRACI1 = 0.01 + 0.34 and AIRAC2 = 0.01 + 0.35 in the
EDF-N when we limit the analysis to sources brighter than 21 in
the respective bands.
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Fig. A.1. Difference between the magnitudes derived in this work and
the ones in the Cosmic Dawn Catalogue. The black contours show the
distribution of all sources in common between the two catalogues (from
10% to 90% of the sample), and red squares and yellow circles show
the average values in magnitude bins for the EDF-N and EDF-F, re-
spectively. We report in the top left the mean and standard deviation of
the difference in magnitude in the two fields. We report results for the
IRACI filter on the top and the IRAC?2 filter on the bottom panel.

Appendix B: Redshift recovery

The Euclid pipeline, at the moment, lacks LRD templates. This
can have a direct impact on the redshift estimation for these ob-
jects. We therefore decided to test the redshift recovery for LRDs
by simulating Euclid observations of LRDs and input this mock
photometry to the Euclid pipeline.

In particular, we start by simulating simple LRD spectra, us-
ing two power laws, with red and blue continuum slopes at rest-
frame optical and UV wavelengths. For the Byy and Bop con-
tinuum slopes, we considered the values measured by Kocevski
et al. (2024) for a sample of 341 LRDs at z = 2—11, but with a
median redshift of z = 6.4. We used these mock LRDs as tem-
plates, moving them from z = 1 to z = 7.6, where we have
enough bands to measure the two slopes in all EDFs. We scale
their absolute UV magnitudes (Myy) and compare these with
the Euclid observational depths. We then derive photometric red-
shift, considering the same setup used in the Euclid pipeline.

In the top panel of Fig. B.1 we report the comparison be-
tween the recovered and input redshifts. As can be seen, the
first effect is a bimodal distribution, with some galaxies that are
wrongly placed at z < 2. In addition, the output redshift tends to
be overestimated for galaxies at Zinput < 2, and the upper limit
at z = 6 naturally underestimate the redshift of z > 6 sources.
Overall, we have about 40% of outliers (foy), defined as galax-
ies with [6z] = |Zoutput — Zinputl/(1 + Zinpu) > 0.15. If we remove
these outliers, we obtain a distribution consistent with no redshift
bias, since 6z = 0.02 + 0.07.

In the bottom panel of Fig. B.1 we instead show the compar-
ison between the true redshift and the one recovered by fitting
the mock photometry with a double power law and leaving the
redshift free to vary (see Sect. 3). In this fit, we considered the
pipeline redshift as a starting point and the uncertainties as lim-
its. We verified that leaving the redshift totally free improves the
results. This refinement in the redshift produces a substantial re-
duction in the outlier fraction, more than halving it (fou: = 12%).
At the same time, the biases at the different redshifts are similar
and the z = 6 upper limit is removed. The expected mean red-
shift bias, after removing the outliers, is also slightly improved,
becoming 6z = 0.01 + 0.05.

By comparing the intrinsic redshift distribution and the one
derived after the two power-law fit, we derived an average red-
shift correction to apply to the estimated luminosity function
(Sect. 4.3). These redshift corrections are derived in redshift bins
and are: 0.60 at z = 1.0-1.5;091 atz = 1.5-2.0; 1.32 at z = 2.0-
2.5;1.09 at z = 2.5-4.0; and 1.09 at z = 4.0-6.0
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Table C.1. 16% and 84% percentages of the number of selected objects

8 i when randomising the slope measurements.
6z=0.02+0.07 -
fout = 39.7% EDF-F EDF-N EDF-S
IRAC
6 e v-shape continuum (3700, 3824) (1997, 2071) (12625 12839)
: Compact (228, 253) (100, 120) (670, 716)
=] S No emission lines (163, 190) (49, 62) (378, 414)
2 . X < 100 (151,170) (38,49) (357,391
3 4t No-IRAC, z < 2.1
N v-shape continuum (112290, 112823) (106490, 106997) (226002, 226 804)
Compact (3439, 3533) (3092, 3189) (7010, 7144)
2l No emission lines (2845, 2936) (2375, 2451) (5764, 5890)
X2 <100 (2806, 2900) (2211, 2287) (5674, 5798)
00 3 larger than the number of LRD, however, we prefer to keep the
conservative estimates derived in the main text of this work.
Appendix D: Complete sample
8 52=0.01 +0.05 I In Table D.1 we include the final list of LRD candidates and 1485
fo= AN their properties, derived using the double power law fit described
out — 1 2 .2 A) . . . .
o in Sect. 3 and whose performance is shown with mock data in
6r A7 Appendix B.
4 . : "
2 '
$4)
N .
2 ! "
il
" P l
0 N B s
0 2 4 6 8
zinput

Fig. B.1. Redshift recovery using the Euclid pipeline (top) and with
the double power-law fit improvement (bottom). In the upper right of
each panel we report the fraction of outliers, defined as objects with
[02] = |Zoutput = Zinputl/(1 + Zinpur) > 0.15, the mean and standard deviation
of 6z, measured after removing the outliers.

Appendix C: Impact of slope uncertainties on
sample selection

In this Section we focus on the impact of the uncertainties of
1465 the rest-frame UV and optical slopes on the sample selection. In
particular, we start from the subsamples of sources with S/N > 3
in more than four filters. We then randomise the rest-frame UV
and optical slopes 100 times, using a normal distribution cen-
tred on the best value and with standard deviation equal to the
1470 respective uncertainties. After this randomisation, we select for
each iteration the number of v-shape sources, checking then the
subsample of these objects that is also compact, is not contami-
nated by nebular emission lines and has a x> < 100. We do not
perform the visual check of all sources selected in the different
1475 iterations.

In Table C.1 we report the 16% and 84% of the distribution of
the number of selected objects in the different fields. As visible,
the values are larger than the one reported in Table 3, indicat-
ing that the number of LRD candidates may be underestimated

1480 due to the uncertainties on the rest-frame UV and optical slopes.
Because the number of potential contaminants is expected to be
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Table D.1. Properties of LRD candidates.

ID RA [deg] Dec [deg] Z g, M, uv O Myy ,BUV O Byy ﬁopt g, Bopt
—508115529279019500 50.811552 -27.901950 1.73 0.04 -19.3 0.4 -25 0.8 1.3 0.7
-509746984272137369 50.974698 -27.213736 1.43 0.01 -19.1 0.4 -23 06 04 04
-506780226277952382  50.678022 -27.795238 1.84 0.09 -192 02 -20 0.5 1.0 05
—508524594269841903  50.852459 -26.984190 2.08 0.05 -194 0.2 -1.2 05 02 07
—-508984186271393227 50.898418 -27.139322 2.04 001 -191 04 -13 07 08 09
-509604641270953419 50.960464 -27.095341 1.56 0.07 -185 05 -17 08 08 0.5
—508222098269760365 50.822209 -26.976036 193 0.02 -196 02 -15 04 02 05
-508762123270516640 50.876212 -27.051664 1.56 0.01 -194 03 -26 06 01 0.5
—508397504271496709 50.839750 -27.149670 2.04 0.07 -19.1 0.4 -1.8 09 1.4 1.2
-509723625268249072  50.972362 -26.824907 1.67 0.19 -184 05 -13 06 04 0.6

Notes. Here we report the first 10 objects, and the complete list is available at the CDS.

Appendix E: Observed properties of the LRD
candidates

In Fig. E.1 we report the photometric redshift distribution for
the three fields. The average redshift is similar among the three
fields and is z = 1.7. The average redshift of IRAC-detected LRD
candidates is larger, that is z = 2.4, with no LRD candidates at
724

In Fig. E.2 we report the magnitude distributions in the four
Euclid filters, showing that they are similar for all three fields,
with the EDF-N having a light excess at bright magnitudes with
respect of the other two fields. Indeed, the mean magnitudes in
the EDF-F and EDF-S differ by less than 0.1 mag, and the EDF-
N shows slightly brighter magnitudes than the other two fields,
with a difference below 0.3 magnitudes. The similarities in the
magnitude distributions of the three fields reassures us that the
selection is reasonably uniform across these fields.

LRD candidates have mean magnitudes of I, = 25.5, ¥; =
24.3, J; = 24.0, and H; = 23.7 and hence are relatively faint.
Indeed, only 11% and 8% of them have magnitudes brighter than
the 100 depth in the H; and I; filters, respectively, and these
fractions decrease to 7% and 3% in the J; and Y; filters. The
sources detected in IRAC have a mean magnitudes of IRAC1 =

LRDs

EDF-F
101 L EDF-N
1 EDF-S
/ 71 w/IRAC (All fields)
i
o -
0L
ﬁ 10
=
1071 -
0 4 5 6

Fig. E.1. Photometric redshift distribution of the samples of LRD can-
didates in the three EDFs. The dotted black histogram shows the overall
distribution of sources detected in IRAC.

22.2 and IRAC2 = 21.5, showing that they are relatively bright
in these two filters. In general, the fit is based only on four filters
with S/N > 3 for 20% of the sample, and the remaining sources
have from five to 10 filters with S/N > 3.
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Fig. E.2. Magnitude density distribution of the LRD candidates in the three fields in the four Euclid filters. The vertical solid and dashed black

lines indicate the 100~ and 5o depths, respectively.

Appendix F: Comparison with other Euclid AGN
catalogues

As mentioned in Sect. 4.2, we verified the overlap between our
sample of LRD candidates and other AGN catalogue derived us-
ing Q1 data. We give here more information on the criteria used
in these other paper, their completeness, purity and level of over-
lap with our sample.

Appendix F.1: Optical photometric selections

The first selection presented in Euclid Collaboration: Matamoro
Zatarain et al. (2025), named B24A, is based only on two Eu-
clid colours and was presented in Euclid Collaboration: Bisigello
et al. (2024). Taking into account the limitations of this colour
selection, since it has a low purity (P = 0.166 + 0.015) and a
low completeness (C = 0.347 + 0.004), 254 (8%) of our LRD
candidates could be classified as QSO candidates. The selection
is indeed based on the I; — J;; and I, — Y;, colours, so it could trace
the blue UV rest-frame slope, which is present in LRDs and blue
QSO0Os, but missing the red optical rest-frame slope.

The presence of observations in the # band in the EDF-N al-
lows us to use an additional colour selection from Euclid Collab-
oration: Bisigello et al. (2024), applied again by Euclid Collab-
oration: Matamoro Zatarain et al. (2025). The selection, which
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we refer to as B24B, is based on the u — z and I; — H; colours,
corresponding to a completeness of C = 0.861 +0.004 and a pu-
rity P = 0.992 + 0.017. Of the entire sample of LRD candidates
in the EDF-N, 258 (26%) are selected by the B24B selection.

In addition, Euclid Collaboration: Matamoro Zatarain et al.
(2025) identified two new colour selections fine-tuned based on
the colours occupied by DESI QSO. A first selection is based on
Euclid colours (Iy — Y; and J; — H;) and a compactness crite-
ria, and the second include also ground-based ancillary colours
(g — z and Iy — Hg). We refer to this selections as MZ25a and
MZ25b, respectively. The first selection incudes 1686 QSO can-
didates, corresponding to 50% of our catalogue, and the second
criteria selects 1939 QSO candidates, corresponding to 58% of
our catalogue.

The official Euclid catalogue (Euclid Collaboration: Tucci
et al. 2025) includes also a probability of being a QSO, obtained
by performing a supervised machine learning method called
Probabilistic Random Forest (PRF, Reis et al. 2019),
trained using photometric data only. Using this classification,
Euclid Collaboration: Matamoro Zatarain et al. (2025) identified
QSO as objects having a QSO probability above 85% and not be-
ing classified as stars. Of our sample, 34 (1%) LRD candidates
are also classified as QSO using this method.
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Collaboration: Matamoro Zatarain et al. 2025) based on the Data
Release 3 (DR3, Gaia Collaboration: Vallenari et al. 2023) or in
the machine-learning classification based on Euclid images by
Euclid Collaboration: Margalef-Bentabol et al. (2025).

Appendix F.2: Near-IR photometric selections

Taking advantage of the WISE coverage, Euclid Collaboration:
Matamoro Zatarain et al. (2025) also applied the two photomet-
ric selections by Assef et al. (2018). With the selection corre-
sponding to 75% completeness, called A18C75, 35 (1%) of the
LRD galaxies are identified as potential QSOs. With the selec-
tion corresponding to 90% reliability, called A18R90, only four
LRD candidates are also QSO candidates.

In addition, given that IRAC observations are available for at
least part of the sample, we verify if any of our LRD candidates
satisfy the AGN selection by Donley et al. (2012). Unfortunately,
in the EDF-S this selection can not be applied, as there are ob-
servations only on two IRAC bands. In the other two fields, only
two LRD candidates has a S/N>3 in all four IRAC filters and
these objects are inside the selection criteria by Donley et al.
(2012).

Appendix F.3: Spectroscopic selections

The EDF-N is partially covered by DESI EDR (DESI Collabo-
ration et al. 2024), allowing for the classification of QSOs using
spectroscopic data. This classification is also included in Euclid
Collaboration: Matamoro Zatarain et al. (2025, Sect. 3.3.1) and
two LRD candidates (0.2% of our sample in the EDF-N) are in-
deed classified as QSOs by the DESI spectral type classification
and looking at the DESI spectra, having FWHM > 1200km ™!
in one of the hydrogen lines. Euclid Collaboration: Matamoro
Zatarain et al. (2025) also includes other diagnostic based on
spectroscopic DESI spectra, but no LRD candidates are selected
by them.

Appendix F.4: X-ray AGNs

We now compare our catalogue with the Fuclid X-ray selected
AGN catalogue (Euclid Collaboration: Roster et al. 2025). This
catalogue lists the most likely Euclid counterparts to the 4XMM
DR13, Chandra CSC 2.0, and eROSITA DR1 catalogue. While
the former two cover the three Euclid field in a few, deep
pointed observations, the latter covers EDF-F and EDF-S homo-
geneously but at a shallow depth (see figures 1 and 2 of Euclid
Collaboration: Roster et al. 2025).

Out of the entire sample of LRD candidates, three sources
(0.09%) are present in the Euclid X-ray selected AGN cata-
logue, two in the EDF-S and one in the EDF-F. The two sources
in the EDF-S are matched with sources in the eROSITA DRI1,
with a probability of being the right counterparts of p,,y = 0.16
and 0.97. The source in the EDF-F is matched with a X-ray
source in the Chandra CSC 2.0 catalogue with a probabil-
ity of being the right counterparts of p.,, = 0.98. For these
sources the chance association can be higher than 80% (see
Fig. 7 in Euclid Collaboration: Roster et al. 2025). Out of the
three matches, only one has S/N > 3 at (0.5-2.3)keV, that
is fos-23key = (3.92 + 1.08) x 10™"*ergs™! cm™2, correspond-
ing to a luminosity of 2.61 x 10* ergs™" at of zypoy = 1.1. A
second source has instead a S/N = 2 at (0.5-2.3)keV, that is
Jos—23kev = (1.24 £ 0.62) x 10~ erg s'em™2, and the third

Little red dots with z < 4 from Euclid

one is below S/N < 1, with a 30 upper limit of fys-23kev =
5.06 x 107" ergs™! cm™2,

Euclid Collaboration: Roster et al. (2025) also identify po-
tential X-ray emitters, using a combination of Bayesian statis-
tics and machine learning. This classification allows us to iden-
tify potential X-ray emitters outside the area covered by X-ray
observations, which may be useful, for example, for follow up
studies. There are 73 LRD candidates that are classified as po-
tential X-ray emitters.

Overall, the small fraction of X-ray LRD candidates of this
work is in line with previous works, showing that the majority
of LRD are X-ray weak (e.g. Yue et al. 2024), but it is neces-
sary to consider that the X-ray surveys considered here are shal-
lower than the one used to matched previous LRDs selected with
JWST. Further analysis of the X-ray emission of these sources in
the future could shed light on the AGN contribution in LRDs.

A reassuring result is that all X-ray LRDs have a probabil-
ity of less than 1% of being Galactic sources. This probability
was derived by Euclid Collaboration: Roster et al. (2025) using
a random forest algorithm trained on the methodology described
in Salvato et al. (2022).
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