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ABSTRACT

We present and investigate the properties of a sample of radio-selected, Euclid-dark galaxies, identified from LOFAR HBA observations
at 144 MHz within the Euclid Deep Field-North (EDF-N), covering approximately 10 deg?. Starting from 1051 radio sources lacking
optical counterparts down to a 5o~ depth of 23.9 in the y band in previous surveys (but detected with Spitzer/IRAC), we identified 166
galaxies with no emission at a depth of more than 30 from Euclid Quick Release 1 (Q1) images, reaching a 5o~ depth of 23.9 in the
H; band, and no matches in the Euclid Q1 catalogue. To minimise contamination from nearby sources, we selected a sub-sample of 88
isolated galaxies. By exploiting multi-band images and catalogues available for the EDF-N, we inferred the physical properties of our
sample via SED fitting. The resulting redshift distribution spans 0.4 < zp, < 5.0. We made use of recent sub-arcsecond imaging from
the International LOFAR Telescope over an area of 2.5 deg X 2.5 deg to constrain the nature of the compact radio emission in our targets
through brightness-temperature estimates. By combining this information with the radio excess relative to the infrared/radio-correlation
(IRRC), we searched for possible active galactic nucleus (AGN) activity in our sample. Approximately 30% of our sources show a radio
excess relative to star formation. This fraction increases to 40% when including AGNs identified via their brightness temperature. The
Euclid-dark sources detected in the far-infrared (FIR) are consistent with a population of heavily obscured ((AIVSM) = 5.0) massive
({logo(M, /M5)) = 11.6) star forming galaxies (SFGs) with high star formation rates ((log;o(SFR/M, yr~")) = 3.3). Their location
above the star-forming main sequence is consistent with the high-mass and high-SFR end of similar near-infrared (NIR)-dark galaxy
populations selected at higher radio frequencies reported in the literature. We performed a UV-to-radio median stacking analysis,
dividing the sources with LOFAR ILT imaging according to the presence of radio excess. Both sub-samples are detected in the Hg
band at 30~ and 90 for the radio-excess and non—-radio-excess sources, respectively. The two stacked populations exhibit similar global
physical properties and differ primarily in their radio emission, with values consistent with those observed for individual sources, albeit
with less extreme SFRs. These preliminary results indicate that, compared to similar selections carried out over smaller fields, the wide
area covered by Euclid enables the identification of a higher fraction of systems in which intense star formation and AGN activity
coexist, likely capturing a key phase of galaxy—black hole co-evolution.
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1. Introduction

Continuum radio emission is an effective tracer of star forma-
tion activity inside galaxies, originating from a combination of
the synchrotron emission from electrons accelerated in super-
nova remnants and free—free continuum radiation from ionised
H1I regions (e.g. Condon et al. 2002; Kennicutt & Evans
2012). Unlike other star formation tracers, such as the ultravi-
olet (UV) and H @ luminosity, the radio emission is unaffected
by dust extinction and can be efficiently exploited to study the
dust-obscured star formation (e.g. Chapman et al. 2004). More-
over, in contrast to far-infrared (FIR) observations, which often
suffer from source-blending issues, radio surveys can achieve
sub-arcsecond angular resolution, considerably improving the
reliability of counterpart identification.

Radio selection has proven to be extremely effective in iden-
tifying populations of dusty star forming galaxies (SFGs), often
missed by optical and near-infrared (NIR) surveys (Chapman
et al. 2001; Smail et al. 2002; Talia et al. 2021; Enia et al.
2022; Behiri et al. 2023; van der Vlugt et al. 2023; and Gentile
et al. 2024, 2025, defined as G24 and G25 hereafter). Because of
their faintness at shorter wavelengths, these extreme objects, and

more generally all sources with very weak optical/near-infrared
(NIR) emission, are commonly named ‘optically dark’ galaxies
(Simpson et al. 2014; Wang et al. 2019; Gruppioni et al. 2020;
Sun et al. 2021; Fudamoto et al. 2021; Smail et al. 2021; Shu et al.
2022), but are also referred to as Hubble Space Telescope (HST)-
dark, radio-selected (Rs)-NIR dark, H-dropout, NIR-dark/faint,
or optical/NIR (OIR)-dark, depending on their selection crite-
ria (Wang et al. 2016; Franco et al. 2018; Williams et al. 2019a;
Gruppioni et al. 2020; Riechers et al. 2020; Manning et al. 2022).
Such studies have associated these populations with massive
(M, > 10'° M), dust-rich (Ay > 3), and high-redshift (z > 2-3)
galaxies, highlighting their potential impact on the cosmic star
formation rate density (SFRD). In particular, their contribution
has been estimated to account for up to 40% of the high-redshift
SFRD density traced by Lyman-break galaxies (e.g. Talia et al.
2021; Barrufet et al. 2023; Xiao et al. 2023; Xiao et al. 2024;
G25).

One major caveat to consider when using the radio band as a
tracer of star formation is the potential contamination from active
galactic nuclei (AGNs). Indeed, in the framework of galaxy
and supermassive black hole (SMBH) co-evolution (Hopkins
et al. 2008; Hickox & Alexander 2018; Lapi et al. 2018), star
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formation, and SMBH accretion are likely co-occurring during
an obscured phase. Radio emission provides a complementary
probe of AGN activity along with X-ray emission. The radio
band can identify dust-obscured sources where X-ray selection
becomes increasingly incomplete, particularly in the Compton-
thick regime. In addition, radio and X-ray observations only
probe partially overlapping AGN populations, making radio data
essential for a more complete census of AGN activity (Mazzolari
et al. 2024). In particular, deep radio surveys (S 4guz < 0.1 mJy;
e.g. Mancuso et al. 2017) are also sensitive to radio-quiet (RQ)
AGNSs, which exhibit evidence of nuclear activity in the X-ray,
mid-infrared (MIR), or optical bands but show weak radio emis-
sion (i.e. no large-scale jets). The nature of radio emission within
RQ AGN remains a subject of debate, since it likely arises from
the interplay of multiple physical mechanisms, including com-
pact jets on (sub-)kiloparsec scales, star-forming regions in the
circumnuclear environment, and other AGN-driven processes
such as coronal winds or radiatively driven shocks. This com-
plexity highlights the diverse nature of RQ AGNs and suggests
that their radio emission cannot be attributed to a single dom-
inant mechanism (see Panessa et al. 2019 for a review; Bonato
et al. 2017; Mancuso et al. 2017; Ceraj et al. 2018; Prandoni et al.
2018).

Most of the studies conducted so far on radio-selected opti-
cal-NIR dark sources have been based on deep, high-frequency
surveys covering relatively small areas such as the Cosmic
Evolution Survey (COSMOS; Scoville et al. 2007) and the Great
Observatories Origins Deep Survey field in the northern hemi-
sphere (GOODS-N, Dickinson et al. 2003; Giavalisco et al.
2004). Those include the Karl G. Jansky Very Large Array
(VLA)-COSMOS 3 GHz Large Project (Smolci¢ et al. 2017,
Talia et al. 2021; Behiri et al. 2023; Gentile et al. 2024, 2025),
the ultra-deep 3 GHz VLA observations from the COSMOS-
XS survey (van der Vlugt et al. 2021, 2022, 2023), and the
1.4 GHz VLA observations in the GOODS-N field (Owen 2018;
Enia et al. 2022). Building on these previous efforts, our work
aims to extend the study of radio-selected NIR dark sources to
larger areas by exploiting the unique features of the Euclid Deep
Field-North (EDF-N).

Covering approximately 22 deg?, the EDF-N offers a signif-
icant increase in survey area, thus enabling the possibility to
detect rare objects such as optical-NIR dark galaxies whose num-
ber density at z > 3 is estimated to be approximately 2 x 107>
Mpc=3 (see e.g. Schreiber et al. 2018; Valentino et al. 2020;
Gentile et al. 2024). Wide-area surveys are therefore crucial to
efficiently identifying and statistically characterising these rare
and extreme sources. In this work, we focused on the 10 deg2
region covered by Low-Frequency Array (LOFAR) High Band
Antenna (HBA) observations at 144 MHz, along with the avail-
able multi-wavelength information, including the Euclid Quick
Release Q1 (2025) in the optical/NIR regime. This enables the
exploration of the radio properties of these sources at much
lower frequencies than typically used in past studies. The low-
frequency regime is dominated by synchrotron emission, while
the thermal free—free emission becomes negligible. Synchrotron
self-absorption might, however, play an important role in sup-
pressing the non-thermal emission (e.g. Mancuso et al. 2017;
Schober et al. 2017).

The paper is organised as follows. In Sect. 2, we provide
an overview of the multi-band data products used in this study.
Sect. 3 describes the selection criteria, while Sect. 4 details the
analysis methods. The main results are presented in Sect. 5, and
finally, in Sect. 7, we discuss the implications of our findings and
summarise our conclusions. Throughout the paper, we assume
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a Chabrier (2003) initial mass function (IMF) and consider a
ACDM cosmology with Hy = 70kms~' Mpc™!, Q5 = 0.7, and
Qn = 0.3. All magnitudes are reported in the AB system (Oke &
Gunn 1983).

2. Data description
2.1. LOFAR multi-band catalogue

This paper is based on the radio source catalogue presented in
Bisigello et al. (2025, B25 hereafter), which was produced based
on an updated version of the LOFAR HBA radio source cata-
logue presented by Bondi et al. (2024), derived from 72 hours
of observations in the EDF-N at the frequency v = 144 MHz.
Images reach a spatial resolution of 6” and a lo sensitivity
of 32uJybeam™' over 10deg?. The catalogue includes radio
sources with S/N > 5. The spurious fraction corresponds to
around 3% for sources with 5.0 < S/N < 5.5, around ~1.5% for
sources with 5.5 < S/N < 6.0, and less than 0.5% for S/N >
10. B25 identified optical and/or MIR counterparts' by exploit-
ing the optical catalogues from the Hawaii eROSITA Ecliptic
Pole (HEROES, Taylor et al. 2023) survey, which reached So
depths of g = 26.5, r = 26.2, i = 25.7, z = 25.1, y = 23.9,
NB816 = 24.4, and NB921 = 24.4, and from MIR Spitzer maps
from the Cosmic Dawn Survey (Euclid Collaboration: Moneti
et al. 2022; Euclid Collaboration: McPartland et al. 2025). B25
produced a new Spitzer/Infrared Array Camera (IRAC) source
catalogue by performing a new source extraction aimed at max-
imising de-blending. Moreover, compared to the catalogue by
Euclid Collaboration: Moneti et al. (2022), which only included
the two shorter wavelength IRAC bands, the B25 catalogue com-
bines the available observations in all four IRAC channels (3.6,
4.5, 5.8, and 8.0 um), offering a more complete view of red-
der and potentially more obscured sources. Here we provide a
summary of the extraction procedure, and we refer the reader
to B25 for the detailed description. In brief, B25 exploited the
PHOTUTILS Python package (Bradley et al. 2023) to create a seg-
mentation map from the co-added 3.6 um and 4.5 um images,
taking into account the respective error maps. They selected as
sources all regions containing at least three connected pixels
above three times the local RMS noise. A de-blending proce-
dure was then applied, where peaks were identified as separate
sources if they contained at least two pixels each above the
flux threshold and exceeded a minimum contrast; the latter was
defined as the fraction of the total source flux in the local peak.
The contrast parameter ranges from zero (all local peaks treated
as separate sources) to one (no de-blending); a very low contrast
of 107® was chosen to maximise the de-blending capability?.
This setup was fine-tuned by visually inspecting a subsample of
potentially blended sources, confirming that individual extended
sources were not erroneously split into multiple components.
Finally, the segmentation map was used as a reference to each
band separately to extract fluxes via aperture photometry. This
approach allowed for the inclusion of objects detected only in
the IRAC bands, which is particularly relevant for identifying
redder, potentially more obscured counterparts to radio sources,
as shown by previous studies (e.g., Williams et al. 2019b).
Additionally, B25 included the u band observations that are
also part of the Cosmic Dawn Survey (Euclid Collaboration:

' In B25, the regime covered by Spirzer bands is defined as the NIR. In
this paper, we refer to this wavelength range as MIR instead.

2 We verified that the number of de-blended sources remained
unchanged for contrast values between 107 and 1078, and a visual
inspection confirmed that no over-segmentation was introduced.
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McPartland et al. 2025). Counterpart identification was car-
ried out using a likelihood-ratio method (de Ruiter et al. 1977,
Sutherland & Saunders 1992), complemented by visual inspec-
tion. This combined approach enabled the reliable identification
of both isolated and compact radio sources, as well as those with
complex or extended morphologies, including those in crowded
fields. B25 also exploited LOFAR intermediate-resolution data
(1"75) obtained with the International LOFAR Telescope (ILT),
including the international LOFAR stations. These observations
cover an inner region of the EDF-N of 2.5deg x 2.5deg and
combine 32 of the available 72 hours, reaching a central RMS
noise of 36puJybeam™'; they were used to improve the accu-
racy of previous radio positions. As a result of their analysis,
99.2% of the radio sources were associated with a reliable
optical and/or MIR counterpart, corresponding to 19401 out
of 19550 objects. Moreover, the B25 catalogue also includes
FIR data obtained by cross-matching the LOFAR sources with
photometry from the Herschel Space Observatory, which were
retrieved from the IPAC infrared science archive. Specifically,
LOFAR sources were searched for counterparts in the Photode-
tector Array Camera and Spectrometer (PACS) Point Source
Catalogue (Marton et al. 2017) at 70, 100, and 160 pm, and in
the Spectral and Photometric Imaging Receiver (SPIRE) Point
Source Catalogue (Schulz et al. 2018) at 250, 350, and 500 pm.
A matching radius of 6” was adopted for PACS, and 12" for
SPIRE. As aresult of this cross-match, approximately 20% of the
LOFAR sources have FIR detections in at least one of the Her-
schel/SPIRE bands. In Sect. 4.1 we describe the analysis of FIR
data and the cross-matching performed specifically for our sam-
ple. In the following sections, we describe the additional datasets
used in this paper, whose properties are summarised in Table 1.

2.2. Euclid optical and NIR data

The Euclid mission (see Euclid Collaboration: Mellier et al.
2025 for an overview) will provide high-resolution optical imag-
ing, as well as NIR imaging and spectroscopy, over about
14000 deg® of extragalactic sky. The first set of data was
released on March 19, 2025 (Quick Release 1 or Ql). A
detailed description of the Q1 data release is provided by Euclid
Collaboration: Aussel et al. (2026). Data products and process-
ing from the Visible Camera (VIS) and Near-Infrared Spectrom-
eter and Photometer (NISP) are reported in Euclid Collaboration:
McCracken et al. (2026) and Euclid Collaboration: Polenta et al.
(2026), respectively. The VIS instrument observes in the visi-
ble (I;, Euclid Collaboration: Cropper et al. 2025), while NISP
includes three NIR filters (Y, J:, and H; band, see Euclid
Collaboration: Jahnke et al. 2025). The photometric catalogue
is presented in Euclid Collaboration: Romelli et al. (2026). The
EDF-N is covered by Q1 observations over 22.9 deg” in all four
photometric bands. Ground-based data products have also been
included along with Euclid bands. In this work, we exploited
images from the Ultraviolet Near-Infrared Optical Northern Sur-
vey (UNIONS, Gwyn et al. 2025), in particular observations
from the Subaru Telescope Hyper Suprime Cam (HSC) and
the Canada-France-Hawaii Telescope (CFHT), ranging between
0.3 um and 0.9 um. The complete list of filters available in
each field, with their effective wavelengths, their corresponding
observational depths, full widths at half maximum (FWHMs),
and area coverage is reported in Table 1.

2.3. Mid-IR data

Along with the Spitzer/IRAC photometry described in
Section 2.1, we exploited Spitzer/MIPS mosaics available

Table 1. Filters used in this work, with their associated effective wave-
lengths, observed depths, FWHMs, and area of the EDF-N covered.

Band et Depth FWHM Area
(um) (arcsec)  (deg?)
CFHT/MegaCam u  0.372 24.2 mag 0.89 13.7
HSCyg 0.480 25.7 mag 0.90 5.4
CFHT/MegaCam r  0.640 24.8 mag 0.71 13.7
Euclid VIS/I; 0.715 25.45 mag 0.16 229
HSCz 0.891 24.1 mag 0.71 5.4
Euclid NISP/Y; 1080.9 24.6 mag 0.3 22.9
Euclid NISP/J, 1367.3 24.1 mag 0.3 229
Euclid NISP/H, 17714 23.9 mag 0.3 229
Spitzer/IRAC1 3.550 24.8 mag 1.66-1.95¢ 11.74
Spitzer/IRAC2 4.493 24.8 mag 1.72-2.02¢  11.54
Spitzer/IRAC3 5.696 20.8 mag 1.88 0.61
Spitzer/IRAC4 7.799 21.9 mag 1.98 0.62
WISE W3 12.082 19.1 mag 8.5 All sky
WISE W4 22.194 17.2 mag 17 All sky
Spitzer/MIPS24 237 16.95 mag 6 0.4
AKARI/FIS65 65 321Jy 37 All sky
AKARI/FIS90 90 0.55Jy 39 All sky
AKARI/FIS140 140 3.8Jy 58 All sky
AKARI/FIS160 160 751y 61 All sky
Herschel/SPIRE250 250 4.5%x 1072 Jy 18.2 16.05
Herschel/SPIRE350 350 3.8x 1072y 249 16.05
Herschel/SPIRES00 500 5.4x 1072 Jy 36.3 16.05
JCMT/SCUBA-2 850  (5-11.5)x 1073 Jy 14.6 2.0

Notes. Reported magnitudes are the S0 observed depths. Optical and
Euclid magnitudes were computed adopting a 2 X FWHM diameter
aperture and correspond to the median depths of the observing tiles
(Euclid Collaboration: Romelli et al. 2026). IRAC1 and IRAC2 depths
refer to average values in the fields derived considering 2” empty
apertures (see Euclid Collaboration: Moneti et al. 2022 and Euclid
Collaboration: McPartland et al. 2025). IRAC3 and IRAC4 depths were
derived from B25 by averaging depths derived from the catalogue after
correcting from aperture to total magnitudes. AKARI depths refer to the
5o noise level per scan in the normal mode (see Kawada et al. 2007). ¢
Numbers refer to the cryogenic and warm missions, respectively.

in the North Ecliptic Pole (NEP), which covers a limited area of
0.4 deg? (Jarrett et al. 2011) and is part of the Spitzer Enhanced
Imaging Products (SEIP). The Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) provides additional MIR
coverage over the full sky. In this work, we also exploited data
from the AIIWISE and unWISE programmes. AIIWISE com-
bines data from the WISE cryogenic and NEOWISE (Mainzer
et al. 2011) post-cryogenic missions and includes both a source
catalogue and an image atlas in four photometric bands-W1,
w2, W3, and W4-centred at 3.4, 4.6, 12, and 22 um. The
unWISE products (Lang 2014) collect co-added WISE images
that have not been blurred and retain the intrinsic resolution of
the data. Since the first two bands overlap with and are shallower
than IRAC1 and IRAC2, we focused on WISE W3 and W4
(12 um and 22 pm) to complement the IRAC photometry.

2.4. Far-IR data

We made use of multiple FIR and sub-millimetre (mm)
data products in the North Ecliptic Pole (NEP) field. First,
we included the AKARI/Far Infrared Surveyor (FIS) All-Sky
Survey Bright Source Catalogue (Yamamura et al. 2009) derived
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from the AKARI Far-infrared All-Sky Survey (Doi et al. 2015),
which provides observations at 65, 90, 140, and 160 um over the
NEP. In addition to the PACS and SPIRE point-source catalogues
used in B25, we utilised the products available from the Her-
schel Extragalactic Legacy Project (HELP; Shirley et al. 2019,
2021), including SPIRE maps and blind catalogues from the
Herschel-AKARI NEP Deep Survey covering 9.2 deg? (Pearson
et al. 2017a). Finally, we made use of data from the James Clerk
Maxwell Telescope (JCMT) SCUBA-2, and particularly from the
North Ecliptic Pole SCUBA-2 (NEPSC2) 850 um survey (Shim
et al. 2020), covering over 2 deg2 of the NEP.

2.5. LOFAR ILT 0! 3 data

We then exploited recent ILT LOFAR imaging at sub-arcsecond
resolution (0”3) to investigate the nature of the radio emission
of our sources. The map covers the inner 2.5 deg x 2.5 deg of
the EDF-N, reaching a central sensitivity of 32 uJy beam™'. The
wide-field image and the radio catalogue associated with these
data will be presented in a future paper (Bondi et al., in prep.). At
144 MHz, the sub-arcsecond resolution achieved by LOFAR ILT
is sensitive to compact radio emission associated with AGNs (see
e.g. Morabito et al. 2022, 2025a) and, as discussed throughout
this work, provides a key diagnostic to identify AGN activity in
our sources.

3. Sample selection

Our selection started from a subsample of the B25 catalogue,
denominated ‘IRAC-only’ sources. This sample comprises 1363
objects, corresponding to approximately 7% of the total num-
ber of LOFAR sources, and results from the B25 cross-matching
procedure. It is composed of sources that lack a reliable coun-
terpart in the optical bands of the HEROES catalogue and have
a counterpart in the IRAC bands instead. Among these sources,
although undetected in the optical bands of the HEROES cat-
alogue (g,r,i,2z,y), B25 identified 218 with a counterpart in
the u band of the Cosmic Dawn Catalogue. They suggested
that this could indicate that some IRAC-only sources lie near
the sensitivity limit of the optical data, where more advanced
extraction techniques might recover faint optical fluxes. Further-
more, B25 found 94 spurious associations via visual inspection,
largely caused by IRAC blending or by the over-segmentation of
extended nearby galaxies. This latter issue arises from the opti-
cal catalogue’s source extraction setup, which favours compact
sources and may erroneously split a single large galaxy into mul-
tiple components, leading to incorrect cross-matches. Thus, we
removed the above-mentioned objects from our starting sample
of IRAC-only sources, obtaining a total of 1051 IRAC-only radio
sources.

3.1. Cross-matching and visual inspection of Euclid Q1
products

In addition to the visual inspection conducted in B25, we anal-
ysed the remaining 1051 IRAC-only radio sources (cleaned
IRAC-only sample) exploiting Euclid Q1 data products. We
proceeded as follows:
— We overlapped Euclid, LOFAR, and IRAC positions and the
respective 3 and 50 contours to Euclid VIS and NISP maps.
We then excluded all the sources whose LOFAR 1”75 and/or
IRAC2 emission at 50 contained a 50 NIR source corre-
sponding to the radio and MIR centroid, if present, in at least
one of the Euclid bands. In other words, following a similar
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approach to that applied by Talia et al. (2021) and Behiri
et al. (2023), our sample only includes sources without a
clear 50 Euclid detection corresponding to the radio/IRAC
source. As a result of this initial step, a total of 304 candidate
dark sources were identified;

— Second, we cross-matched both IRAC and radio positions
of this sample with sources in the Euclid catalogue. We
selected a matching radius of 0’9, corresponding to around
3% the average positional error of LOFAR positions, which is
the instrument with the lowest angular resolution. We chose
to match both LOFAR and IRAC positions to Euclid inde-
pendently, given that in some cases the separation between
LOFAR low-resolution and IRAC coordinates can be large
(e.g. above 1" for 50/304 sources in our sample), and mul-
tiple NIR counterparts might be found within the IRAC
or LOFAR beams. As a result of this cross-match, we
obtained 164 objects without and 140 with a counterpart
in the Euclid catalogue. Among the sources with a Euclid
counterpart, nine are flagged as spurious in the catalogue
(SPURIOUS_FLAG=1). We did not include these objects in
our sample, since their association with radio and/or MIR
emission suggests that they may correspond to real sources
rather than artefacts;

— We then performed a second visual inspection. In this step,
we carefully checked the remaining 131 sources with a
Euclid counterpart to verify that the NIR coordinate was
correctly associated with the same radio/MIR position. At
the same time, for the sources without a Euclid counter-
part, we inspected the images to ensure that there was
no significant emission (above 30) in the vicinity of the
IRAC/radio centroid. We found only two cases in which
the radio and/or MIR positions are associated with different
NIR counterparts, corresponding to objects whose NIR posi-
tion was wrongly cross-matched with the IRAC2 or LOFAR
(low resolution) one because of blending. These sources can
therefore be considered Euclid ‘dark’ (E-dark hereafter) and
were added to the sample of objects without a counterpart in
the Euclid catalogue.

To summarise, with the above selection, we found a sample of
166 E-dark LOFAR-selected targets. We found no evidence of
strong gravitational lensing among our sources.

3.2. Selection of the ‘isolated’ sample

Starting from the parent sample of 166 E-dark radio-selected
(RS) targets described in the previous section, we define a sub-
sample, hereafter referred to as the ‘isolated’ sample. This subset
is specifically tailored to our preliminary analysis as it min-
imises the contamination from nearby objects, at least up to
IRAC?2, allowing for a cleaner interpretation of their proper-
ties. The isolated sample consists of all the E-dark targets whose
MIR/radio emission contours at 30~ from IRAC?2, or the LOFAR
intermediate-resolution map when available, do not overlap with
the 30- NIR/MIR emission of nearby IRAC2 or Euclid sources.
This criterion removed about 30% of the sources inside the
sample of 166 objects. Moreover, we excluded sources with an
evident MIR or radio blending (corresponding to approximately
11% of the E-dark sample), located near an extended bright local
source or a spike originating from a nearby star (around 5% of
the E-dark sample). From visual inspection, we collected a sam-
ple of 88 isolated E-dark sources. In Fig. 1, we show examples
of four such E-dark sources according to our classification cri-
teria, including a representative isolated source that meets the
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Fig. 1. Examples of four E-dark sources illustrating the classification used in this work: isolated sources (satisfying the criteria described in
Sect. 3.2), non-isolated sources, blended sources, and sources affected by a nearby bright object. Cutouts display the VIS I (top panels) and NISP
H; (bottom panels) images centred at the MIR position of the sources in our sample. The blue, green, and red contours represent the 30, 50,
7o, and 90 emission from Euclid, IRAC2, and LOFAR, respectively, where for LOFAR the intermediate-resolution emission is shown with solid
contours and the low-resolution emission with dashed contours. The centroid of the emission on each instrument is shown, in the corresponding
colour, with stars, crosses, and triangles for Euclid, IRAC2, and LOFAR. The ID of the object matches the one listed in the B25 catalogue. Postage

stamps are 15" x 15”.

Table 2. Summary of sample-selection steps described in Sect. 3.

Selection step Number of sources

IRAC-only cleaned (B25) 1051
Visual inspection 304
Euclid catalogue cross-match 164
Visual inspection, Euclid mismatch 2
Total E-Dark 166
Isolated E-Dark 88

conditions described above. In Table 2 we summarise the main
steps described in this section.

The sources in the isolated sample span a flux-density range
of 0.15mlJy < Si4amu, < 50 mJy. However, the vast majority of
them (about 93%) have S j44mu, < 2 mly. This flux regime falls
into the region of the radio differential number counts where
SFGs and RQ AGN begin to dominate over the radio-loud AGN
population (e.g., Mancuso et al. 2017).

4. Analysis
4.1. Photometric counterparts of isolated E-dark sources

Besides the photometry available from the B25 catalogue, we
made use of data described in Sect. 2 to enrich the available pho-
tometric information of the sample of isolated E-dark sources.
For optical/NIR bands (i.e. u, g, r, z, Iy, Ys, Jg, and Hg) no
source is detected by definition, and we derived a 30~ upper
limit by measuring the flux inside approximately 100 random
apertures in a 30” x 30" cutout, avoiding bright sources, and
then computing their standard deviation. In the MIR, besides the
IRACI and IRAC?2 detections, five (three) objects have counter-
parts in IRAC3 (IRAC4), while 16 sources are covered by MIPS

observations, showing no counterpart. For the latter sources, we
computed 30 upper limits as described above.

We manually extracted WISE fluxes at IRAC positions by
adopting PHOTUTILS and by following the procedure reported
in the Explanatory Supplement to the AIWISE Data Release
Products®. We performed aperture photometry using the fixed
circular apertures and relative correction factors reported in Sec-
tion 4.2 of the Explanatory Supplement to the WISE All-Sky
Data Release Products®. For background estimation, we used a
standard annulus with inner and outer radii of 50” and 70",
respectively, similarly to the values adopted in the AIIWISE
source catalogue, and masking pixels above the 30 noise level.
We found, respectively, two and three detections for WISE3 and
WISE 4. Upper limits for the remaining targets were computed
in a 400” x 400” cutout. For AKARI, there are no individual
detections from the AKARI/FIS All-Sky Survey Bright Source
Catalogue; therefore, we computed the upper limits from the 30
rms of the individual 900" x 900" cutouts centred at the source’s
position.

For SPIRE, we followed the approach described in Wang
et al. (2021). We first cross-matched our isolated E-dark sources
and the HELP blind catalogues (Shirley et al. 2021). Initially, we
adopted a search radius of 6”. For sources with a match within
this radius, we then repeated the cross-matching using a radius of
18", corresponding to the FWHM of the SPIRE 250 pm beam.
If the matches were unique, the fluxes from the blind photom-
etry catalogues were adopted for further analysis. For sources
with multiple possible counterparts within the SPIRE beam, we
assigned the SPIRE fluxes using the probabilistic de-blending
tool XID+ (Hurley 2017; Pearson et al. 2017b, 2018), applied to
regions around the LOFAR sources on the SPIRE maps. We refer

3 https://wise2.ipac.caltech.edu/docs/release/allwise/
expsup/index.html

4 https://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/index.html
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Fig. 2. Ratio between 144 MHz LOFAR fluxes at high (073) and low
(6") resolution versus the 144 MHz LOFAR flux at 6”. The horizon-
tal dashed red line is shown as a reference for the aperture flux ratio
consistent with unity (represented with blue squares) within the flux
uncertainties, corresponding to approximately 15% of the LOFAR flux
at 6”. Sources detected in the LOFAR ILT image are highlighted in
blue and purple, corresponding to flux ratios consistent and not consis-
tent with unity, respectively. Yellow arrows mark the 30~ upper limits for
the 22 sources without a detection in the LOFAR ILT map.

the reader to Wang et al. (2021) for further details of this proce-
dure. Combining this photometry with the SPIRE point-source
catalogue, we obtained 17, 20, and 16 detections at 250, 350, and
500 pm, respectively. We also note that no PACS counterparts
are available for our sample from the cross-matching performed
in B25. Finally, we cross-matched the 88 isolated E-dark objects
with the NEPSC2 catalogue, adopting a search radius of 15",
which corresponds to the effective beam FWHM of SCUBA-2
at 850 um, finding two counterparts.

4.2. Compact radio emission in the ILT-LOFAR subsample

We searched for counterparts in the LOFAR ILT map at a 0”3
resolution. Among the 88 sources, 50 are covered by the cen-
tral 1.25 deg x 1.25 deg region, reaching the highest sensitivity.
We searched for counterparts within 1" of the IRAC position,
finding 28 sources with S/N > 4. The remaining 22 objects
were not detected at (/3. Moreover, we also searched for addi-
tional counterparts in the least sensitive regions of the 0”3 radio
map, where the rms noise reaches 64uJy beam~!. We found three
sources in this area, all with S/N > 5. Source sizes were obtained
by fitting a single Gaussian component to the brightness distri-
bution at (3 resolution of the detected E-dark galaxies. Most
of the detections are consistent with a point-like morphology,
with a few exceptions (i.e. ID 17587, 12515, 9319351, 27761),
which show a multi-component morphology in the high- and
intermediate-resolution LOFAR maps.

A first indication of the nature of the radio emission can be
obtained by comparing the high- and low-resolution LOFAR flux
densities. In Fig. 2, we show the ratio, r, between the (0’3 and 6”
radio fluxes as a function of the 6” flux density. Out of the 53
sources covered by the LOFAR ILT high-resolution image, 16
display flux ratios consistent with unity within the uncertainty on
the radio flux at 6” (corresponding to ratios greater than 0.87).
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This suggests a dominant radio component and, therefore, that
a significant fraction of the radio emission is concentrated on
sub-arcsecond scales. For 15 objects, the ratio is lower than 0.87,
indicating that part of the extended emission is lost at higher
angular scales. In these cases, the radio emission could originate
from both AGN and star formation processes. For the remaining
22 sources without a detection at 0’3, we show 30" upper limits,
suggesting that their radio emission is likely dominated by star
formation rather than by an AGN. While this information alone is
not sufficient to firmly establish or exclude the presence of AGN
activity, it motivates a more quantitative analysis of the compact
radio emission and provides useful constraints for the radio com-
ponent of the spectral-energy-distribution (SED) fitting for these
sources, as discussed in the following section.

As introduced in the previous section, LOFAR ILT 0”3
data can be exploited to search for compact emission associated
with AGN activity by measuring the radio-brightness tempera-
ture 7},. Radio emission in SFGs is expected to have an upper
limit in surface brightness (Condon et al. 2002), meaning that
values surpassing this threshold can only be produced by AGN-
related processes. The brightness temperature scales as Ty o
V2072, where v is the observing frequency and 6 is the angular
resolution. At low frequencies, such as 144 MHz, sub-arcsecond-
resolution observations (0”3, corresponding to approximately
2 kpc at a reference redshift of z = 3) have proven to be suffi-
cient to provide reliable 7, measurements (Morabito et al. 2022).
Moreover, this approach can be exploited to probe AGN activity
even in sources that do not show a clear radio excess relative
to the SFR (Morabito et al. 2025b). Since the estimation of Ty
requires knowledge of the source redshift, we combined the radio
measurements with SED fitting to derive the physical properties
of the sample.

4.3. SED fitting

We modelled the SED of our sample using the Code Investigat-
ing GAlaxy Emission (CIGALE; Boquien et al. 2019). CIGALE
is a Python SED-fitting code able to reproduce broadband UV-
to-radio photometric data according to the energy balance (i.e.
the energy absorbed from the stellar UV-to-NIR emission is the
same as the one re-emitted by the dust in the MIR and FIR
regimes). CIGALE estimates the physical properties by compar-
ing modelled galaxy SEDs, generated from a user-defined grid of
input parameters, to observed ones. For each parameter, a prob-
ability distribution function (PDF) was constructed based on a
x° comparison of the observed SED with all models in the n-
dimensional grid. The output values include the ‘best’ model,
corresponding to the minimum y? point, and the Bayesian-like
estimates, obtained as the likelihood-weighted mean of the PDF.
The associated uncertainties were computed as the likelihood-
weighted standard deviation. The stellar emission was computed
following the Bruzual & Charlot (2003) population synthesis
models, associated with a Chabrier (2003) IMF and metallicity
value of Z = 0.02. We tested additional values for the metallicity
(i.e. Z = 0.008 and Z = 0.05), finding no significant differences
in the derived physical properties. We also included the nebu-
lar emission model based on Inoue (2011) templates, using the
standard values provided by CIGALE. We assumed a delayed star
formation history (SFH) with a main star formation episode and
an optional burst/quench, quantified by the parameter fq (i.€. the
age of the burst/quench episode). The SFR evolves as

SFR(?) o< T_tz exp (—;), (D
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Table 3. CIGALE modules and relative parameters used in this work. Parameters not explicitly listed are fixed to the default values set by CIGALE.

Module Parameter Description Values

SFH (Delayed) T Stellar e-folding time 500, 1000, 5000 Myr
t Stellar age 500, 1000, 3000, 5000 Myr
foq Burst/quench age 1, 10, 100, 300 Myr
T'SFR Ratio of SFR after/before fpq 0.1, 1,10

Dust attenuation Ay ism ISM V-band attenuation 0.3,2.5,4.5,6.5

(mod. Charlot & Fall 2000) Slope BC  Power law slope of the attenuation in the birth clouds —0.7

Dust emission

(Dale et al. 2014) aq Slope 1.15,2,3,4

AGN (Fritz et al. 2006) TAGN Optical depth 1.0
b4 Angle between equator and line of sight 0.001, 50.1, 89.99 deg
JaoN AGN fraction 0.0, 0.1, 0.3, 0.5, 0.7, 0.99
AfracAGN Wavelength range to compute fagn 0.1-7175.6 um

Radio gIrR IR/radio correlation 2.2,25,2.8
REI()}N Radio-loudness parameter 0.0, 0.5, 1, 5, 10/10, 100, 1000
asF Radio spectral slope for SF -0.7
@AGN Radio spectral slope for AGN -0.8

Redshift z 0.0-6.0 (step=0.2)

Notes. () The set of Rygy values depends on the sample used (see Sect. 4.3 for details).

where ¢ is the cosmic time and 7 is the time at which the SFR
peaks.

We modelled the dust attenuation in the far-UV-optical
regime using the modified approach of Charlot & Fall (2000),
which introduces an age-dependent attenuation described by two
separate power laws: one for the diffuse interstellar medium
(ISM) and one for the stellar birth clouds (BCs). Both compo-
nents assume a fixed attenuation slope of dA,/d1 = —0.7, and
the V-band attenuation was computed as

ISM
AV

HZ A 4BC @

We assumed AIVSM € [0.5,6.0] and the default value of u = 0.44.
Dust emission was modelled using the Dale et al. (2014) tem-
plates, parametrised by the a4 parameter defined as dMy(U) «
U™* dU, where My is the dust mass and U the intensity of
the radiation field. The AGN contribution to the total galaxy
luminosity (UV-to-radio) was taken into account assuming the
templates from Fritz et al. (2006). By specifying a wavelength
range in the parameter Ag,caGN, it is possible to account for all
the components in the computation of the AGN fraction (Yang
et al. 2022), which is defined as

Lagn

3

fAGN =5 5
LAGN + Lgalaxy

where Lagn and Lgaaxy are integrated from the UV- to the FIR
regime (0.1-7175.6 um). The parameter fygn Was set to vary in
a grid of values: 0.0,0.1,0.3,0.5,0.7, and 0.99. In the latest ver-
sion of CIGALE (Yang et al. 2022), the modelling of the radio
emission was separated into two components: one originating
from star formation and one from the AGN. The former was
derived from the IR/radio correlation parameter (qr, Helou et al.
1985; Condon et al. 2002; Yun et al. 2001), for which we adopted
input values of 2.2, 2.5, and 2.8. The latter was computed via
the radio-loudness parameter Ragn = L, 5GH: /LV‘ 2500 A» Where

Ly scn, and L, 55094 are the monochromatic AGN rest-frame

luminosities at 5 GHz and 2500 A, respectively. For sources with
a radio-flux ratio of r = 1 (see Fig. 2), we adopted Ragn =
10, 100, 1000, while for the remaining sources we used Ragn =
0.0,0.5,1.0,5.0,10.0. For the remaining 35/88 sources without
coverage in the ILT LOFAR observations, we have no prior
information on the nature of the radio emission. Therefore, we
repeated the SED-fitting procedure allowing the radio-loudness
parameter to vary over the full range of Rygn = 0.0-1000. How-
ever, in the absence of high-resolution radio data, the constraints
on these sources are more uncertain, and no estimates of the
radio-brightness temperature could be obtained. In the CIGALE
setup, we included a 10% uncertainty on the fluxes, added
in quadrature. In Table 3 we summarise the input parameters
adopted in our analysis.

5. Physical properties of individual sources

In this section, we describe the main physical properties derived
from the SED fitting. We stress that, due to the reduced photo-
metric coverage, these properties are subject to large uncertain-
ties. This holds in particular for sources without counterparts in
the FIR. For this reason, when presenting and discussing our
results we primarily focus on sources with at least one detec-
tion in the SPIRE or SCUBA-2 bands, where relevant, while
the results for the remaining objects are used mainly as indica-
tive reference values. The resulting best-fit SEDs for the objects
with at least one FIR detection are reported in Appendix A
for the 53/88 sources covered by LOFAR ILT high-resolution
map, while the results for the remaining 35/88 targets are shown
in Appendix B. The catalogue containing the physical proper-
ties described in this section is publicly available as additional
material for this paper.

In Fig. 3, we show the photometric redshift and 144 MHz
luminosity distributions for the individual sources in our sam-
ple of isolated E-dark sources. For comparison, we also report
the redshift values for the entire parent sample of LOFAR
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Fig. 3. Radio luminosity of 88 isolated E-dark sources (blue) as a func-
tion of redshift. In grey we show the parent sample of LOFAR sources
presented in B25. Distributions plotted in the upper panel were nor-
malised to the total number of sources in each sample.

sources described in B25. Our sources span a luminosity range
of 24.82 < logo[Liasmmn/(W Hz™1)] < 27.65.

The redshift distribution spans 1.8 < z < 4.4, with a mean
weighted value of (z) = 3.4 and a weighted standard deviation
of o, = 0.6. All the objects of our sample were fitted with a
reduced y? < 1.1. Nine sources belong to the high-z tail of the
distribution, with a photometric redshift of >4.0. The derived
photometric redshifts of our sample are in good agreement with
median values obtained from similar samples of optical/NIR
dark radio-selected sources (e.g. zpn = 3.1; Talia et al. 2021).

We computed the brightness temperature as

2 { OmajOmin !
4 ) J St K, (4)
1 GHz 1 arcsec? 1Jy

Ty = 122 x 109 (1 +z)<

where v is the observed frequency (here 144 MHz) and St is
the corresponding total flux density. 6y, and 6y, are the decon-
volved major and minor axes of the fitted elliptical Gaussian
components. The maximum brightness temperature attainable by
a starburst galaxy, T;;", was given by Condon et al. (1991) as

v )0.la:| ' )

TF <T, 1+1o(

1GHz

In the above expression, T, is the thermal electron tempera-
ture, here assumed to be approximately 10* K, and « is the radio
spectral index. In Fig. 4 we report the flux ratio, r, as a func-
tion of the inferred T3. TS‘F was computed as the spectral index
value of @ = —0.8, corresponding to log;o(T:¥/K) = 5.6. We
also report 30~ upper limits for sources with either no detection
in the LOFAR ILT map at 0”3 or with an unreliable fit of the
Gaussian component to the brightness distribution. All the 22
sources not detected at 0’3 (highlighted in yellow in Fig. 4) show
log0(T»/K) < 5.6, suggesting that the radio emission in these
galaxies is likely to be dominated by star formation processes.
Of the 16 sources with r ~ 1, all but three have log;¢(7/K) >
5.6, which is consistent (within their uncertainties) with AGN-
dominated radio emission. Of the remaining three sources, two
lie below the threshold but are compatible with being above it
within their error, while the third lies slightly above the threshold
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Fig. 4. Ratio between 144 MHz LOFAR fluxes at high (0”3) and low
(6”) resolution versus the brightness temperature. The vertical dash-
dotted line represents the threshold adopted to distinguish between radio
emission originating from star formation and AGN processes. Arrows
mark 30 upper limits for sources with either no detection in the LOFAR
ILT map at 0”3 or with an unreliable measure of the Gaussian compo-
nents.

but is also compatible with being below it once uncertainties are
taken into account. For the remaining 15 objects detected with
r # 1, seven have upper limits on the brightness temperature,
two of which lie below log;o (T /K) = 5.6, while all but two of
the remaining sources have log;o (7,/K) > 5.6. The two excep-
tions lie on opposite sides of the threshold but are consistent with
crossing it within their uncertainties. This result suggests that the
radio emission in this subsample may originate from both AGN
activity and star formation.

To estimate the possible radio excess, we derived the IR/radio
correlation (IRRC) parameter gr, which is computed as (Bell
2003; Ivison et al. 2010a,b; Sargent et al. 2010)

Lir ) o (L1.4GHZ ) ©)
375x102wHz' ) B \WhT)

qrR = 10g10(

In the above expression L;4gy, is the rest-frame total (i.e.
including possible AGN emission) radio luminosity computed
from the 144 MHz flux density and the photometric redshift,
assuming a power-law spectrum for the radio emission S, o« v*,
where @ = —0.7 (Novak et al. 2017). L is the rest-frame FIR
luminosity originated by star formation and defined in the 8-
1000 pm range. The AGN fraction inferred from the SED fitting
is subject to large uncertainties due to the poor photometric cov-
erage in the MIR. Therefore, we followed G25 and estimated an
AGN fraction according to the distance of our sources from the
IRRC, hereafter denoted as fygn, rex to indicate the radio excess.
For this purpose, we adopted the parametrisation of Delhaize
et al. (2017):

gir = (2.88 +£0.03) (1 + z) 192001, (7
from which we computed the AGN fraction, defined as

faN.rEx = 107799, (8)
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Fig. 5. Left: IRRC versus redshift, colour-coded according to AGN fraction values computed as described in Sect. 5. Symbols are the same as
Fig. 4. Objects with at least one SPIRE detection are marked with larger symbols, while sources without SPIRE detections are shown with smaller
symbols. The solid red curve represents the Delhaize et al. (2017) IRRC with its intrinsic 1o~ scatter (red shaded area). The grey cross represents
the mean error including all sources. The results for the stacked samples with and without radio excess, presented in Sect. 6, are shown as purple
and red outlined stars, respectively. Right: same as the left panel but colour-coded according to the brightness temperature. Upper limits in 7}, are
indicated by symbols outlined with a dotted line. For clarity, we only show upper limits for sources with a detection in the LOFAR ILT high-

resolution image, given that all non-detections have log,,(T,/K) < 5.6.

In the above expression, g is the IRRC value measured
for each galaxy in our sample, while g(z) represents the value
expected at the same redshift according to the relation derived by
Delhaize et al. (2017). Since this relation is characterised by an
intrinsic scatter of 0.26, we assigned fagn rex = 0 to all sources
with g — g(z) < 0.26, corresponding to sources consistent within
1o with the IRRC expected for SFGs.

Figure 5 shows the IRRC parameter for our sample as a func-
tion of the redshift and colour-coded according to AGN fraction
(left panel) and T, (right panel) values. About 34% of the sam-
ple shows an excess with respect to the IRRC, corresponding
to fagn.rex > 0.4. A similar fraction is found among the 35
sources without LOFAR ILT coverage (see Fig. B.2), with 12
out of 35 galaxies displaying a radio excess. Focusing on the sub-
sample of 53/88 sources with LOFAR ILT coverage, the majority
of radio-excess galaxies are detected at (/3 at 144 MHz, with
only a few exceptions discussed below. Additionally they have
r = 1 and/or log,,(T,/K) > 5.6. Only two sources with radio
excess have log,,(7/K) < 5.6 and/or have no detection in the
0”3 LOFAR image. All the remaining sources undetected in
the LOFAR ILT map are located within the IRRC. A subset of
galaxies (14) lying on the IRRC is detected at high angular res-
olution, indicating the presence of a compact radio component,
despite the absence of a radio excess. Among these sources, nine
objects either have an upper limit on the brightness temperature
or exhibit log,,(T,/K) < 5.6, values that can be attributed to
radio emission associated with star formation. The five remain-
ing sources are all detected at high angular resolution and have
log,o(Tv/K) > 5.6, with two of them also characterised by r =~ 1.
For these sources, the detection of compact radio emission with
a high brightness temperature occurs despite their location on
the IRRC. In Fig. 6 we show a Venn diagram illustrating the
intersection between sources with r = 1, log,,(7,/K) > 5.6, and
radio excess.

For the 26 sources with at least one FIR (SPIRE and/or
SCUBA-2) detection, in Fig. 7 we report the distribution of

Il r=1
B logi10(Tw/K)>5.6

fagn,rex > 0.4

Fig. 6. Venn diagram showing the sources with overlapping criteria for
identifying an AGN in the radio band: excess with respect to the IRRC,
flux ratio between LOFAR high- and low-angular-resolution observa-
tions, and brightness temperature.

the dust attenuation for the ISM, the IR luminosity of the
dust component integrated in the 8§—1000 pm range, the SFR
derived from this latter quantity using the standard calibra-
tion of Kennicutt & Evans (2012), and the stellar mass. The
high obscuration values ((Ap™M) = 5.0, o(APM) = 0.6) suggest
high dust content, which is further supported by the inferred
IR luminosity ({log,, (Lir/Lo)) = 13.2, ollogio(Lir/Le)] =
0.3) which and places the sample in the ultra-luminous
infrared galaxies (ULIRGs) regime. This subset of FIR-
detected, isolated, E-dark galaxies appears substantially more
dust obscured and massive compared to the HST-to-IRAC
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Fig. 7. Distributions of physical properties of the 26 isolated E-dark sources with at least one photometric detection in the FIR. From left to right:
dust extinction of the ISM, IR luminosity, star formation rate, and stellar mass.

extremely red objects (HIERO; H; — IRAC2 > 2.25, Wang
et al. 2016) selected in the EDFs, which show a median
obscuration of Ay = 2.3 and stellar masses of M, = 4 X
10'° M, (Euclid Collaboration: Girardi et al. 2026). More-
over, these sources show high SFR ({log;o[SFR/(M, yr‘l)]> =
3.3, o(logo[SFR/(Mg yr‘l)]) = 0.2) and stellar masses
((log M, /(Mo)) = 11.6, o[log (M /Mo)] = 0.4).

In Fig. 8 we show the main sequence (MS; Rodighiero et al.
2010; Euclid Collaboration: Enia et al. 2026) of SFGs of Popesso
et al. (2023). We compare our results with samples obtained
in the literature for similar selections (Talia et al. 2021; G24;
G25), as well as with sub-millimetre galaxy samples such as the
AS2UDS galaxies (Stach et al. 2019; Dudzeviciute et al. 2020)
selected to be undetected at K > 25.7.

We focus our discussion on the 2.6 < z < 3.6 redshift bin,
which includes the bulk of the sources (see Fig. 3). We also
included the MS relation by Popesso et al. (2023) computed
at the mean redshift of z = 3. The estimated median for the
SFR and stellar mass locates the FIR-detected, isolated, E-
dark galaxies at approximately 0.7 dex above the MS at z = 3.
This subset of 26 galaxies is therefore compatible with star-
burst systems, spanning stellar mass ranges similar to those of
the RS—NIR dark/faint galaxies presented in Talia et al. (2021),
while overlapping with the high-mass end of the RS-NIR dark
samples of G24 and G295, as well as with the high-mass range
of sub-millimetre—selected galaxies (Dudzevicitté et al. 2020).
Similarly, our sources tend to populate the upper end of the dis-
tribution of star formation rate with respect to these samples.
By comparing the median SFR of the various samples, we find
a Alog,,[SFR/(M, yr 1] =~ 0.3dex relative to G24 and Talia
et al. (2021) and a Alog,,[SFR/(Mq yr’l)] ~ (0.5 dex when com-
be explained by the fact that our subset is detected in shallower
FIR observations than those adopted in these works (e.g. Oliver
et al. 2012), favouring intrinsically brighter and more actively
star-forming systems. As a consequence, our FIR-detected galax-
ies represent the more extreme end of the distributions already
traced by similar high-redshift samples.

6. Stacking

To further validate and complement the results obtained for the
individual sources, we performed a median stacking analysis
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Fig. 8. Star formation rate versus stellar mass for the redshift bin
2.6 < z < 3.6. Empty black circles show our sample of isolated E-dark
sources with at least one FIR detection. The black cross reports the mean
uncertainty. Our results are compared with the MS from Popesso et al.
(2023, at z = 3). The dotted line represents the threshold for consider-
ing a galaxy as a starburst (i.e. 3% the SFR of MS galaxies from Popesso
et al. 2023). RS-NIR dark or faint galaxies are shown as blue triangles
(G24) and purple diamonds (G25). For the RS-NIR dark galaxies of
Talia et al. (2021), we report the median value of the sample as a green
pentagon. We also show the sample of sub-millimetre galaxies from
Dudzeviciité et al. (2020, orange crosses). Purple and red stars repre-
sent the results for the stacked samples of our objects with and without
radio excess, respectively (see Sect. 6). The top and right panels show
the distributions for the stellar mass and SFR for each sample, and the
dashed lines represent the respective median values.

including all 53 objects, divided according to the presence or
absence of a radio excess, as identified in Sect. 5. These two
samples consist of 18 and 35 objects, respectively. This approach
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Fig. 9. Images of median-stacked samples across wavebands from the UV to the FIR. The top and bottom sets of 12 images refer to our two
stacked samples, respectively, without and with radio excess. Each cutout is normalised to its peak pixel value. Contours display the 3, 5,7, and 9o
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and SCUBA-2.

enabled us to extract statistical information on the average prop-
erties of both subsets. We stacked the available optical-to-FIR
and low-resolution radio-image cutouts, centred at the IRAC2
positions of our targets. For WISE, we adopted the unblurred
unWISE images. Following Euclid Collaboration: Hill et al.
(2026), we performed stacking using the non-matched-filtered
SPIRE and SCUBA-2 maps. SCUBA-2 covers, respectively, ten
and nine sources among the non-radio-excess and radio-excess
samples. The resulting median stacked optical-to-FIR images are
shown in Fig. 9.

We built the median SED by extracting the photometry in
each available filter as follows. Flux densities were derived using
the aperture photometry function of PHOTUTILS, assuming a cir-
cular aperture centred at the IRAC position. The diameter of
the circular aperture was selected in relation to the flattening of
the radial brightness profile of the source and corresponds to 1”
for Euclid, 6" for IRAC, and 9” for LOFAR. Both samples are
undetected up to the NISP J; band and become detectable at a
significance of = 90 and = 30 in H; for the non-radio-excess
and radio-excess samples, respectively.

We repeated the SED fitting with the same configuration
described in Sect. 4.3. Although the SCUBA-2 stacking does not
cover the full extent of both samples, we assume that the objects,
which are randomly distributed across the map, are representa-
tive of the overall populations. To verify that the SED fitting is
not biased by the subset of sources within the SCUBA-2 cov-
erage, we also repeated the analysis excluding these points as a
consistency check. In Table 4 and Fig. 10, we report the physical
properties and the best-fit SED for the median stacked photome-
try in terms of output from CIGALE for the two samples with and

without radio excess>.

3 Excluding the SCUBA-2 points from the SED fitting does not pro-
duce significant differences in the results, although the uncertainties
on the derived parameters are higher. For example, we obtain z,, =
3.0+ 0.6, x2, = 03 and z; = 2.7 £ 0.7, x%, = 0.2 for the samples

red
without and with radio excess, respectively.

The two samples exhibit comparable dust attenuation and
show modest differences in redshift, stellar mass, and SFR,
with the radio-excess sources having somewhat lower values on
average. The stacked sample of non-radio-excess sources lies
within the intrinsic scatter of the IRRC at the corresponding
redshift (zpn = 2.8 £ 0.2), corresponding to an AGN fraction of
faon.rex = 0.3 £ 0.2, with a gig value lower than the expected
value for SFGs by 0.17 dex predicted by Delhaize et al. (2017).
The radio-excess stacked sample shows a well-constrained radio
excess, with an AGN fraction of fagn rex = 0.87 + 0.05. For
both stacked samples, the radio-loudness parameter, Ragn, is
poorly constrained, with CIGALE returning best-fit values of
Raony = 0 and Ragny = 1000 for the non-radio-excess and
radio-excess stacked samples, respectively, where Ragn = 10
is commonly adopted as the boundary between radio-quiet and
radio-loud AGNs (Kellermann et al. 1989).

Both stacked samples are found to lie above the locus of the
star-forming MS at their corresponding photometric redshift of
Zph = 2.8 and zp, = 2.4 for the samples without and with radio
excess, respectively. The non-radio-excess stacked sample shows
an offset of ~ 0.6 dex with respect to the MS, while the radio-
excess stacked sample is offset by approximately 0.4 dex. Given
the typical intrinsic scatter of the main sequence of 0.3 dex, the
former sample can be classified as a starburst population, while
the latter lies below the threshold to consider a galaxy as a star-
burst. At the same time, their high SFR suggests that they are not
strictly representative of the bulk of main-sequence galaxies.

7. Discussion

In this paper, we present the first sample of E-dark galax-
ies selected in the radio band within the EDF-N field. Unlike
previous studies, which mainly relied on 1.4 GHz and 3 GHz
observations, our selection is based on deep, low-frequency
(144 MHz) LOFAR HBA data, reaching an RMS sensitivity limit
of 32Jybeam™!. Moreover, the EDF-N spans an area at least
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Fig. 10. Best-fit SEDs from CIGALE for the median stacked photometry of the two samples with and without radio-excess. Empty green circles
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Table 4. Output parameters from CIGALE and derived quantities.

SED-fitting results for stacking

No REX REX
Zph 2.8+0.2 24+0.3
logio(M«/Mo) 109 £0.2 10.7 £ 0.4
Ay1sm 45+0.2 5.1+09
logio[L14GHzaon/(WHz™)]  [0] 248 +0.2
RagN [0] [1000]
log,((t/Myr) 2.8+0.1 2.9+0.1
logo(r/Myr) [3.0] [2.7]
ay 1.01 +0.08 1.4+0.2
¥ /deg [1x1073] [1x 1073]
logio(Lir /Lo) 12.6 £ 0.1 12.2 +0.1
loglO[LlAGHZ,SF/(W HZ_I)] 24.42 + 0.01 23.2+0.1
log1o[SFRr /(Mg yr_l)] 2.7+0.1 23+0.1
qIrR 2.1+0.1 1.2+0.2
JAGNREX 0.3+02 0.89 + 0.06

Notes. Results are shown for the two stacked samples (i.e. sources with
and without radio excess). From the first row: photometric redshift, stel-
lar mass, V-band attenuation for the ISM, AGN radio luminosity at
1.4 GHz, radio loudness parameter, stellar age, e-folding time of the
main stellar population, dust slope, and AGN viewing angle. The last
five rows report the parameters computed from the SED-fitting out-
puts: the IR luminosity of the galaxy computed in the 8—1000 pum range;
the 1.4 GHz luminosity from star formation processes, derived by sub-
tracting the AGN contribution to the total radio luminosity at 1.4 GHz
and computed assuming a simple power-law spectrum §, oc v* with
a = —0.7; the SFR inferred from the infrared luminosity exploiting
the calibration of Kennicutt & Evans (2012); the IR/radio correlation
parameter; and the AGN fraction computed following G25. For param-
eters whose Bayesian estimate is not constrained from the fit (i.e. the
uncertainty is higher than the parameter value), we report the best-fit
value from the input grid provided by CIGALE in square brackets.

five times larger than previous studies, which were typically
limited to smaller fields such as COSMOS and GOODS-N.

A first key difference lies in the low surface density of
E-dark sources when compared to similar selections. Our selec-
tion yielded 166 E-dark galaxies across approximately 10 deg?,
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corresponding to a surface density of approximately 17 sources
per square degree. For comparison, Enia et al. (2022) found a
surface density of ~ 360 sources per deg”, while the RS-NIR
dark galaxies found in G24 and G25 have a surface density of
approximately 190 and 235 sources per deg?, respectively.

The number of sources retrieved in this paper is therefore
relatively small when compared to previous samples of RS-
NIR dark objects, considering that the observations exploited
cover a larger area; however, a direct quantitative comparison
between the samples and their number densities is hindered by
the varying depths, angular resolutions, and selection criteria
adopted across these studies. We therefore focused on the main
differences between our selection and those adopted in previous
studies. First, given that our methodology uses the B25 catalogue
as a starting point, our parent sample is, by construction, lim-
ited to sources with counterparts in Spitzer/IRAC1 and IRAC2,
whose observations in the EDF-N are about one order of mag-
nitude shallower than those conducted in COSMOS. Secondly,
our selection criteria might be more stringent during the visual
inspection step because we relied on lower resolution LOFAR
(1”5) and IRAC (=2") data. At this resolution, multiple sources
or contaminants may fall within the radio and infrared emis-
sions, increasing the number of objects rejected during visual
inspection compared to studies based on higher resolution data
(e.g. JVLA in COSMOS). Moreover, when comparing the dif-
ferent radio observations, the sensitivity of LOFAR observations
used in this work would reach approximately 3.8 pJy beam™! at
3 GHz (assuming a radio spectral index of —0.7), which is about
a factor 1.5 higher when compared to the VLA-COSMOS 3 GHz
Large Project survey (1o = 2.3uJybeam™') exploited in Talia
et al. (2021), G24, and G25 (see Fig. 11). The relatively shal-
lower radio sensitivity implies that our sample is limited to fewer,
brighter sources, thereby excluding the fainter dark galaxies,
which, as shown in Fig. 11, make up the bulk of the distribution
in the sample of Rs—NIR dark sources from G24.

We analysed a sample of 88 isolated E-dark galaxies, focus-
ing on 53 sources covered by high-resolution LOFAR ILT obser-
vations at 0’3 over an area of approximately 2.5 deg x 2.5 deg.
The compact radio emission, particularly the ratio between high-
and low-resolution fluxes, provided constraints on its origin
and on the potential presence of AGN activity. By performing
SED fitting using the CIGALE code, we were able to estimate
the brightness temperatures T}, (or upper limits) and combine
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Fig. 11. Comparison between distributions of flux density at 3 GHz of
our sample of isolated E-dark sources (grey histogram) and the RS-NIR
dark galaxies of G24 (blue histogram). The dashed vertical lines repre-
sent the median values of the distributions.

this information with the placement of these sources on the
IRRC.

Our analysis shows that roughly one-third of the sample
exhibits a radio excess relative to the IRRC, corresponding to
an AGN fraction of fagn rex > 0.4. This fraction increases to
40% when including AGNs identified via brightness tempera-
ture. In general, the radio excess in our galaxies is associated
with brightness temperatures exceeding the threshold typically
used to classify objects as starbursts, whereas sources consis-
tent with the IRRC are largely compatible with radio emission
driven by star formation, with some exceptions. These exceptions
likely correspond to cases with more uncertain classifications,
where the radio emission is confined to sub-kiloparsec scales
and could be associated with radio-quiet AGNs (e.g. Morabito
et al. 2022). A lower abundance of radio-excess systems has
been reported in similar selections based on smaller area sur-
veys. For instance, G24 found that ~20% of their Rs—NIR dark
sample shows evidence of AGN activity when combining multi-
ple diagnostics, such as X-ray emission and SED decomposition,
while only ~14% display a radio excess when considering only
the distance from the IRRC as a criterion. The higher number of
radio-excess sources in our sample can be naturally explained by
the wider area and relatively shallower radio coverage provided
by LOFAR, which biases our selection towards the brighter end
of the radio-bright and obscured population.

For 26 objects with FIR counterparts, we were able to
derive estimates of the SFR and other physical properties with
higher reliability. These sources represent the more extreme
end of the distribution, corresponding to massive (M, =
10" M), obscured (ABM =~ 5), highly star-forming (SFR ~ 4 x
10° M yr~!) galaxies at intermediate redshift (z ~ 3), occupying
the starburst locus in the SFR versus stellar mass diagram.

We performed a stacking analysis, dividing our sources into
two samples according to their radio excess with respect to
the IRRC. The results from the SED fitting point out that the
two samples display similar global physical properties, while
differing primarily in their radio emission. The physical prop-
erties are consistent with the trends observed for individual
sources, but less extreme in terms of SFR. This is expected, as
these stacked sources are fainter in the FIR. Nonetheless, they

generally occupy the transition region between the main
sequence and starburst populations at z = 3. The non-radio-
excess stacked sample is consistent with SFGs lying within the
IRRC scatter, with no significant indications of AGN-related
radio emission. In contrast, the radio-excess sample shows a
clear and well-constrained radio excess, which is consistent with
a dominant AGN contribution. Interestingly, these results high-
light that our selection efficiently identifies not only heavily
obscured SFGs, but also obscured AGNs at high redshift, with
a significant fraction of sources exhibiting a radio excess and/or
high T} values while still hosting significant ongoing star for-
mation. In contrast to previous selections based on smaller area
surveys, which predominantly targeted SFGs, the wider area
coverage explored in this work reveals a more heterogeneous
population of obscured systems, where intense star formation
and significant AGN activity coexist.

Our work, therefore, highlights the power wide-field sur-
veys have, such as those enabled by Euclid, to uncover rare and
heavily obscured populations. In this broader context, our anal-
ysis is a valuable pilot study to guide future selections of such
populations, which offer a unique opportunity to investigate the
co-evolution of galaxies and AGNs (e.g. Mancuso et al. 2017;
Lapi et al. 2018).

Nonetheless, this interpretation requires further confirmation
through more robust analysis, as the current limitations in pho-
tometric coverage affect the reliability of the physical properties
derived via SED fitting. Future Euclid data releases, offering
deeper observations, will also improve the characterisation of
these sources and allow a more accurate determination of their
contribution to the cosmic SFRD. The Euclid Data Release 1
observations are expected to include a total of 11 visits in the
EDF-N, providing an additional gain in sensitivity of approxi-
mately 1.3 mag with respect to Q1. Moreover, the JWST offers
the possibility to follow up on these galaxies through MIRI imag-
ing, providing direct constraints on MIR emission and enabling
a more reliable separation between star formation and AGN
contributions in radio-selected E-dark galaxies.

Data availability

The table listing the 88 isolated E-dark galaxies and their phys-
ical properties is available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/714/A210.
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Appendix A: SED of individual sources

In the following, we report the best-fit SED for the 19 objects
among the 53 LOFAR ILT-covered objects that have at least one
FIR counterpart.
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Fig. A.1. Best-fit SED (solid grey lines) for the 19 sources for which at least one photometric detection in the FIR is available. Symbols and lines
have the same meaning as in Fig. 10. Reported wavelengths are in the observed frame.

A210, page 19 of 20



Euclid Collaboration: Giulietti, M., et al.: A&A, 714, A210 (2026)

Appendix B: Isolated E-dark sources with no
LOFAR ILT coverage

Among our sample of 88 isolated E-dark galaxies, 35 of them
are not covered by the LOFAR ILT high-resolution image, and
therefore no estimate of r nor Ty is available. Eight sources
have at least one photometric point in SPIRE and/or SCUBA-2.
We repeated the SED fitting described in Sect. 4.3 also for this
sample. Given that we have no prior knowledge on the AGN con-
tribution to the radio emission, we allowed the radio-loudness
parameter to vary as Ragn = 0.0,0.1, 1, 10, 100, 1000. The best-
fit SEDs for the sources with FIR counterparts are shown in
Fig. B.1, while the IRRC is shown in Fig. B.2.
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Fig. B.1. Same as Fig. A.1 for the sample of 8/35 sources with at least one FIR counterpart and without LOFAR ILT coverage.
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Fig. B.2. Same as the left panel of Fig. 5 for the 35 objects without LOFAR ILT coverage. Objects with at least one SPIRE detection are marked
with larger symbols, while sources without SPIRE detections are shown with smaller symbols.
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