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ABSTRACT

Using the vast statistics provided by both Euclid and the LOFAR surveys, we present the first large-scale study of the connection among radio
emission, its morphology, and the merging properties of the hosts of radio sources up to z ∼ 2. By dividing the radio sample into active galactic
nuclei (AGNs) and star-forming galaxies, we find that radio-emitting AGNs show a clear preference for residing within galaxies undergoing a
merging event. This is more significant for AGNs that present complex or extended radio emission; indeed, about half of them are associated with
merging systems, while only ∼15% are hosted by a non-interacting galaxy. The observed trend is primarily driven by AGNs residing at z < 1,
especially in the case of high – P144 MHz > 1024 W Hz−1 sr−1 – radio luminosities (∼56% in mergers versus ∼10% in non-mergers regardless
of radio appearance). On the other hand, this preference seems to disappear at higher redshifts, where only bright AGNs with extended radio
emission still prefer galaxies undergoing a merging event. The situation is reversed in the case of radio-emitting star-forming galaxies, which are
preferentially associated with non-interacting systems. This is more significant as we move towards low-radio-luminosity/star-formation objects
(P144 MHz < 1023 W Hz−1 sr−1) for which we find ∼40% in non-mergers versus ∼20% in mergers. These values hold regardless of redshift. We
interpreted the above result for AGNs with their need to accrete outer gas from local encounters in order to trigger (radio) activity, especially in
the case of extended radio emission such as hot spots and lobes. This is mostly observed at z < 1, since galaxies in the local Universe are more
gas deprived than their higher redshift counterparts. Internal gas reservoirs instead seem sufficient to trigger star formation within the majority of
galaxies, which indeed mostly appear as non-interacting systems at all redshifts probed.
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1. Introduction

In recent years there has been a rising interest in under-
standing the possible connection between active galactic
nucleus (AGN) activity and close galaxy–galaxy encounters
such as merging events. This possibility has mainly been
investigated for AGNs selected at optical, X-ray, and mid-
IR wavelengths (e.g. Ellison et al. 2019; Pierce et al. 2023;
Tanaka et al. 2023; Bickley et al. 2024; La Marca et al. 2024;
Euclid Collaboration: La Marca et al. 2026, just to mention few
of the most recent works). In general, there seems to be a con-
sensus for a positive link between the two phenomena (i.e.
AGN activity being more frequently associated with merging
systems), even though some studies claim this to be only con-
fined to mid-IR-selected AGNs, and to be entirely lost in specific
galaxy populations such as dwarfs (e.g. Bichang’a et al. 2024;
Villforth et al. 2019; Eróstegui et al. 2025; see also Villforth
2023 for a recent review). Other unsolved issues concern pos-
sible dependencies of the observed frequency of galaxy merg-
ers in AGN hosts on AGN luminosity (e.g. Comerford et al.
2024), dust obscuration (e.g. Ricci et al. 2021), and/or environ-
ment (e.g. Koulouridis et al. 2024).

Even more uncertain is the situation for radio-selected
AGNs, which constitute a relatively small fraction of the
general AGN population observed at other wavelengths (e.g.
Hickox et al. 2009, but see Calistro Rivera et al. 2024 for
more recent results based on deeper radio observations), even
though their incidence is observed to largely increase with
the stellar mass of the host galaxy (e.g. Sabater et al. 2019;
Magliocchetti et al. 2020). Indeed, relatively little information
can be found in the literature on possible effects of galaxy merg-
ers on radio activity of AGN origin. Moreover, in general the
results are hampered by small sample statistics.

Heckman et al. (1986) analysed 43 powerful radio AGNs
at z < 0.3, finding disturbed optical morphologies which are
explainable by galaxy encounters for about 44% of them; this
figure decreases (to about 30%) if only limiting to a subsample of
23 radio-luminosity-complete sources. These disturbances were
more frequently observed for objects belonging to the Fanaroff–
Riley (FR; Fanaroff & Riley 1974) II class with strong emission
lines in their optical spectra (high-excitation radio galaxies;
HERGs), indicating efficient accretion onto the central black
hole. Ramos Almeida et al. (2011) considered 46 radio-bright,
0.05 < z < 0.7 sources from the 2Jy sample (Tadhunter et al.
1993) – mainly FR II-HERGs – and for this population they
reported a merger frequency of about 94%. For the 11 sources
showing weak or no emission lines in their optical spectra
(low-excitation radio galaxies; LERGs), which is indicative of
inefficient accretion, they instead found a value of ∼27%, irre-
spectively of radio morphology since this latter sample was a
mixture of FR Is and FR IIs. Chiaberge et al. (2015) instead pre-
sented their analysis for 19 type 2 radio-loud AGNs at 1 < z <
2.5 spanning five decades in radio power. The 11 objects taken
from the 3CR catalogue (Spinrad et al. 1985) were all FR IIs,
and they found that all of these were associated with merging
events. The same was true for 88% of the eight fainter, radio-
loud AGNs considered in the analysis. These results were then
compared with lower redshift samples for which the reported
merging fraction was ∼70%, making the authors conclude that
not only are virtually all radio-loud AGNs associated with merg-
ing systems, but also that such a phenomenon is independent of
both redshift and radio luminosity.

Results similar to those of Chiaberge et al. (2015) were pre-
sented by Breiding et al. (2024) for 28 radio-loud quasars at

1 < z < 2 from the 3CR catalogue, while, on the other hand,
Pierce et al. (2019) found that for a local sample of 30 inter-
mediate radio-luminosity HERGs, the fraction of hosts with
merging signatures was ∼53%, which is much lower than what
was reported for brighter 2Jy sources by Ramos Almeida et al.
(2011) and also dependent on radio luminosity (∼67% versus
∼40% for the brighter versus the fainter half). This luminos-
ity dependence (although more visible in the optical than in the
radio band) was more recently confirmed by Pierce et al. (2022)
for a larger sample of 155 radio AGNs at z < 0.3. Indeed, accord-
ing to the above work, the fraction of HERGs associated with
galaxies that exhibit optical signatures of disturbance goes from
37% to 57% in their radio-brightest sample.

Different findings were recently obtained in the case
of LERGs, which – in agreement with the work of
Ramos Almeida et al. (2011) – do not seem to show any signif-
icant enhancement in the frequency of galaxy close interactions
when compared to the general galaxy population (∼27%; e.g.
Gordon et al. 2019 and Gao et al. 2020; see also Ellison et al.
2015), at least in the local (z ' 0) Universe.

Finally, a recent study by Wang et al. (2025) reported an
excess of close (<18 kpc) companions around z ' 3.5 luminous
radio-loud AGNs. However, the sample is limited to just four
sources.

From the above discussion, it follows that, although there
seems to be some convergence in a scenario that envisages a
connection between merging events and the triggering of (radio)
AGN activity (mainly in the case of efficient gas accretion onto
the central black hole that is thought to produce the HERG
population; e.g. Hardcastle & Croston 2020), issues still remain,
especially regarding the possible dependence of this connection
on radio luminosity, radio morphology, or cosmic evolution (i.e.
high redshift versus local Universe).

The present paper aims to fill this gap, thanks to the
excellent statistical power provided by the LOw-Frequency
ARray (LOFAR; van Haarlem et al. 2013) and Euclid sur-
veys (Euclid Collaboration: Mellier et al. 2025), which in
both cases combine sensitivity with large probed areas.
In particular, our analysis is concentrated on 10 deg2

centred on the so-called Euclid Deep Field North (EDF-
N), which are simultaneously covered by deep LOFAR
(Bondi et al. 2024) and Euclid Quick Release Q1 (2025) (Q1;
Euclid Collaboration: Aussel et al. 2026) observations. Very
high-resolution images (mean full width at half maximum of
0.′158, with a standard deviation of 0.′001) captured by the VIS
instrument (Euclid Collaboration: Cropper et al. 2025) on board
Euclid were obtained for all galaxies down to a completeness
limit of IE = 25.5 (Euclid Collaboration: McCracken et al.
2026). This allowed the investigation of the morphologi-
cal properties of Euclid galaxies, at least for the bright tail
of the distribution (e.g. Euclid Collaboration: Quilley et al.
2026; Euclid Collaboration: Walmsley et al. 2026; Euclid
Collaboration: Huertas-Company et al. 2026; Euclid
Collaboration: Siudek et al. 2026; Euclid Collaboration:
Matamoro Zatarain et al. 2026, Euclid Collaboration: Stevens
et al. 2026) and the classification of objects on the basis of
their optical appearance as non-interacting or as undergoing
a merging event (Euclid Collaboration: La Marca et al. 2026,
hereafter EC:LM26).

For the present work, we incorporated the information pro-
vided by EC:LM26 into the description of the LOFAR sources
presented in Bondi et al. (2024), which were categorised as
AGNs and star-forming galaxies (SFGs) following the method
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proposed by Magliocchetti et al. (2014). For both populations,
we combined radio emission and optical appearance in order to
investigate possible links between these two observables. Partic-
ular attention will be devoted to those sources that present signa-
tures for complex or extended radio emission such as lobes, jets,
or more diffuse patterns.

The paper is structured as follows. In Sect. 2, we intro-
duce the radio catalogue and the method adopted to distinguish
between AGNs and SFGs, while in Sect. 3 the Euclid sample
obtained from VIS observations and the combined catalogue
used for the subsequent analysis are outlined. Section 4 presents
our results for radio-selected AGNs and SFGs. Here, we also
discuss possible systematics in our analysis. Lastly, Sect. 5 fea-
tures an investigation of our findings in a broader context as
well as our conclusions. Some radio and optical cutouts for
LOFAR sources with an extended radio morphology are shown
in Appendix C. Throughout the paper, we assume a ΛCDM cos-
mology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.

2. Radio selection

2.1. Radio data

Bondi et al. (2024) presented the first deep (72 hours of obser-
vations) radio image of the EDF-N region obtained with the
LOFAR High Band Antenna (HBA) at 144 MHz. The observa-
tions produced a 6′′ resolution image with a central rms noise
of 32 µJy beam−1. A catalogue of 23 333 radio sources above
a signal-to-noise ratio (S/N) threshold of five was extracted
from the inner circular 10 deg2 region. As a result of a visual
inspection of the radio morphologies and with the support
of deep IRAC images from the unWISE five-year catalogue
(Schlafly et al. 2019), radio sources were split into two main cat-
egories: those whose radio emission could be fitted by the Python
Blob Detector and Source Finder (PyBDSF) with a single Gaus-
sian component, and those that required multiple Gaussian com-
ponents. In this paper, we refer to the first category as compact
or single (S) radio sources and to the second one as extended
(E) radio sources. A sub-category of this latter class contains
sources whose components were classified by PyBDSF as dis-
tinct objects. This can happen when, for example, the lobes of a
very extended radio galaxy are separated by tens of arcseconds
or even arcminutes. These cases were also all visually investi-
gated in Bondi et al. (2024) with the help of IRAC images, and
in the following we refer to them as complex radio sources. The
category of extended radio sources (including the complex ones)
constitutes 7% of the total radio counts.

Bisigello et al. (2025; hereafter B25) provided optical and
near-infrared counterparts to the Bondi et al. (2024) radio
sources, obtained by following a robust identification strat-
egy that combines the statistical power of the likelihood-ratio
(LR; e.g. Sutherland & Saunders 1992) method – including both
colour and magnitude information – with targeted visual inspec-
tion. After masking regions close to stars and with unreliable
photometry in the optical or near-infrared, the final catalogue
includes 19 550 radio sources, 19 401 of which (corresponding to
a remarkable identification rate of 99.2%) have a reliable coun-
terpart. Photometric redshifts were then derived using optical-
to-radio data by following two different methods available from
the CIGALE (Buat et al. 2018) SED-fitting routine; the first one
corresponds to the value of the best spectral-energy-distribution
(SED) template (i.e. the one with the minimum χ2), while the
second is derived with a Bayesian-like approach (see Noll et al.
2009 for more details). Although neither of the two methods

returns very precise redshift determinations (the fraction of out-
liers is 18.5% in the first case and 22.8% in the second – cf.
B25), these are good enough to provide a redshift distribution for
the LOFAR sources in the EDF-N, which is in agreement with
the distributions presented by Duncan et al. (2021) for the other
three LOFAR deep fields (Boötes, Lockman Hole, and ELAIS-
N1); therefore, they are also good enough for the purposes of the
present work, which used redshifts only for statistical purposes
and – as becomes clearer in the next section – excluded objects
with a poor redshift determination. We note that about 20% of
the radio sources in the B25 catalogue have a spectroscopic red-
shift determination from the Dark Energy Spectroscopic Instru-
ment (DESI; DESI Collaboration 2024).

We stress that we preferred to adopt the photometric
redshifts presented in B25 with respect to those derived in
Euclid Collaboration: Tucci et al. (2026), as the latter analy-
sis does not include IRAC (Euclid Collaboration: Moneti et al.
2022) and available radio data in the fit, nor does it consider
AGN templates, which are relevant to the present work. This
is also the reason why we did not include information on host
galaxy masses in our analysis, since for consistency with the
adopted redshifts we would have had to estimate them from B25,
but those results are not yet available.

The 144 MHz radio luminosities for the B25 sample were
then derived for the adopted cosmology and Bayesian red-
shifts by assuming an average radio spectral slope of α = 0.7
independent of redshift, which holds with a good approxima-
tion for the overwhelming majority of relatively low-luminosity
radio sources – both AGNs and SFGs (e.g. Magliocchetti et al.
2016; Toba et al. 2019; Calistro Rivera et al. 2017). We note
that considering a spectral slope of 0.67 or 0.73, as derived
by Calistro Rivera et al. (2017) for AGNs and SFGs separately,
would produce a change in radio luminosity of less than 6%. The
radio luminosity distribution as a function of redshift for the B25
sample is presented in the left-hand panel of Fig. A.1.

2.2. Active Galactic Nucleus or star-forming galaxy?

A tricky step in the process of identifying extragalactic sources
observed in monochromatic radio surveys is distinguishing
between the radio emission of AGN origin and that due to
star-forming processes (e.g. Smolčić et al. 2017; Whittam et al.
2022; Best et al. 2023). In the local Universe, things are rather
straightforward, since the majority of radio-loud sources are
associated with massive elliptical galaxies with little or no ongo-
ing star-formation activity (for a more refined analysis of the
local population of hosts, see, e.g. Janssen et al. 2012). They
are generally ‘red and dead’, present radio-to-optical flux ratios1

larger than 30, and show a remarkable tightness in the K-band
magnitude versus redshift relation, at least out to z ' 1 (e.g.
Lilly & Longair 1984; Best et al. 2005; Capetti et al. 2022). On
the other hand, SFGs present a very tight correlation between
their far-IR and radio luminosities (e.g. Delhaize et al. 2017;
Calistro Rivera et al. 2017), supposedly due to the presence of
massive stars, which on the one hand heat dust, therefore pro-
ducing IR emission, and on the other hand generate supernova
events that accelerate cosmic rays and thus produce radio-
synchrotron radiation (e.g. Condon 1992). However, at high red-
shifts, discerning between these two populations becomes more
uncertain (see Magliocchetti 2022 for a review). This is why in
this work, as in previous ones (Magliocchetti et al. 2016, 2017,

1 Defined as qR = F1.4 GHz 10(R−12.5)/2.5, where F is expressed in milli-
janskys and R is the R-band magnitude.
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Table 1. Properties of the radio AGN sample.

AGN Matched Mer Non-Mer S E S+ S+ E+ E+
(optical) (optical) (radio) (radio) Mer Non-Mer Mer Non-Mer

0.5 < z < 2 1793 819 308 201 667 152 239 180 69 21
0.5 < z < 1 870 521 214 125 413 108 162 112 52 13
1 < z < 2 923 298 94 76 254 44 77 68 17 8
P < 1024 & 0.5 < z < 2 1086 554 194 154 522 32 183 149 11 5
P > 1024 & 0.5 < z < 2 707 265 114 47 145 120 56 31 58 16
1023.35 < P < 1024.2 and 0.5 < z < 1 453 260 96 67 213 47 78 60 18 7
1023.35 < P < 1024.2 and 1 < z < 2 511 171 52 47 170 1 51 47 1 0
P > 1024.2 and 0.5 < z < 1 126 83 46 9 24 59 13 3 33 6
P > 1024.2 and 1 < z < 2 412 127 42 29 84 43 26 21 16 8

Notes. The second column reports the number of all LOFAR AGNs obtained from the work of B25, the third the number of those that are also
present in the catalogue of EC:LM26, the fourth the number of radio AGNs with optical counterparts classified as mergers (Mer), and the fifth the
radio AGNs with optical counterparts classified as non-interacting galaxies (Non-Mer). The sixth column provides the number of LOFAR AGNs
with a compact radio morphology (S), and the seventh shows the number of those that instead show extended radio morphologies (E). Finally,
columns 8–11 present the number of radio AGNs with combined cases of radio and optical morphologies. Different rows are for various redshift
and 144 MHz radio-luminosity (P) cuts expressed in W Hz−1 sr−1, as indicated in the first column.

Table 2. Properties of the radio SFG sample.

SFG Matched Mer Non-Mer S E S+ S+ E+ E+
(optical) (optical) (radio) (radio) Mer Non-Mer Mer Non-Mer

0.5 < z < 2 9299 3679 865 1510 3678 1 865 1510 0 0
0.5 < z < 1 4275 2455 570 1110 2454 1 570 1110 0 0
1 < z < 2 5024 1224 295 400 1224 0 295 400 0 0
P < 1023 & 0.5 < z < 2 3473 1985 442 918 1985 0 442 918 0 0
P > 1023 & 0.5 < z < 2 5826 1694 423 592 1693 1 423 592 0 0
1022.7 < P < 1023 and 0.5 < z < 1 1844 1061 255 464 1061 0 255 464 0 0
1022.7 < P < 1023.3 and 1 < z < 2 1417 554 120 207 554 0 120 207 0 0
P > 1023 and 0.5 < z < 1 968 561 149 219 560 1 149 219 0 0
P > 1023.3 and 1 < z < 2 3607 670 175 193 670 0 175 193 0 0

Notes. As in Table 1, but for the sub-population of radio-selected SFGs.

2018, 2020), we decided to rely on the method introduced in
Magliocchetti et al. (2014).

The approach is based on the work of McAlpine et al.
(2013), which provided luminosity functions at 1.4 GHz (here-
after RLF) separately for the two classes of AGNs and SFGs
up to redshifts of z ' 2.5. Their results show that the 1.4 GHz
radio luminosity, Pcross, beyond which AGN-powered galax-
ies become the dominant radio population scales with redshift
roughly as

log10
[
Pcross(z)/P0,cross

]
= z (1)

up to z ∼ 1.8; it then remains constant to Pcross '

1023.5 W Hz−1 sr−1 at least up to z ' 2.5. The value P0,cross =
1021.7 W Hz−1 sr−1 is what is found in the local Universe and
roughly coincides with the break in the radio luminosity function
of SFGs (cf. Magliocchetti et al. 2002; Mauch & Sadler 2007).
Beyond this luminosity, the RLF of SFGs steeply declines, and
the contribution of this population to the total radio counts is
drastically reduced to a negligible percentage. The same trend
is true at higher redshifts, and given the steepness of the RLF
of SFGs (as opposed to the flatter trend of AGNs at all z), the
adopted method – which selects all sources with radio luminosi-
ties beyond the time-evolving Pcross as radio AGNs – has the
important advantage of producing a clean sample (e.g. in the

first 0.1 dex in P1.4 GHz beyond Pcross, the contamination from
SFGs is already a mere 20%, and it rapidly becomes negligible
at higher radio luminosities; cf. Magliocchetti et al. 2016), while
only necessitating redshift determinations instead of expensive
spectroscopy or multi-wavelength information for the sources
being considered.

In order to proceed with the above method, we then rescaled
the LOFAR luminosities to 1.4 GHz by assuming an average
radio spectral index of α = 0.7 (see Sect. 2.1). We then distin-
guished between radio emission from AGNs and SFGs by means
of Eq. (1) for z ≤ 1.8 and by fixing Pcross(z) = 1023.5 W Hz−1 sr−1

at higher redshifts. This procedure identified 4011 AGNs (3946
if using the redshifts derived with the minimum χ2 method, cf.
B25) and 15 390 sources classified as SFGs (15 455 if using red-
shifts derived with the minimum χ2 method). We stress here (cf.
Magliocchetti 2022) that, while the AGN selection is clean and
subject to very little contamination from the population of SFGs,
this is not true for the latter class since SFGs selected as in
Eq. (1) are a mixed bag of all those sources that emit in the radio
band as a result of processes connected to star formation. These
include genuine SFGs as well as radio-quiet AGNs whose host
galaxies are actively forming stars (e.g. Padovani 2016). Con-
tamination from low-power radio AGNs (i.e. radio emission of
AGN origin, as opposed to that of radio-quiet AGNs, which is
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due to star-forming processes within the galaxy) is instead of a
much lower level and rapidly decreases with decreasing radio
luminosity for the same reasons discussed regarding the selec-
tion of the radio-AGN sample (cf. McAlpine et al. 2013 and
Magliocchetti et al. 2016).

Indeed, the fraction of radio-emitting AGNs obtained as in
Eq. (1) is remarkably similar to the ∼18% derived by Best et al.
(2023) on the other three LOFAR deep fields once their LERGs
and HERGs were combined, since our method is agnostic to
this distinction. That of SFGs is instead higher (∼81% versus
the ∼68% of Best et al. 2023). However, as expected from the
above discussion, this discrepancy is largely reduced if we add
the SFGs and the ∼9% contribution from radio-quiet AGNs to
the Best et al. (2023) sample. We attribute the remaining ∼4%
discrepancy to contamination from low-power radio AGNs in
our SFG sample.

In spite of the mixed nature of the star-forming sample
(∼85% bona fide SFGs and ∼11% radio-quiet AGNs accord-
ing to Best et al. 2023), since interesting information can also be
obtained for these objects, in the following we continue to label
them with the cumulative name of SFGs and proceed with their
analysis, warning the reader to keep the above caveat in mind.

As a final step, for the creation of our master catalogue, we
removed 1045 objects (5% of the original sample) that had a
different classification when using Bayesian versus minimum χ2

redshifts from the AGNs and star-forming samples obtained as in
Eq. (1). This was done to ensure that all the sources with dubious
redshift determinations were excluded. Indeed, since the adopted
selection method only depends on redshift once the radio flux is
given, different classifications for a single object imply a large
discrepancy between photometric redshifts derived with the two
different approaches.

After this final cleaning, we were left with 14 900 SFGs
(3340 with spectroscopic redshifts) and 3456 AGNs (647 with
spectroscopic redshifts), 438 (i.e. ∼13%) of which have an
extended morphology. This is only true for 26 SFGs (corre-
sponding to 0.17% of the parent sample), and provides a reas-
suring check for the adopted classification criterion, since we
do not expect processes associated with star formation to pro-
duce extended radio morphologies. We note that in principle the
adoption of the full probability distribution functions (pdfs) for
the photometric redshifts might have an effect on some classifi-
cations as such pdf distributions can be broad (e.g. Hale et al. in
preparation). However, given the cleaning procedures explained
above, and the fact that many (especially z < 1) sources are
endowed with spectroscopic redshifts, we do not expect this
effect to introduce appreciable variations into our samples.

The redshift distributions of both AGNs and SFGs in the 0.5 <
z < 2 redshift range relevant to the following analysis (see Sect. 3)
are shown in the middle and right-hand panels of Fig. 1, while their
luminosity distributions in the same redshift range are provided in
the middle and right-hand panels of Fig. 2. The left-hand panels of
both figures show the reproductions of the redshift and luminos-
ity distributions of the parent radio sample. The middle panels of
Figs. 1 and 2 additionally present the trends for the sub-population
of extended radio AGNs. It can be seen that their redshift distri-
bution closely follows that of the whole radio AGN population,
while – as expected – their radio luminosities are shifted towards
the bright end of the distribution.

3. The combined catalogue

For the following analysis, we made use of the catalogue pre-
sented by EC:LM26. In brief, the authors provided the first

classification of Euclid galaxies divided into mergers versus
non-mergers or non-interacting galaxies based on their VIS
images in the Euclid Deep Fields. The work processed obser-
vations in the VIS/IE band with a convolutional neural net-
work (CNN) trained on cosmological hydrodynamical simula-
tions to classify galaxies as mergers and non-mergers, where
the merger classification refers to major (stellar mass ratio
of 1:4 or less) merging events. A redshift interval of 0.5 <
z < 2 was chosen to ensure that the adopted 8′′ × 8′′ thumb-
nail centred on each source corresponded to a roughly con-
stant physical scale of 50 kpc × 50 kpc. Furthermore, in order
to ensure as clean a catalogue as possible, EC:LM26 lim-
ited their analysis to galaxies with DET_QUALITY_FLAG <
4 to filter out contaminants, SPURIOUS_FLAG = 0 to
exclude spurious sources, and MUMAX_MINUS_MAG>-2.6 to
filter out point-like sources. Finally, a cut at IE =
23.9−2.5 log10(FLUX_DETECTION_TOTAL) = 23.5 was consid-
ered to exclude faint objects for which morphological classifica-
tion was less robust given the depth of the survey and the reso-
lution of the images. This procedure returned 941 730 galaxies,
respectively recognised as mergers (∼18% of the parent sam-
ple), non-mergers (∼45% of the parent sample), and sources for
which the classification was uncertain (the remaining ∼37%),
according to the score of the classifier (≥0.59 for mergers, <0.35
for non-mergers, and between 0.35 and 0.59 for unclassified
sources; see EC:LM26 for further information).

We then considered the positions of the optical counterparts
of LOFAR sources from the work of B25 (see Sect. 2). These
were matched to the catalogue provided by EC:LM26 by sim-
ply requiring offsets <0.′3. With this choice, chances for spuri-
ous associations are basically null. Within the redshift range of
0.5 < z < 2 we have 1793 radio AGNs and 9299 SFGs. Of these,
819 AGNs (corresponding to ∼47% of the total) and 3679 SFGs
(corresponding to ∼40%) are associated with an Euclid galaxy
from the work of EC:LM26 (312 AGNs and 604 SFGs if only
restricting to sources with a spectroscopic redshift determina-
tion). The properties of these two samples in the case of asso-
ciations with galaxies classified by EC:LM26 as either merging
or non-interacting systems are summarised in Tables 1 and 2.
Unclassified systems are discussed in detail in Sect. 4.3. Regard-
ing sources with a spectroscopic redshift determination, there are
186 SFGs associated with merging systems and 218 SFGs hosted
by non-interacting galaxies (157 and 192 for 0.5 < z < 1). There
are instead 139 AGNs in merging systems and 63 AGNs in non-
interacting galaxies (122 and 54 for 0.5 < z < 1). Comparing the
above numbers with those provided in Table 1 implies that about
∼52% of the 0.5 < z < 1 AGNs in the matched and classified
catalogue have a secure spectroscopic redshift determination.

The dashed histograms (dotted in the case of extended radio
morphologies) in Fig. 1 illustrate the redshift distributions of
the LOFAR sources in the matched catalogue. As can be seen
from the bottom panels of the same figure, the fraction of radio
sources with a counterpart from the EC:LM26 work is about
∼60%, which is approximately constant between 0.5 < z < 1 in
all the considered cases (whole population, radio AGNs includ-
ing those with extended morphologies, and SFGs) and then
presents a smooth decline between z = 1 and 2. As shown in the
left panel of Fig. B.1, this is due to the IE = 23.5 magnitude cut
applied to the whole sample of VIS-selected Euclid galaxies (see
above in this section). Indeed, we find that while below z = 1
∼37.5% of Euclid galaxies are fainter than IE = 23.5, this per-
centage increases to ∼85.7% at z = 2. We note that these values
are in perfect agreement with those found in the case of LOFAR
sources, independently of their classification (see Fig. 1). This
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Fig. 1. Redshift distribution of LOFAR sources in the EDF-N region in the 0.5 < z < 2 redshift interval. The left-hand panel refers to the whole
sample, the middle panel to the sub-class of radio AGNs, and the right-hand panel to SFGs. In each top panel, the solid line refers to the parent
radio sample from the work of B25, while the dashed histograms correspond to sources with optical counterparts from the work of EC:LM26. The
bottom panels show the percentages obtained from the ratios between the above quantities, together with the associated (Poissonian) errors. The
middle panel additionally presents the trends for AGNs with complex or extended radio morphology, short-long dashed lines for the parent sample
and dotted lines for the matched sample.

Fig. 2. Similar to Fig. 1, but for the 144 MHz luminosity distribution of LOFAR sources in the EDF-N belonging to the 0.5 < z < 2 redshift
interval.

implies an absence of redshift biases in our combined radio and
optical sample.

Figure 2 instead shows the radio luminosity distribution of
LOFAR sources belonging to the various sub-categories (all,
radio AGNs, and SFGs) found within the 0.5 < z < 2 range.
Solid histograms (short-long dashed for extended radio mor-
phologies) correspond to the parent radio sample obtained from
the work of B25, while dashed histograms (dotted for extended
radio morphologies) correspond to objects with a counterpart
from the EC:LM26 work, regardless of the optical morphologi-
cal classification of the host galaxy. The luminosity distribution
of radio AGNs in the matched catalogue also closely follows that
of the parent (AGN) sample in the case of AGNs with extended
morphologies. As further shown in the bottom middle panel of
Fig. 2, this implies that the matched radio AGN sample is free
from radio luminosity biases, independently of the extension
of radio emission. The same does not hold for the population
of matched radio-selected SFGs, whose luminosity distribution
presents a peak between 1021.5 < P144 MHz/[W Hz−1 sr−1] <

1022.5 followed by a rather sharp decline at higher luminosities.
The net result of the sum of these two trends (constancy of the
fractional number of AGNs with radio luminosity and peaked
distribution in the case of SFGs) is the behaviour observed in the
left-hand panel of Fig. 2.

4. Results for radio AGNs and star-forming galaxies

In order to assess the relative role of mergers in the radio activ-
ity of galaxies, in Fig. 3 we show the fraction of radio-selected
AGNs (left-hand panel) and SFGs (right-hand panel) respec-
tively associated with non-interacting galaxies (‘Non-Merging
Systems’) or galaxy–galaxy mergers (‘Merging Systems’). The
values plotted were obtained from those presented in Tables 1
and 2, and we also present a subdivision based on radio mor-
phology for extended or compact emission. Note that the figure
does not include LOFAR sources associated with Euclid galax-
ies that remained unclassified in the analysis of EC:LM26. A
discussion on these objects is presented in Sect. 4.3.
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Fig. 3. Percentage of radio-selected AGNs (left-hand panel) and SFGs (right-hand panel) in the 0.5 < z < 2 range associated with either non-
interacting galaxies (‘N-Merging Systems’ – blue triangles) or galaxy–galaxy mergers (‘Merging Systems’ – red squares). Each panel is sub-
divided into three sections, where the leftmost one shows the case for the whole sample of radio-selected AGNs or SFGs with a counterpart from
the work of EC:LM26, the middle one is for radio sources with a compact radio structure, and the rightmost one is for objects presenting complex
or extended radio morphologies. Error bars represent Poissonian uncertainties.

Fig. 4. Percentage of radio-selected AGNs associated with either non-interacting galaxies or galaxy–galaxy mergers. The sub-division of each
panel and the colour and marker styles are as in Fig. 3. The left-hand panel presents the two cases for sources in the 0.5 < z < 1 (top) and
1 < z < 2 (bottom) ranges, while the right-hand panel shows objects of different radio luminosities, respectively P144 MHz < (top) and > (bottom)
1024 W Hz−1 sr−1, over the whole 0.5 < z < 2 range. In this case, error bars represent Poissonian uncertainties derived according to Gehrels (1986).

A number of features can be appreciated here. The first and
most striking one is the entirely opposite behaviour observed for
radio-selected AGNs and SFGs. Indeed, regardless of their radio
morphology (i.e. whether compact or extended), AGNs are pref-
erentially associated with merging systems (∼40% versus ∼25%
in non-mergers for the entire population of radio AGNs), while
the opposite is true for SFGs (∼25% versus ∼40%). This clear
preference of radio-selected AGNs to reside within merging sys-
tems becomes even more pronounced if we focus on those that
present a complex or extended radio morphology. In this case,
we note that about 50% of them are found to be associated with

mergers, while only ∼15% reside within non-interacting sys-
tems. Incidentally, we also note that the sample of SFGs with
available optical morphological information does not contain
any object with extended radio emission, so the values in the
rightmost section of the right-hand panel are both zero. In the
following, we analyse the cases for AGNs and SFGs separately.

4.1. Active Galactic Nuclei

The exquisite statistics provided by both LOFAR and Euclid
observations of the EDF-N allow us to investigate the behaviour
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Fig. 5. Similar to Fig. 4, except that now different panels present different redshift and radio-luminosity (expressed in W Hz−1 sr−1 units) combina-
tions (see text for details). The point in the top right part of the top right panel is off the scale and refers to one single object hosted by a merging
system.

Fig. 6. Percentage of radio-selected SFGs associated with either non-merging galaxies or galaxy–galaxy mergers. The sub-division of each panel
and the colour and marker styles are as in Fig. 3. The left-hand panel presents the two cases for sources in the 0.5 < z < 1 (top) and 1 <
z < 2 (bottom) ranges, while the right-hand panel shows objects of different radio luminosities, respectively P144 MHz < (top) and > (bottom)
1023 W Hz−1 sr−1, over the whole 0.5 < z < 2 range. Error bars represent Poissonian uncertainties.

presented in Fig. 3 in greater detail as a function of redshift and
radio luminosity in order to study possible evolutionary trends.
In the case of radio AGNs this is done in the left-hand panel
of Fig. 4 for redshift and the right-hand panel for radio lumi-
nosity. In all the considered cases (i.e. 0.5 < z < 1, top-left;
1 < z < 2, bottom-left; P144 MHz < 1024 W Hz−1 sr−1, top-right;
P144 MHz > 1024 W Hz−1 sr−1, bottom right, where the latter two
were obtained over the whole 0.5 < z < 2 range), we note a
preference for radio AGNs being associated with galaxy merg-
ers. Furthermore, there is a more marked tendency observed for
AGNs with extended radio morphologies, which are very seldom
found within non-interacting galaxies. However, while such a

behaviour is clearly evident in the case of relatively low redshift
(0.5 < z < 1) or high luminosity (P144 MHz > 1024 W Hz−1 sr−1)
AGNs, this becomes less so for sources of relatively low radio
luminosities (P144 MHz < 1024 W Hz−1 sr−1) or redshifts in the
range of 1 < z < 2. Indeed, in the latter cases the small spread
between the still higher fraction of radio AGNs hosted by merg-
ing systems and that of those residing within non-interacting
galaxies is basically only driven by the subpopulation of com-
plex or extended AGNs (see bottom-left and top-right panels of
Fig. 4).

In order to disentangle redshift and radio-luminosity depen-
dence and understand whether the observed trends are mainly
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Fig. 7. Similar to Fig. 6, except that now different panels present different redshift and radio-luminosity (expressed in W Hz−1 sr−1) combinations
(see text for details).

due to evolutionary effects (i.e. vary with cosmic time) or are
more connected with radio activity, we considered the following
four subsets:
1. 0.5 < z < 1; 1023.35 < P144 MHz/[W Hz−1 sr−1] < 1024.2 (top-

left panel of Fig. 5);
2. 1 < z < 2; 1023.35 < P144 MHz/[W Hz−1 sr−1] < 1024.2 (top-

right panel of Fig. 5);
3. 0.5 < z < 1; P144 MHz/[W Hz−1 sr−1] > 1024.2 (bottom-left

panel of Fig. 5);
4. 1 < z < 2; P144 MHz/[W Hz−1 sr−1] > 1024.2 (bottom-right

panel of Fig. 5).
As in the previous case (see Fig. 4), we chose the redshift

intervals to have a similar number of sources in the two low-z and
high-z ranges and also to differentiate the regime where the red-
shift distribution of LOFAR sources with optical morphological
information is independent of redshift from that where a depen-
dence is instead observed (although merely driven by the optical
IE = 23.5 cut; see Fig. 1 and Sect. 3). The radio-luminosity inter-
vals were instead chosen to minimise possible incompleteness
effects in the radio-luminosity distribution of LOFAR sources,
while still allowing for a direct comparison between AGNs of
similar brightnesses at high and low redshift. Indeed, as shown
in Fig. A.1, in the 0.5 < z < 1 range the AGN sample is complete
above P144 MHz = 1023.35 W Hz−1 sr−1, while between z = 1 and
z = 2 this is only true above P144 MHz = 1024.2 W Hz−1 sr−1.

Figure 5 presents the results of our analysis, where it should
be kept in mind that all the panels are complete in radio luminos-
ity except for the top-right one (low luminosities and high red-
shifts). It appears clear that the observed global trend of radio
AGNs being preferentially hosted within merging systems (see
left-hand panel of Fig. 3) is mainly driven by high-luminosity
sources at low redshifts. Indeed, in this case we find that ∼56%
of the radio AGNs considered are associated with merging sys-
tems, while a mere ∼10% are hosted by non-merging galaxies.
Note that this result is roughly independent of the radio morphol-
ogy of the sources. A smaller, but still significant, difference is
observed in the low-luminosity and low-redshift regimes (top-left
panel of Fig. 5), where this time the difference between the frac-
tions of radio AGNs associated with merging versus non-merging

systems is mainly due to AGNs that present extended radio mor-
phologies. The situation changes at high redshifts, where we do
not notice any significant preference for radio AGNs to appear
within merging rather than non-merging systems and – if there is
any hint (see bottom-right panel of Fig. 5) – this seems to be only
driven by AGNs with complex or extended radio emission.

As discussed at greater length in Sect. 5, we interpret the
observed behaviour of radio AGNs in the relatively local (z < 1)
Universe through their need to accrete the gas necessary to trig-
ger (radio) AGN activity from galaxy–galaxy encounters. This
is even more necessary in the case of intense radio activity
(i.e. high luminosities) and/or extended morphologies, where
radio emission permeates most of the surrounding environment.
Indeed, in the low-redshift Universe galaxies are more gas-
deprived than their z > 1 counterparts (e.g. Genzel et al. 2015),
so it seems that the main, if not the only (as in the case of bright
AGNs with extended radio morphologies), way to accrete the gas
that then triggers radio activity is via local encounters.

The situation appears different in the more distant Universe,
since there does not seem to be any strong preference for radio
AGN activity to happen in merging versus non-merging systems,
apart from possibly in the case of extended radio morphologies.
This is likely due to a higher abundance of available gas in the
galaxies (e.g. Tacconi et al. 2010), which can be accreted by the
AGNs even without the need to rely on close encounters such as
mergers. However, in this latter case we recall that we might just
be seeing the tip of the ‘optically-bright AGN’ iceberg since –
as already discussed – due to the IE magnitude cut (see Fig. B.1),
only a small fraction (from about 30% at z > 1 to about 15% at
z ' 2) of the general population of Euclid galaxies was consid-
ered in the analysis of EC:LM26 (and therefore in our work).
Additionally, as recently shown by de Graaff et al. (2025), at
higher redshifts the observed trends may be weaker than the true
ones because the identification of mergers becomes harder.

4.2. Star-forming galaxies

An analysis very similar to that presented in Sect. 4.1 can be
performed for the population of radio-emitting SFGs. This is
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shown in Figs. 6 and 7. In more detail, Fig. 6 presents the
fraction of SFGs associated with either a non-interacting or a
merging system in the two redshift intervals 0.5 < z < 1
(top left panel) and 1 < z < 2 (bottom left panel) and –
over the whole 0.5 < z < 2 interval – in the two luminos-
ity ranges, P144 MHz < 1023 W Hz−1 sr−1 (top right panel) and
P144 MHz > 1023 W Hz−1 sr−1 (bottom right panel). What clearly
emerges from investigation of the trends is a clear preference
for SFGs to be hosted within non-interacting systems in all con-
sidered cases. However, we find that such a preference is more
marked in the low-redshift regime and for low radio luminosities.
Indeed, in both cases the percentage of SFGs associated with
non-merging systems is as high as ∼45%. This may be a cosmic
evolutionary effect (outer driver), or the observed trend could be
due to different levels of the sources’ radio activity (inner driver).

In order to conclude on the above point, in the same fash-
ion as shown in Sect. 4.1, we sub-divided our sample into four
intervals:
1. 0.5 < z < 1; 1022.7 < P144 MHz/[W Hz−1 sr−1] < 1023 (top-

left panel of Fig. 7);
2. 1 < z < 2; 1022.7 < P144 MHz/[W Hz−1 sr−1] < 1023.3 (top-

right panel of Fig. 7);
3. 0.5 < z < 1; P144 MHz/[W Hz−1 sr−1] > 1023 (bottom-left

panel of Fig. 7);
4. 1 < z < 2; P144 MHz/[W Hz−1 sr−1] > 1023.3 (bottom-right

panel of Fig. 7).
Here, all the radio luminosities are in W Hz−1 sr−1 units.

The choice for the redshift intervals follows the same argu-
ment presented in Sect. 4.1.

The radio luminosity intervals were instead chosen to min-
imise possible incompleteness effects in the radio-luminosity
distribution. Indeed, as shown in Fig. A.1, in the 0.5 <
z < 1 range the SFG sample is complete above P144 MHz =
1022.7 W Hz−1 sr−1, while between z = 1 and z = 2
this is only true above P144 MHz = 1023.3 W Hz−1 sr−1. The
P144 MHz = 1023 W Hz−1 sr−1 cut in the low-redshift regime was
instead chosen because no SFG is found above P144 MHz =
1023.3 W Hz−1 sr−1.

Figure 7 presents the results of our analysis. As for the AGN
case, all the panels are complete in radio luminosity except for
the top right one (low luminosities and high redshifts). Low-
luminosity SFGs clearly prefer to be hosted by non-merging sys-
tems. This is even more true in the low-redshift regime. Such
a preference decreases to the point of vanishing at high red-
shifts for the radio-brighter sample. Interestingly, we notice that
the fraction of SFGs associated with merging systems remains
the same (∼20%) in all considered cases: it is the fraction of
radio SFGs in non-interacting galaxies that varies, going from
∼45% for 0.5 < z < 1 and 1022.7 W Hz−1 sr−1 < P144 MHz <
1023.3 W Hz−1 sr−1 to ∼30% in the case of 1 < z < 2 and
P144 MHz > 1023.3 W Hz−1 sr−1.

Given that the SFG sample is a mixed bag of pure SFGs and
other low radio luminosity sources (see Sect. 2.2), it is unclear
whether the observed trend of a stronger preference of faint
radio SFGs to reside within non-merging systems is due to a
real radio-luminosity effect (i.e. star-forming activity since these
two quantities are intimately connected; see e.g. Condon 1992),
in the sense that galaxies that are forming fewer stars are mostly
non-interacting, or if there is a selection effect since the higher
luminosity SFG sample is more contaminated not only by radio-
quiet AGNs, but also by the low-luminosity tail of radio AGNs
(Magliocchetti et al. 2002; McAlpine et al. 2013); the latter, as
seen in Sect. 4.1, definitely prefer merging systems. Despite this
uncertainty, the result that clearly emerges from our analysis

is that – at variance with the radio-AGN case – radio-emitting
SFGs are preferentially non-interacting galaxies. This implies
that local encounters, especially at low redshifts (see left-hand
panel of Fig. 7), are not the main source of gas availability or,
in other words, that in the majority of cases reservoirs of gas
already present within the galaxy suffice to fuel star formation.

4.3. Possible systematics

The present work has been subject to extensive tests for possi-
ble systematics that could hamper the significance of our results.
We took into account radio-luminosity completeness effects
(Sects. 4.1 and 4.2), removed all sources whose photometric red-
shifts were uncertain (Sect. 2.2), worked with an optical cata-
logue complete in IE magnitude (Sect. 3 and Appendix B), and
discussed possible contaminants in the sample of radio-selected
SFGs. The next step was to further investigate systematics in the
parent optical catalogue of EC:LM26.

Indeed, as described in Sect. 3, this work excludes all Euclid
galaxies that show point-like structures in VIS imaging by con-
struction. Since these objects are most likely non-interacting
galaxies or quasars, their exclusion from the considered cata-
logue might introduce biases in our analysis. In order to test for
this effect, in the right-hand panel of Fig. B.1 we plot the distri-
bution of the values for the quantity MUMAX_MINUS_MAG, which
characterises visual extension, for all Euclid galaxies with mag-
nitudes of IE ≤ 23.5 as a function of redshift. As it is possible
to appreciate, only a handful of sources (those below the dashed
line) were excluded from the EC:LM26 analysis, and this exclu-
sion does not depend on redshift. In more detail, only 61 512
objects – corresponding to ∼5.7% of the parent optical sample –
were discarded. It follows that even if we assume all these galax-
ies and quasars to be bona fide non-interacting systems, their
addition to the analysis presented in the previous sections does
not affect any of the results obtained.

As a further point, we had to consider all Euclid galaxies
from EC:LM26 that have classifier scores between 0.35 and
0.59 and for this reason were considered dubious or unclas-
sified cases (see Sect. 3). Extensive tests are presented in the
above paper (see their Sect. 5.1) to assess the properties of these
sources and their effect on the merger and non-mergers statis-
tics, with the conclusion that they are an almost even mixture
of merger and non-merger systems; as such, their addition is not
expected to modify the results of either their study or ours. How-
ever, since the above tests were performed for the whole popu-
lation of Euclid galaxies, while the present study concentrated
on a subset of radio-detected sources for which different results
might emerge (especially in the case of radio-selected AGNs),
we also tackled this issue. In order to do so, we visually inves-
tigated the Euclid images for all 310 radio AGNs in our sample
associated with an unclassified host. We were able to classify
morphologies for 247 of them because some images were cor-
rupted. In the case of compact radio AGNs, we find that 110 out
of 198 (i.e. ∼56%) are associated with a non-interacting galaxy,
while 88 (i.e. ∼44%) are associated with with a merging sys-
tem. Concerning extended radio AGNs, we find that their hosts
are evenly split into mergers and non-mergers (respectively, 24
mergers and 25 non-mergers). These results confirm what was
found by EC:LM26 about the even mixture of merger and non-
merger systems in unclassified cases, and we ultimately assessed
the robustness of our analysis and conclusions.

Third, the impact of the classifier’s imperfect perfor-
mance on derived results was investigated by EC:LM26 using
Monte Carlo simulations. These show variations of about six
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percentage points for merging systems. It follows that our key
findings remain qualitatively robust in spite of potential CNN
misclassifications.

As a last point, we note that since AGNs and SFGs in our
catalogue do not have inferred stellar masses (see Sect. 2.1),
our analysis suffers from a lack of comparison with results from
control samples. This might be relevant as there may be differ-
ences in mass between the AGN and the star-forming samples
that could at least partially explain the observed difference in the
merger fractions (e.g. Desmons et al. 2025). However, as dis-
cussed further on, our results for both the entire population of
radio AGNs and SFGs are in excellent agreement with those
obtained by EC:LM26, respectively, for their control-matched
sample of AGNs selected at various wavelengths and for their
control sample of non-active galaxies. Based on this evidence
and the fact that our catalogue was compiled from that of
EC:LM26, we expect the general conclusions of the present
work to be robust.

5. Discussion

Thanks to the excellent statistics provided by both LOFAR and
Euclid, we present the first large-scale study of the connec-
tion between radio emission and its morphology (i.e. compact
versus complex or extended) in radio sources and the merging
properties of their host galaxies. By dividing the radio sam-
ple into AGNs and SFGs, the data clearly indicate that radio
AGNs prefer to reside within galaxies undergoing a merging
event. This preference is more marked for AGNs that show sig-
natures of complex or extended radio emission; indeed, about
50% of them are found to be associated with merging systems,
while only ∼15% are hosted by a non-interacting galaxy. The
observed trend is primarily driven by AGNs residing in the rel-
atively local Universe (z < 1), especially in the case of high
– P144 MHz > 1024 W Hz−1 sr−1 – radio luminosities, for which
we find ∼56% in merging systems versus ∼10% in non-mergers,
regardless of radio morphology. This dichotomic behaviour is
instead observed to disappear in the more distant Universe for
redshifts 1 < z < 2, where only bright AGNs with extended
radio emission still seem to prefer merging systems.

The situation is totally reversed in the case of radio-emitting
SFGs, which instead are mostly associated with non-interacting
systems. This preference is more pronounced for low radio-
luminosity and star-formation objects (∼40% versus ∼20% in
mergers for P144 MHz < 1023 W Hz−1 sr−1) regardless of redshift,
but also in the case of brighter galaxies in the relatively local
(0.5 < z < 1) Universe. Incidentally, we also note that the frac-
tion of mergers in non-active galaxies reported by EC:LM26
– ∼18% in all considered cases – is remarkably similar to the
∼20% we find for our sample of radio-emitting SFGs at all lumi-
nosities and in all redshift intervals. This also provides us with
a reassuring verification of the reliability of the results obtained
for this population.

Selection effects (discussed in Sect. 4.3) aside, we interpret
the above result as AGNs needing to accrete outer gas from local
encounters in order to trigger (radio) activity, especially in the
case of extended radio emission such as hot spots, lobes, and
jets. This is mostly observed at z < 1, since in the local Universe
galaxies are more gas deprived with respect to epochs approach-
ing cosmic noon (e.g. Genzel et al. 2015), and an external supply
might be needed to power radio emission of AGN origin (e.g.
Heckman et al. 2024). Internal gas reservoirs instead seem suffi-
cient to trigger star-formation within the majority of non-active
galaxies, which indeed mostly appear as non-interacting sys-

tems at all redshifts, more so for moderate-to-low star-formation
rates (see, e.g. Gürkan et al. 2018 for the conversion between
144 MHz radio luminosities and star-formation rates).

Results similar to ours for AGN candidates selected differ-
ently from radio emission are presented in EC:LM26. These
authors considered four main categories: extragalactic point-
like X-rays sources from 4XMM-DR13, CSC2, and eROSITA
surveys (Euclid Collaboration: Roster et al. 2026); spectroscop-
ically identified DESI QSOs (Siudek et al. 2024); AGN can-
didates detected via deep-learning-based image-decomposition
methods (Euclid Collaboration: Margalef-Bentabol et al. 2026);
and AGN candidates selected via their MIR colours (Assef et al.
2018).

Bearing in mind that their merger and non-merger fractions
are defined in a way which is different from ours2, and therefore
have to be renormalised to be comparable with our results, we
find that the percentage of radio AGNs associated with merging
systems found in this work is in very good agreement with the
values reported by EC:LM26. More specifically, they obtained
around 40% (a little less for X-ray-selected AGNs) in all anal-
ysed cases, except for the AllWISE AGN sample with the low-
est completeness level (∼26%; see Assef et al. 2018 for more
details).

We stress that the above agreement holds for all radio AGNs
considered in this work, regardless of their radio appearance,
while – as already discussed at length – the fraction of radio
AGNs with extended emission associated with merging systems
is substantially higher, reaching values as high as 56%. This also
implies that the fraction of extended radio AGNs associated with
non-interacting galaxies is approximately halved (see Fig. 3).
Putting all the information together, this implies that in order to
have complex or extended radio emission, more close encounters
are needed with respect to the case of unresolved AGN emission,
regardless of the observed wavelength. The likely explanation
for this can be found in the connection between availability of
large amounts of gas and the ability of an AGN to produce radio
emission that extends beyond the black hole neighbourhood.

One may question if the above result is only driven by radio
morphology or if it hides an underlying dependence on the prop-
erties of gas accretion onto the central black hole (i.e. whether
efficient or inefficient). As seen in the Introduction, efficient
accretion is thought to produce the population of HERGs that
present strong emission lines in their optical spectra and radi-
ate at all wavelengths including the radio band. On the other
hand, inefficient accretion – which only generates radio emis-
sion – is expected to produce the population of LERGs that
present weak or no emission lines in their optical spectra (e.g.
Best & Heckman 2012).

A thorough study of the populations of LERGs and HERGs
would require investigation of the spectra for the LOFAR AGNs
considered in this work, which unfortunately we do not yet have.
However, we can still draw some conclusions by relying once
again on radio morphology. Indeed, it is now assessed that there
is an almost one-to-one correspondence between LERGs and
FR I radio sources, in the sense that there are very few known
examples of FR I HERGs (e.g. Mingo et al. 2019; Gürkan et al.
2021). On the other hand, FR IIs can come in both HERG and

2 They considered fmerg/non-merg =
Nmerger/non-merger

Nmerger+Nnon-merger
, while we adopted

fmerg/non-merg =
Nmerger/non-merger

NTOT
, which also takes into account the ∼36%

of non-classified cases in the parent Euclid catalogue. Here, we call
Nmerger and Nnon-merger, respectively, the number of galaxies associated
with a merging event or showing no interaction, while NTOT denotes the
total number of galaxies.
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LERG types (e.g. Hine & Longair 1979; Chiaberge et al. 2000;
Croston et al. 2018), with FR II LERGs being much more fre-
quent at lower radio luminosities (e.g. Mingo et al. 2022).

With the aim of characterising our sample of radio AGNs,
two members of our team visually investigated the LOFAR
images of all 69 extended sources associated with merging sys-
tems independemtly (see Table 1). As can be seen in Figs. C.1
and C.2, where we show radio cutouts for a random selection of
48 of them, the AGNs with extended radio emission considered
in this work are an even mixture of FR I and FR II morphologies.
Furthermore, the work of Mingo et al. (2022) clearly shows that
below P144 MHz ' 1025 W Hz−1 sr−1 the contribution of HERGs
to the FR II population is negligible. Our sample only includes
a handful of sources brighter than the above limit. Based on
both radio appearance and radio luminosity, we can safely con-
clude that the vast majority of our AGNs (including those with
extended radio emission) are indeed LERGs.

The above discussion thus indicates that – at least within
the population of LERGs – the observed enhanced frequency
of galaxy mergers associated with extended radio emission of
AGN origin is a result that only depends on radio morphology.
Some combined LOFAR and Euclid images for FR I and FR II
radio galaxies associated with merging systems are presented in
Figs. C.3–C.4.

For completeness, in Fig. C.5 we also show LOFAR images
for 20 out of the 21 extended radio AGNs hosted by non-
interacting galaxies (see Table 1). As in the previous case, we
also note that the sample consists of an even mixture of FR I
and FR II morphologies. The only point worth mentioning is
that three of the four most extended radio galaxies in our sam-
ple appear to be associated with non-merging systems. However,
the statistics is too poor to draw any solid conclusion from this
finding.

One last point to note is that the LOFAR images used in
this work have a resolution of 6′′. In the redshift range consid-
ered and for the adopted cosmology, this corresponds to phys-
ical scales between 36 kpc (at z = 0.5) and 50 kpc (at z = 2)
and implies that the resolved radio emission we observe origi-
nates from the outskirts of a typical-sized galaxy and extends to
larger scales. In the near future it will be interesting to compare
the present results with those obtained using the LOFAR inter-
national stations, which allow us to zoom in on radio emission
down to a resolution as high as 0.′3 (e.g., Morabito et al. 2025),
capable to pierce right into the galaxy cores.
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Fig. A.1. 144 MHz luminosity distribution of LOFAR sources in the EDF-N region as a function of redshift. The left-hand panel refers to the whole
B25 sample, the middle panel to the sub-class of radio AGNs, and the right-hand panel to SFGs. The distinction between these two populations
has been obtained via Eq. (1). Crosses indicate objects with an extended radio morphology. The horizontal dashed lines indicate the completeness
limits of the whole (left-hand panel), AGN (middle panel), and SFG (right-hand panel) samples in the two redshift intervals 0.5 < z < 1 and
1 < z < 2 discussed in Sect. 4.

Appendix A: Radio luminosity distributions

We show here in Fig. A.1 the 144 MHz luminosities for radio-selected sources within the EDF-N.

Appendix B: Properties of the optical catalogue

In Fig. B.1 we show trends for all Euclid galaxies observed within the Q1 fields as a function of redshift.

Fig. B.1. Left panel: Distribution of total detection magnitudes, IE, for all Euclid galaxies in the range 0.5 < z < 2. The dashed line indicates the
cut at IE = 23.5 applied by EC:LM26 for the production of their catalogue. Right panel: Distribution of values for the quantity MUMAX_MINUS_MAG
which characterises the visual extension of Euclid galaxies. The dashed line represents the value of −2.6 adopted by EC:LM26 to exclude point-like
sources.
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Fig. C.1. LOFAR images for a random selection of extended radio AGNs with FR I morphology.

Appendix C: Radio and optical images for AGNs with extended radio morphology

Here we show some LOFAR and Euclid images for complex or extended radio AGNs associated with either merging or non-merging
galaxies (Figs. C.1 to C.5).

Fig. C.2. LOFAR images for a random selection of extended radio AGNs with FR II morphology.

z=1.1             P=1025.3

z=1.5             P=1024.4

z=0.7             P=1024.8

z=0.71          P=1024.3

z=0.58          P=1023.6

z=0.9             P=1024.3

z=0.7             P=1024.5

z=0.9             P=1025.1z=1.0            P=1024.1

z=0.5             P=1024.2 z=0.6            P=1023.3

z=0.7             P=1025.4

Fig. C.3. Some examples of LOFAR (left) and Euclid (right) images of AGNs with extended/FR I-like radio emission hosted by galaxies under-
going close encounters. Approximate redshifts and 144 MHz radio luminosities (in units W Hz−1 sr−1) are also reported for all sources. The optical
cutouts are 8′′ × 8′′, and the radio ones are as indicated. We choose different scales to be able to appreciate both the details of galaxy close
encounters and the generally more extended radio emission.
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z=0.8             P=1024.1
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z=0.6           P=1024.3

z=0.7             P=1025.3

z=1.3             P=1026.4

z=1.1            P=1024.4

z=0.6            P=1023.4

Fig. C.4. Some examples of LOFAR (left) and Euclid (right) images of AGNs with extended/FR II-like radio emission hosted by galaxies under-
going close encounters. Approximate redshifts and 144 MHz radio luminosities (in units W Hz−1 sr−1) are also reported for all sources. The optical
cutouts are 8′′ × 8′′, and the radio ones are as indicated. We choose different scales to be able to appreciate both the details of galaxy close
encounters and the generally more extended radio emission.

z=1            P=1026.7

z=1            P=1026.7

Fig. C.5. LOFAR images for 20 out of the 21 AGNs with extended radio emission hosted by non-merging systems (cf. Table 1).
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