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ABSTRACT

Dual active galactic nuclei (AGNs) are expected in hierarchical galaxy evolution models, in which low-mass galaxies merge to build more massive
ones. While observational evidence for dual AGNs is growing in massive galaxies, no clear detection has yet been found in the low-mass regime.
We used photometry and spectroscopy from the first Euclid Quick Data Release, combined with a collection of multi-wavelength data from the
Dark Energy Spectroscopic Instrument (DESI), the LOw-Frequency ARray (LOFAR) high band antenna, and counterparts in X-ray and mid-
infrared catalogues to identify dual AGNs at redshift z . 1. Focusing on low-mass galaxies with stellar masses below 1010 M�, we find nine dual
AGN candidates with projected separations ranging from ∼20 to 51 kpc. We also find 49 dual AGN candidates in more massive galaxies. We derive
a dual AGN fraction of 0.1% for the low-mass galaxies and estimate that these systems likely trace a population of progenitor black hole pairs that
may evolve into bound binaries and eventually coalesce, emitting gravitational waves in the LISA band. These results constitute the first sample of
spectroscopically confirmed dual AGN candidates in low-mass galaxies and have important implications for models in which supermassive black
holes grow from lower-mass black holes located in low-mass galaxies, as well as for predictions of gravitational waves from low-mass binary
black holes.
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1. Introduction

Supermassive black holes (SMBHs) are ubiquitous in massive
galaxies [stellar mass log10(M∗/M�) > 10], from the local to
the high-redshift (z) Universe. Yet, how they form and grow is
still a matter of debate (see review by Alexander et al. 2025).
The discovery of SMBHs at z ∼ 6–10 (e.g. Bogdán et al.
2024; Maiolino et al. 2024) suggests they grow from lower-mass
seed black holes with 100–106 M� formed in the early Uni-
verse (see reviews by Volonteri 2010; Mezcua 2017; Greene et al.
2020). Galaxy mergers are thought to play a significant role by
funnelling gas towards galaxy centres, triggering active galac-
tic nucleus (AGN) activity and thus black hole growth (e.g.
Hopkins et al. 2006; Wild et al. 2007). The AGNs at the centres
of merging galaxies also evolve during the merger, progress-
ing through a dual and then a binary (gravitationally bound)
phase, until they coalesce and emit gravitational waves. Indeed,
hundreds to thousands of dual AGNs have been identified in
massive galaxies based on optical, infrared, radio, or X-ray diag-
nostics (see the compilation by Pfeifle et al. 2024) and with sep-
arations ranging from less than 1 kpc (e.g. Komossa et al. 2003;
Koss et al. 2023) to more than 50 kpc (Liu et al. 2011; Koss et al.
2012; De Rosa et al. 2019, 2023; Mannucci et al. 2022, 2023;
Ciurlo et al.2023;Scialpi et al.2024;Perna et al.2025;Ulivi et al.
2025; Euclid Collaboration: Fabricius et al. 2026).

The presence of AGNs in dwarf or low-mass galaxies
[log10(M∗/M�) . 10]1 is increasingly becoming a commonly
observed phenomenon (e.g. Reines et al. 2013; Mezcua et al.
2018, 2019, 2023, 2024; Salehirad et al. 2022; Siudek et al. 2023;
Mezcua & Domínguez Sánchez 2020, 2024; Pucha et al. 2025),
and dwarf galaxies are often found to be interacting or merg-
ing (e.g. Paudel et al. 2018). Nevertheless, studies on merger-
triggered AGN activity in the dwarf galaxy regime are scant
and inconclusive (e.g. Kaviraj et al. 2019; Bichang’a et al. 2024;
Mićić et al. 2024; Eróstegui et al. 2025), and no spectroscopically
confirmed dual AGN has yet been found in low-mass galaxies.

Local dwarf galaxies are expected to host the relics of those
early-Universe seed black holes that did not grow into SMBHs
(e.g. Mezcua 2017; Greene et al. 2020; Reines 2022). Therefore,
understanding whether galaxy mergers can trigger seed black
hole growth in low-mass galaxies, and whether dual AGNs form
at all and evolve into binary black holes that coalesce, can have
major implications for models of seed black hole formation and
evolution (e.g. Deason et al. 2014; Mezcua 2019).

Thanks to its superb photometric sensitivity in the optical
and near-infrared regimes, the Euclid mission offers an exciting
opportunity for identifying faint merger signatures in the dwarf
galaxy regime and better constraining merging galaxy properties
(i.e. stellar masses) when performing spectral energy distribu-
tion (SED) fitting (Euclid Collaboration: Laloux et al. 2026). In
addition, Euclid’s near-infrared spectrometer provides the possi-
bility to identify broad-line AGNs whose optical emission lines
are obscured by dust (Lamperti et al. 2017), making the obser-
vatory ideal for investigating dual AGNs in galaxy mergers.

In this paper we used the first Quick Data Release (Q1) of
the Euclid mission (Euclid Collaboration: Aussel et al. 2026) to
identify dual AGNs and galaxy mergers across mass scales, with
the focus on the low-mass regime. We identify nine dual AGN

1 Both the term ‘dwarf’ versus ‘low-mass’ and the stellar mass thresh-
old adopted to define this regime suffer from a lack of consensus in
the literature. We adopt here the same definition [log10(M∗/M�) . 10]
as in some recent works on dwarf galaxy mergers and AGNs (e.g.
Manzano-King & Canalizo 2020; Bichang’a et al. 2024; Eróstegui et al.
2025), but refer to our sources as ‘low-mass’ to be conservative.

candidates in low-mass galaxies, the first sample of its kind. The
data analysis is reported in Sect. 2, the results and discussion in
Sect. 3, and the conclusions in Sect. 4. We assumed a Λ Cold
Dark Matter cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3,
and ΩΛ = 0.7.

2. Data and analysis

The Euclid mission provides high-spatial-resolution (0.′′18;
Euclid Collaboration: Cropper et al. 2025) optical imaging
with the visible instrument (VIS; IE covers λ = 0.53–
0.92 µm) and low-resolution near-infrared spectroscopy
and photometry (R ∼ 450 for objects with a diameter
of 0.′′5) with the Near-infrared Spectrometer and Pho-
tometer (NISP; with YE, JE, and HE covering λ = 0.95–
2.02 µm; Euclid Collaboration: Schirmer et al. 2022;
Euclid Collaboration: Jahnke et al. 2025) of millions of
galaxies out to z = 6 (Euclid Collaboration: Mellier et al.
2025). The Euclid Wide Survey (EWS;
Euclid Collaboration: Scaramella et al. 2022) will cover over
14 000 deg2 to a depth of IE = 26.2 (5σ point-like source). The
Euclid Deep Survey (EDS) will observe three different areas, the
so-called Euclid Deep Fields (EDF-North, EDF-N; EDF-South,
EDF-S; and EDF-Fornax, EDF-F) covering over 53 deg2 to a
depth of IE = 28.2 (Euclid Collaboration: Mellier et al. 2025).

In this study, we used Q1 data (Euclid Quick Release Q1
2025), which constitutes a first visit to the EDFs, cov-
ering a total area of 63.1 deg2 at the depth of the EWS
(Euclid Collaboration: Aussel et al. 2026). We used the EDF-N,
since it is the only field that overlaps with the Dark Energy
Spectroscopic Instrument (DESI) Early Data Release (EDR;
DESI Collaboration 2024), which provides robust spectroscopic
redshifts (see Euclid Collaboration: Matamoro Zatarain et al.
2026 for details; hereafter EC:MZ25). Starting from the 1.1× 107

sources in the Euclid Q1 EDF-N and after applying the quality
cuts specified in Sect. 2.1.1 of EC:MZ25, a total of 24 922
sources were found to have a DESI spectroscopic counterpart.
Crossmatching was done using a conservative 0.′′5 radius, corre-
sponding to approximately six times the DESI fibre positioning
accuracy (Schlafly & DESI Collaboration 2021). To estimate the
contamination rate of the crossmatch, we computed the number
density of Euclid Q1 and DESI EDR in their overlapping area
(12.5 deg2), finding values of 285 111 objects/deg2 and 9104
objects/deg2, respectively. Using a blunder or contamination
radius of 0.′′5, we then computed the blunder probability as the
number of expected Euclid objects in the blunder area and derived
the number of random matches as this blunder probability per the
number of DESI objects in the overlapping area. We found 1905
random matches, which we used to derive the contamination frac-
tion as the ratio between this number and that of actual matches.
We obtain a contamination fraction of 7.6%, which should be
taken as an upper limit as it assumes no correlation whatsoever
between the Euclid and DESI catalogues (see Sect. 3.1).

2.1. Spectroscopically confirmed galaxy pairs

From the parent sample of 24 922 Euclid Q1 sources with a
DESI spectroscopic counterpart, we selected galaxy pairs based
on a spectroscopic z separation of ∆z < 0.005, a projected
physical separation2 of d . 50 kpc, and a redshift range of

2 This upper limit is commonly adopted in dual AGN searches, we
note that less conservative works consider up to 100 kpc (see review by,
e.g. Pfeifle et al. 2024).
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0.01 < z < 1 to exclude high-z quasars and ensure a visual
identification of pairs or merger signatures (e.g. Eróstegui et al.
2025). This yields a sample of 619 galaxy pairs in the EDF-N.
Since DESI typically undercounts close galaxy pairs due to fibre
collisions, we estimate the missing fraction to be 9–14% (see
Appendix A for details).

2.2. Active galaxies in Euclid

To identify AGNs in the sample of 619 galaxy pairs (Sect. 2.1),
we used optical and near-infrared spectroscopy, mid-infrared
colours, X-ray, and radio diagnostics. For this, we crossmatched
the parent sample of 619 galaxy pairs with the recent cata-
logue of 229 779 AGN candidates in the Euclid Q1 fields of
EC:MZ25, who applied mid-infrared colour diagnostics based
on Wide-field Infrared Survey Explorer (WISE) AllWISE pho-
tometry, emission-line diagnostics based on DESI spectroscopy,
and X-ray diagnostics based on an X-ray counterpart in either
the 4XMM-DR14 (Webb et al. 2020) or the Chandra Source
Catalog Release 2 Series (Evans et al. 2024), identified using
the Bayesian algorithm NWAY (Salvato et al. 2018; see Euclid
Collaboration: Roster et al. 2026 for details)3. For the radio
diagnostics, we searched for radio counterparts in the Very
Large Array Sky Survey (VLASS; Gordon et al. 2021) at 3 GHz
and in the LOw-Frequency ARray (LOFAR; van Haarlem et al.
2013) survey of the EDF-N at 144 MHz using the high band
antenna (HBA; Bondi et al. 2024). For VLASS we used a com-
monly adopted search radius of 5′′. For LOFAR we used the
Bisigello et al. (2025) catalogue, which includes optical-to-near-
infrared counterparts for 99.2% of the LOFAR sources presented
in the catalogue by Bondi et al. (2024).

We then selected AGNs as those sources satisfying at least
one of the following nine criteria:

i A DESI spectral type classification (SPECTYPE=QSO,
DESI Collaboration 2024).
For sources classified as galaxies (SPECTYPE=GALAXY,
DESI Collaboration 2024), and using the emission-
line fluxes, widths, and equivalent widths provided by
FastSpecFit (Moustakas et al. 2023):

ii The detection of broad Hα, H β, Mg ii, or C iv emis-
sion lines with a full width at half maximum (FWHM) ≥
1200 km s−1.

iii An AGN classification in either the N ii ([O iii]λ5007/H β
vs. [N ii]λ6583/Hα), S ii ([O iii]λ5007/H β vs.
[S ii]λ6717,6731/Hα), or O i ([O iii]λ5007/H β vs.
[O i]λ6300) emission-line diagnostic (BPT) dia-
grams (Baldwin et al. 1981; Kewley et al. 2001, 2006;
Kauffmann et al. 2003; Schawinski et al. 2007; Law et al.
2021), with the composite star-forming (SF)/AGN classifi-
cation also included for the N ii BPT diagram.

iv A strong or weak AGN classification in the WHAN dia-
gram (Cid Fernandes et al. 2010).

v An AGN classification in either the BLUE BPT (Lamareille
2010) or the KEX (Zhang & Hao 2018) diagnostic dia-
grams, both of which enable AGN identification at z & 0.5
when the BPT diagrams are not available. For the BLUE
BPT diagram, we again considered the composite SF/AGN
classification.
All the emission lines used in the emission-line diagnostics
were required to have a signal-to-noise ratio of S/N ≥ 3.

3 The eROSITA first Data Release (Merloni et al. 2024) does not cover
EDF-N.

vi The detection of broad near-infrared emission lines
(FWHM ≥ 1200 km s−1), using spectroscopy from Euclid’s
NISP instrument. Spectra were fitted whenever the S/N
of the emission lines was sufficient to ensure a mean-
ingful fit and analysis. We applied a custom interactive
fitting procedure designed to simultaneously model each
spectrum with a power-law continuum, a set of emis-
sion lines, and Fe emission complexes based on Fe tem-
plates generated with Cloudy (Ferland et al. 1998). The fit-
ting code is based on the Levenberg–Marquardt algorithm
implemented in the Python package Lmfit (Newville et al.
2016), which allows flexible and robust parameter optimi-
sation (see Appendix D).

vii An AGN classification based on the Assef et al. (2018)
75% completeness and 90% reliability diagnostics, using
the Euclid WISE AllWISE counterparts (see EC:MZ25 for
further details).

viii An X-ray excess at 2–10 keV of at least 3σ above the
expected X-ray emission from X-ray binaries (XRBs; e.g.
Mezcua et al. 2016, 2018), with the latter computed from
the star formation rate and M∗ derived from SED fitting (see
Sect. 2.3) following Lehmer et al. (2010).

ix A radio excess of at least 3σ above the expected radio
emission from stellar processes (e.g. Mezcua et al. 2019;
Reines et al. 2020; see Appendix C).

2.3. SED fitting

The stellar masses and star formation rates of the host galax-
ies were measured via SED fitting. The photometric data
were compiled by EC:MZ25 and include Euclid photometry
(IE, YE, JE, and HE), optical fluxes in the ugriz bands from
the UNIONS surveys (Gwyn et al. 2025), Galaxy Evolution
Explorer (GALEX) near- and far-ultraviolet fluxes, and mid-
infrared fluxes from WISE bands 1–4 or Spitzer IRAC chan-
nels 1–2 if WISE was not available. The redshifts come from
DESI EDR spectroscopy (see EC:MZ25 for more details). To
account for AGN emission in the SED fitting, we used the
well-established and computationally efficient SED fitting Code
Investigating GALaxy Emission (CIGALE; Boquien et al.
2019; Yang et al. 2022), adopting a delayed star formation his-
tory with exponential decrease in combination with the phys-
ically motivated AGN model SKIRTOR (Stalevski et al. 2016).
Further details on the SED fitting method and setup are available
in Euclid Collaboration: Laloux et al. (2026), who developed a
method to quantify the reliability of such SED-derived properties
as stellar mass by using mock SEDs built from observed quasars
and galaxies. In particular, the stellar mass reliability, RM?

, cor-
responds to the probability of the difference with the true value
being smaller than both 0.5 dex and the measured uncertainties.
Euclid Collaboration: Laloux et al. (2026) also provide a multi-
plicative factor to obtain larger and more realistic uncertainties to
reach at least 0.68 reliability (1σ). These updated uncertainties
are incorporated in Table 1. Based on the available photometry,
SED fitting can be performed for 24 790 out of the 24 922 Euclid
Q1 sources with a DESI spectroscopic counterpart. Applying a
stellar mass cut log10(M∗/M�) ≤ 10 to select low-mass galaxies
results in 11 863 low-mass galaxies and 12 927 massive galax-
ies. To further ensure the robustness of the stellar masses of the
dual AGN host galaxies, we used the χ2 and the RM?

parameters
derived in Euclid Collaboration: Laloux et al. (2026) and identi-
fied as high-confidence fits those sources with reduced χ2 ≤ 10
and RM?

> 0.5. This reduced χ2 threshold has been empiri-
cally established to eliminate SED fits with spurious or uncertain
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Fig. 1. Top: Stellar mass for each of the two galaxies (Euclid1 and
Euclid2, with indexes 1 and 2 randomly assigned) for the 58 dual AGN
candidates. The blue area shows the low-mass regime [log10(M∗/M�) ≤
10] used to select dual AGNs in low-mass galaxies (blue dots). All the
sources have high-confidence stellar masses based on SED fitting (with
χ2 ≤ 10 and RM? > 0.5; see text) except for the five sources marked in
red (RM? < 0.5). Bottom: Spectroscopic redshift distribution of the 58
dual AGNs (grey bars) and the nine dual AGNs in low-mass galaxies
(blue bars).

photometry (Euclid Collaboration: Laloux et al. 2026). Two
examples of the SED fitting performed by CIGALE are shown
in Fig. B.

3. Results and discussion

3.1. Spectroscopically confirmed dual AGNs

In 58 out of the 619 galaxy pairs, each of the two galaxies is
found to host an AGN based on at least one of the selection cri-
teria described in Sect. 2.2, thus yielding a sample of 58 dual
AGN candidates (Fig. 1, top). All the dual AGN systems have
SED fits with reduced χ2 ≤ 10 and RM?

> 0.5 except for five
systems (marked in red in Fig. 1) with RM?

< 0.5. The spec-
troscopic redshifts for this sample of 58 dual AGNs range from
z = 0.027 to 0.950 (Fig. 1, bottom), with a gap at z ∼ 0.6 due
to the sources being either DESI Bright Galaxy Survey (whose
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Fig. 2. Projected distance distribution of the 58 dual AGN candidates
(grey bars) and the nine dual AGNs in low-mass galaxies (blue bars).

distribution peaks at z ∼ 0.2) or Emission Line Galaxy (peak at
z ∼ 1.0) targets (see Fig. 2 in DESI Collaboration 2024). The
projected separation, Dproj, between the two AGNs ranges from
Dproj = 11.2 kpc to 51.8 kpc (Fig. 2). In twelve of these systems,
the two AGNs are identified by at least two diagnostics and can
thus be considered ‘robust’ dual AGNs. The remaining 46 sys-
tems, in which one or both AGNs are identified based on only
one diagnostic, can be conservatively considered as ‘candidate’
dual AGNs.

We recomputed the contamination fraction of the Euclid Q1
and DESI EDR crossmatch adopting a VIS limiting magnitude
for Euclid Q1 of 24.3 mag, which corresponds to the faintest
DESI r-band magnitude of the AGN candidates in the dual AGN
sample. This yields a Euclid number density in the overlapping
area between Euclid Q1 and DESI EDR of 70 542 objects/deg2

and a contamination fraction of 1.9%, which implies that one
out of the 58 dual AGN systems could be a mismatch. Yet,
an individual visual inspection of the Euclid VIS images and
their DESI spectroscopic counterparts confirms they are systems
within the 0.′′5 radius used in the Euclid Q1 and DESI EDR
crossmatch.

3.2. Dual AGNs in low-mass galaxies

Nine of the 58 dual AGN candidates have log10(M∗/M�) ≤ 10,
yielding a final sample of nine dual AGNs in low-mass galaxies
(see Fig. 3). All of the 18 AGN host galaxies have SED fits with
reduced χ2 ≤ 7 and RM?

> 0.5. Of these, 17 have RM?
≥ 0.8,

and 14 have reduced χ2 < 3. Three of the dual AGN systems are
located at z ' 0.9 and are identified as AGNs by the BLUE and
KEX diagrams. The remaining six systems are at z . 0.1 and are
classified as AGNs based on optical, infrared, or radio (LOFAR)
diagnostics (Table 1 reports the criteria for each source). Of the
nine dual AGNs in low-mass galaxies, one can be considered
‘robust’ because of the two AGNs being classified as such by
two diagnostics (see Table 1). The remaining systems are consid-
ered ‘candidates’, since they are classified as AGNs by only one
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Fig. 3. Composite VIS- and NISP-band images of the nine dual AGN candidates in low-mass galaxies sorted in ascending redshift, as in Table 1.
The red circles mark the positions of the AGNs. The scale bars show the separation between the two candidate AGNs in arcsec.

diagnostic. The latter is particularly relevant for those sources
close to the SF/AGN demarcation lines in the BLUE, KEX,
or [S ii]-BPT diagrams, such as EUCL J175306.12+645855.3,
whose position in the [S ii]-BPT is nearly at the intersection
between the SF and the AGN region (see Appendix E).

3.2.1. Radio counterparts and lack of X-ray detections

None of the 18 sources in the sample of nine dual AGN can-
didates in low-mass galaxies have a VLASS counterpart. Eight
have a radio counterpart in the LOFAR coverage of the EDF-N
with the HBA (Bondi et al. 2024), consistent with an AGN ori-
gin. The LOFAR–Euclid associations – while performed using
robust maximum likelihood techniques and vetted catalogues
(see Appendix C) – may be particularly challenging in the low-
stellar-mass regime. In Appendix C, we estimate a LOFAR con-
tamination fraction of 8.3% based on random match statistics;
however, this likely represents a lower limit as the reliability of
radio associations degrades at low stellar masses due to weaker
radio fluxes and higher source densities (e.g. Kondapally et al.
2021; Euclid Collaboration: Visser et al. in prep.). Using a

Monte Carlo analysis, Euclid Collaboration: Visser et al. (in
prep) find that the average contamination fraction is ∼20% in
the stellar mass range 9.0 ≤ log10(M∗/M�) ≤ 10.0.

None of the dual AGNs in low-mass galaxies are found to
have X-ray detections in the Chandra Source Catalog (they are
outside of its footprint) or in 4XMM-DR14. Upper limits (at a
3σ significance) on the 0.2–12 keV fluxes can be obtained from
XMM Slew and pointed observations4 for all the AGNs in the
dual AGN low-mass systems. Assuming a power-law photon
index Γ = 2, we find upper limits on the 0.2–12 keV X-ray
luminosities ranging from 1042 erg s−1 to 1047 erg s−1, higher
than those typically found in X-ray-emitting AGNs in local
low-mass galaxies (<1042 erg s−1; e.g. Schramm et al. 2013;
Baldassare et al. 2017; Eberhard & Reines 2025).

3.2.2. Black hole masses

We derived the black hole masses of the dual AGNs in low-mass
galaxies using the M∗–MBH correlation of Pucha et al. (2025) for

4 https://xmmuls.esac.esa.int/upperlimitserver/
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Table 1. Sample of nine dual AGN candidates in low-mass galaxies.

Euclid1 Euclid2 z1 z2 Dproj log10(M∗/M�)1 log10(M∗/M�)2
[kpc]

EUCL J175226.38+662659.0 EUCL J175228.85+662646.8 0.052 0.052 19.5 9.16 ± 0.02 9.34 ± 0.02
radio radio
EUCL J180150.12+670229.9 EUCL J180154.58+670240.4 0.087 0.088 46.1 9.05 ± 0.02 9.47 ± 0.02
N ii-BPT, BLUE, radio radio
EUCL J181025.14+664252.8 EUCL J181026.79+664235.5 0.088 0.088 32.7 9.54 ± 0.02 8.92 ± 0.02
radio radio
EUCL J180219.39+664532.8 EUCL J180221.60+664521.3 0.089 0.088 28.8 9.4 ± 0.2 9.73 ± 0.02
WHAN WHAN
EUCL J175306.12+645855.3 EUCL J175305.12+645839.0 0.119 0.118 37.5 7.5 ± 1.3 9.9 ± 0.2
S ii-BPT WHAN
EUCL J174727.18+662623.6 EUCL J174726.73+662605.0 0.142 0.142 47.1 9.9 ± 0.2 9.70 ± 0.06
N ii-BPT, S ii-BPT, broad Hα, radio
broad Pa β, BLUE, KEX,
WISE, radio
EUCL J175759.76+654524.6 EUCL J175759.89+654521.9 0.876 0.875 21.2 9.9 ± 0.2 9.8 ± 0.2
BLUE, KEX BLUE, KEX
EUCL J175256.05+653844.8 EUCL J175257.08+653846.1 0.893 0.894 50.9 9.2 ± 0.3 9.7 ± 0.2
KEX BLUE, KEX
EUCL J174816.82+632750.0 EUCL J174817.34+632751.2 0.933 0.931 29.0 9.8 ± 0.5 10.0 ± 0.5
KEX BLUE, KEX

Notes. The second row under each Euclid ID indicates the diagnostic that classifies the source as an AGN. The labels Euclid1 and Euclid2 are
randomly assigned.

confident broad-line AGN candidates (their Equation 3). We find
that the black holes masses are in the range log10(MBH/M�) =
4.0–6.7 with a typical uncertainty of 0.5 dex (see Table 2).

One of the sources (EUCL J174727.18+662623.6) presents
broad Hα emission (see Appendix E), from which Pucha et al.
(2025) derive a black hole mass of log10(MBH/M�) = 7.7 ± 0.5
using single-epoch virial techniques. For this source we also fit-
ted the Euclid NISP spectrum (see Fig. D.1), in particular the
Pa β and He i emission lines. Both have a FWHM ≥ 1200 km s−1,
indicative of a broad-line region origin. Using the Pa β relation
(see Appendix D) from La Franca et al. (2015) accounting for
the same virial factor (ε = 1) as Pucha et al. (2025), we obtain
a black hole mass of log10(MBH/M�) = 7.8 ± 0.5, fully consis-
tent with that derived from the broad Hα emission. For the He i,
we used the relations from Ricci et al. (2017, 2022) and obtain a
black hole mass of log10(MBH/M�) = 7.9 ± 0.5 (see Eq. D.4 in
Appendix D).

We note that for EUCL J174727.18+662623.6 the black
hole mass inferred from the DESI and Euclid spectra is only
marginally consistent with that derived from the M∗–MBH cal-
ibration of Pucha et al. (2025) within its quoted scatter. This
illustrates that individual systems may deviate significantly from
simple black hole-galaxy scaling relations and that direct spec-
troscopic estimates can be important to estimate such masses.

3.2.3. Merger stage

The Dproj values between the two AGN candidates in the
sample of nine dual AGNs in low-mass galaxies range from
19.5 kpc to 50.9 kpc, which suggests they are all either in an
early merger stage or have undergone at least a first pass (e.g.
Eróstegui et al. 2025). A visual inspection of the VIS images

indeed reveals tidal signatures in some of the sources (e.g.
EUCL J175226.38+662659.0 and EUCL J174727.18+662623.6
in Fig. 3), while most of the systems seem to be close pairs of
galaxies yet to undergo a merger process. This supports previous
findings suggesting that AGNs in dwarf galaxies are not neces-
sarily activated by merger events (Eróstegui et al. 2025).

3.2.4. Dual AGN fraction

The sample of nine dual AGNs in low-mass galaxies reported
in this paper allows us to derive for the first time a dual
AGN fraction in low-mass galaxies. Because of incomplete-
ness effects (the dual AGN candidate sample is based on dif-
ferent surveys and thus different target samples), the fraction
should be taken as a lower limit. We define the dual AGN frac-
tion as the ratio of the dual AGN systems to the total num-
ber of low-mass galaxies in the sample (9/11 863), finding a
0.1% dual AGN fraction for low-mass galaxies. In the case of
massive galaxies, the dual AGN fraction is found to be 0.4%
(49/12 927). The lower dual AGN fraction for low-mass galaxies
is expected given the decline of black hole occupation fraction
and of AGN fraction with stellar mass found observationally
(e.g. Miller et al. 2015; Mezcua et al. 2018; Birchall et al. 2020;
Bykov et al. 2024; Zou et al. 2025) and in simulations (e.g.
Bellovary et al. 2019; Pacucci et al. 2021).

Although the dual AGN fractions here derived should be
taken with caution, they are at least an order of magni-
tude smaller than those observed in nearby massive systems
(e.g. 7.8% for ultra-hard X-ray-selected AGNs – Koss et al.
2012 – and 1.3% based on optical emission-line diagnostics –
Liu et al. 2011, both at separations ≤ 30 kpc), even when con-
sidering the total dual AGN fraction of 0.2%, which accounts
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Table 2. Black hole masses of the dual AGNs in low-mass galaxies derived using the M∗–MBH correlation of Pucha et al. (2025).

Euclid1 Euclid2 log10(MBH/M�)1 log10(MBH/M�)2

EUCL J175226.38+662659.0 EUCL J175228.85+662646.8 5.7 ± 0.4 5.9 ± 0.4
EUCL J180150.12+670229.9 EUCL J180154.58+670240.4 5.6 ± 0.4 6.1 ± 0.4
EUCL J181025.14+664252.8 EUCL J181026.79+664235.5 6.1 ± 0.4 5.5 ± 0.4
EUCL J180219.39+664532.8 EUCL J180221.60+664521.3 5.9 ± 0.6 6.3 ± 0.5
EUCL J175306.12+645855.3 EUCL J175305.12+645839.0 4.0 ± 1.7 6.6 ± 0.6
EUCL J174727.18+662623.6 EUCL J174726.73+662605.0 7.8 ± 0.5† 6.3 ± 0.5
EUCL J175759.76+654524.6 EUCL J175759.89+654521.9 6.6 ± 0.6 6.4 ± 0.6
EUCL J175256.05+653844.8 EUCL J175257.08+653846.1 5.8 ± 0.7 6.3 ± 0.6
EUCL J174816.82+632750.0 EUCL J174817.34+632751.2 6.4 ± 0.9 6.7 ± 0.9

Notes. †Black hole mass derived from the broad Pa β line.

for both low-mass and massive galaxies. Yet, this dual AGN
fraction seems consistent with that expected from large-scale
hydrodynamical simulations in which the dual AGN fraction
(including both low-mass and massive galaxies) is 0.1% at
z ≤ 0.5 (Rosas-Guevara et al. 2019; Volonteri et al. 2022;
Puerto-Sánchez et al. 2025). The dual AGN fraction derived here
is also consistent with that from models in which AGN activity is
triggered in gas-rich progenitor galaxies when the nuclei of these
galaxies are roughly within the half-light radii of their compan-
ion galaxies (Yu et al. 2011).

3.2.5. Progenitors of future gravitational wave LISA sources

To assess the potential relevance of the dual AGNs in low-mass
galaxies for future gravitational wave detections as the black
holes approach coalescence, we estimated the merger timescales
tc from the prescription of Kitzbichler & White (2008):

tc = 2.2 Gyr
Dproj

50 kpc

(
M?

4 × 1010 h−1 M�

)−0.3 (
1 +

z
8

)
, (1)

where M? is the major stellar mass of the galaxies in the sys-
tem and h = 0.7. This results in tc = 1.9–5.2 Gyr. The black
hole masses derived in Sect. 3.2.2 imply observed innermost sta-
ble circular orbit frequencies fISCO in the interval ∼0.5–5 mHz,
where

fISCO =
c3

2πGMBH

1
63/2 , (2)

and G is the gravitational constant.
Under standard assumptions for the LISA sensitivity curve

(LISA Definition Study Report; Colpi et al. 2024) and assum-
ing that these pairs evolve into bound black hole binaries and
coalesce, their late-inspiral gravitational wave emission could,
in principle, be detectable by LISA. We stress, however, that the
estimated merger timescales are in some cases longer than the
look-back time at the observed redshift, implying that coales-
cence may occur only at later cosmic times and that AGN activ-
ity will not likely remain continuously strong throughout the full
merger sequence.

A full reassessment of the space density of such systems
and of the corresponding LISA event rate, incorporating these
revised black hole masses, merger timescales, and stellar mass
functions, is beyond the scope of this work and will be addressed
elsewhere. In particular, the relative fraction of low-mass hosts
in our sample compared to more massive galaxies should be
regarded as a strict lower limit: incompleteness and selection

biases, especially against faint and intermediate- to high-redshift
systems, almost certainly suppress the observed incidence of
such low-mass pairs. Consequently, the contribution of the black
hole binaries that may eventually descend from these systems
to the overall rate of LISA-detectable coalescences will depend
sensitively on a careful treatment of incompleteness and selec-
tion effects.

4. Conclusions

In this paper we reported the first sample of nine dual AGNs in
low-mass galaxies to date, along with a new sample of 49 dual
AGNs in massive galaxies, using Euclid photometry and spec-
troscopy, DESI spectroscopy, mid-infrared colours, and LOFAR
radio counterparts. The redshifts of the nine dual AGNs in low-
mass galaxies range from ∼ 0.05 to 0.9, and the AGN-projected
separations range from 19.5 to 50.9 kpc. We derive a 0.1% dual
AGN fraction in low-mass galaxies and estimate that these sys-
tems likely trace a population of progenitor black-hole pairs that
may evolve into bound binaries and eventually coalesce, emit-
ting gravitational waves in the LISA band.

The finding that dual AGNs can form in low-mass galax-
ies has important implications for seed black hole models, since
it provides an avenue for black hole growth if the two black
holes coalesce (Tamfal et al. 2018). Thus, these black holes in
local dwarf galaxies might not be the unevolved relics of the
early-Universe seed black holes (Mezcua 2019). The systems
identified here can be regarded as possible progenitors of future
LISA sources, reinforcing the importance of including dwarf
galaxy mergers and dual AGNs in dwarf galaxies in predictions
of binary black hole mergers and the gravitational wave back-
ground (Saeedzadeh et al. 2024). Their contribution to the rate
of LISA-detectable black-hole mergers will, however, depend
on the time delay between the dual AGN phase and black-
hole coalescence, as well as on AGN activity and selection
effects.
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Appendix A: DESI fiber collisions

DESI fibers are limited by the “patrol radius” of the position-
ers, which results in insufficient available fibers when covering
densely populated regions of the sky. Additionally, the phys-
ical size of the positioner limits the minimum angular sepa-
ration between two optical fibers, which means that two (or
more) sources with small angular separations cannot be observed
simultaneously. Since the combination of these effects is effec-
tively similar to the fiber collisions in SDSS, this issue is also
referred to as fiber collisions (Bianchi et al. 2025). A direct con-
sequence of missing closely separated sources is the undercount
of physically close pairs, which we estimate here taking an
empirical approach.

First we measure the spectroscopic completeness of DESI
EDR in the Euclid-DESI crossmatch region using two cata-
logues: the DESI EDR (the observed catalogue) and the Legacy
Survey DR9 photometry value-added catalogue of potential tar-
gets list (the parent catalogue), which contains all the targets that
DESI could have observed (DESI Collaboration 2024). Even
after restricting the observed and parent catalogues to the Euclid-
DESI crossmatch region (12.5 deg2), the large amount of sources
in both catalogues (especially the parent) makes it impractical to
directly measure the number of pairs as a function of angular
separation. Instead, we sample 60 different circular subregions
of ∼0.061 deg2, each of which can contain pairs with up to 1000′′
in angular separation. For each region we derive the number of
potential npot(θi) and observed nobs(θi) targets per angular sepa-
ration bin θi. We also derive the number nphys(θi) of actual physi-
cal pairs (as defined in Sect. 2.1) per angular bin to calculate the
probability that an observed pair is a physical pair as a function
of the angular separation as

pphys(θi) =
nphys(θi)
nobs(θi)

. (A.1)

Then we use pphys(θi) to estimate the number of physical
missing pairs as

nl
phys_miss(θi) = pphys(θi) nmiss(θi), (A.2)

where nmiss(θi) = npot(θi)−nobs(θi). We can consider nl
phys_miss(θi)

(and all quantities derived from it) as a lower limit (denoted by
the superindex l) because pphys(θi) was obtained assuming that
the probabilities of a pair being observed and a pair being phys-
ical are independent. However, since physical pairs are more
likely to be found in denser regions, they have a lower chance
of being observed than random pairs at the same angular separa-
tion. This means that nphys_miss(θi) might be an underestimate of
the actual missing physical pairs. To obtain a more conservative
limit, we apply the correction

pcorr
phys(θi) = min

(
1,

pphys(θi)
C(θi)

)
, (A.3)

where C(θi) = nobs(θi)/npot(θi) is the pair completeness as a
function of angular separation, and we use the min() function
to ensure the probability is never greater than 1. Then

nu
phys_miss(θi) = pcorr

phys(θi) nmiss(θi). (A.4)

After going over all the sample regions, we combine the
counts to obtain the spectroscopic pair completeness as a func-
tion of angular separation, which is shown in Fig. A.1. The effect
of fiber collision becomes apparent as a decline in completeness
from ∼ 200′′ towards smaller separations.

Fig. A.1. Spectroscopic pair completeness of DESI EDR vs. pair angu-
lar separation for the 60 sample regions taken from the DESI-Euclid
crossmatch. The grey dashed line is the average completeness for all
pairs with θ >180′′. The vertical bars represent the binomial error of
each bin.

We estimate the relative portion of missing pairs due to fiber
collision as

fmiss_fc(θi) = Cθ>180′′ −C(θi), (A.5)

where Cθ>180′′ is the average pair completeness for pairs with θ
> 180′′, since at those separations we can expect the fiber colli-
sion incompleteness to be negligible (e.g. Pinon et al. 2025). We
then estimate the number of physical pairs due to fiber collisions
as

nb
miss_fc(θi) =

fmiss_fc(θi)
fobs_miss(θi)

nb
phys_miss(θi), (A.6)

where fobs_miss(θi) = 1 − C(θi), and the superindex b can
be either u or l to get the upper or lower limits, respec-
tively. Finally, we obtain the fraction of missing physical pairs
as

f b
phys_miss_fc =

1
Cθ>180′′

∑nbin
i=0 nb

miss_fc(θi)∑nbin
i=0[nphys_obs(θi) + nb

phys_miss(θi)]
, (A.7)

where nphys_obs(θi) is the number of observed physical pairs per
angular bin, nbin is the number of angular separation bins, and
we use Cθ>180′′ to scale f b

phys_miss_fc to obtain the missing pair
fraction exclusively due to fiber collision.

Appendix B: SED fitting

Two examples of the SED fitting performed by CIGALE are
shown in Fig. B.1.

Appendix C: Radio counterparts

The eight LOFAR sources in the sample of dual AGN candidates
in low-mass galaxies are included in the Bisigello et al. (2025)
catalogue, which includes optical-to-near-infrared counterparts
for 99.2% of the LOFAR sources presented in the catalogue
by Bondi et al. (2024), excluding masked sources. Counterparts
are identified using the likelihood ratio method (de Ruiter et al.
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Fig. B.1. Examples of CIGALE best-fit SED models (black line) for one of the galaxies in a low-redshift dual AGN system (top panel) and a
high-redshift one (bottom panel). The observed fluxes in the different bands are shown by purple circles, while the best-fit modelled fluxes in these
bands are represented by red dots. The different coloured lines correspond to the various SED components. For each source, a side panel displays
the M∗ probability distribution function returned by CIGALE, showcasing their low-mass nature.

Table B.1. Total and peak radio fluxes, and total radio luminosity at a central frequency of 144 MHz for those sources in the sample of dual AGN
candidates in low-mass galaxies with an AGN radio counterpart.

IAU Name S tot (mJy) S peak (mJy) log10(L144 MHz/W Hz−1)

EUCL J174726.73+662605.0 0.9 ± 0.2 0.33 ± 0.05 22.66 ± 0.08
EUCL J174727.18+662623.6 0.8 ± 0.1 0.85 ± 0.04 22.64 ± 0.04
EUCL J175226.38+662659.0 1.2 ± 0.1 0.80 ± 0.04 21.90 ± 0.03
EUCL J175228.85+662646.8 0.4 ± 0.1 0.22 ± 0.04 21.4 ± 0.1
EUCL J180150.12+670229.9 0.7 ± 0.2 0.23 ± 0.04 22.1 ± 0.1
EUCL J180154.58+670240.4 0.8 ± 0.1 0.39 ± 0.04 22.16 ± 0.07
EUCL J181025.14+664252.8 1.3 ± 0.1 0.92 ± 0.05 22.39 ± 0.04
EUCL J181026.79+664235.5 0.6 ± 0.1 0.29 ± 0.05 22.0 ± 0.1
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Fig. B.2. Radio luminosity at 1.4 GHz of those dual AGN candidates in low-mass galaxies with a LOFAR radio counterpart versus expected radio
luminosity from bright SNe and SNRs (left), from a population of SNe/SNRs (middle), and from star formation (right). The dashed lines denote
one-to-one correlations.

1977; Sutherland & Saunders 1992) based on both the magni-
tude and colour information, using the optical Subaru Hyper
Suprime-Cam (HSC) i-band and the 4.5-µm Spitzer/IRAC band.
Cross-matches for the most complex sources have been vali-
dated with visual inspection by two independent researchers.
Given the high success rate of identifications, we directly cross-
match our Euclid sources with the optical-to-near-infrared posi-
tions of the LOFAR counterparts using a matching radius of 1′′.
We estimate the contamination fraction of the crossmatch based
on the number density of LOFAR in the coverage of the EDF-
N (23,309 LOFAR objects over 10 deg2; Bisigello et al. 2025)
and that of Euclid EDF-N in that area (285,111 objects/deg2).
Using a blunder radius of 1.′′0, we find 1611 random matches
and derive a contamination fraction of 8.3%. Yet, all eight
Euclid sources with a LOFAR counterpart are confirmed as
the most probable counterpart based on the likelihood ratio
analysis presented in Bisigello et al. (2025), with a likelihood
ratio at least 100 times larger than the threshold above which
a counterpart is considered valid, as derived from the entire
LOFAR sample. Using the method described by Nisbet (2018)
and Kondapally et al. (2021), this likelihood ratio corresponds
to a probability of a source being a genuine counterpart above
99.4%.

The LOFAR data were taken at a frequency of 144 MHz and
the image has an angular resolution of 6′′. The root mean square
of the LOFAR images ranges from 0.04 to 0.06 mJy beam−1.
The radio source catalogue was extracted by Bondi et al. (2024)
using the Python Blob Detection and Source Finder (PyBDSF,
Mohan & Rafferty 2015). The coordinate-based IAU name and
fluxes of the eight radio sources were retrieved from this cata-
logue and are provided in Table B.1. To compute the radio lumi-
nosity at 1.4 GHz and compare it to that expected from stellar
processes, we assume a radio spectral index α typical of AGNs,
α = 0.7 and S ν ∝ ν−α, where S ν is the radio flux at frequency
ν. We use the SED-based star-formation rate of each galaxy
to compute the expected contribution at 1.4 GHz from bright
supernovae (SNe) and supernova remnants (SNRs), a popula-
tion of SNe/SNRs, and from star formation to the radio emis-
sion following Reines et al. (2020) and Flores et al. (2025). A
source is then classified as an AGN when its radio luminos-
ity is at least three times larger than the luminosity predicted
from these stellar processes, including their uncertainties (see
Fig. B.2). On the basis of this comparison, we conclude that

the radio emission is due to AGN phenomena in all the eight
objects.

Appendix D: Euclid spectral fitting

In this appendix, we present the results of fitting the Euclid
spectra for the source discussed in Sect. 3.2. The spectrum of
EUCL J174727.18+662623.6 is shown in Fig. D.1, with emis-
sion lines fitted using the method described in Sect. 2.2. We
mask regions affected by instrumental features or high noise and
we use the DESI spectroscopic redshift to perform the emission
line fitting of the Euclid spectra. The observed data are plotted
in black, while the best-fit model is overlaid in red. The model
comprises a power-law continuum and Gaussian emission lines,
including both broad and narrow components as required. Indi-
vidual fit components are displayed in different colours, with
the continuum shown in blue. To improve the robustness of
the fit, we adopt a physically motivated strategy for the line
widths: the narrow lines, which originate from the narrow-line
region (NLR), are assumed to have a common velocity disper-
sion and are therefore fitted with the same fixed width. Simi-
larly, broad lines associated with the broad-line region (BLR)
are tied together in width, but allowed to vary independently
from the NLR. This approach reduces degeneracies between
line fluxes and widths, ensures that the fitted components reflect
the expected kinematics of the emitting regions, and prevents
unphysical variations in width for lines arising from the same
physical region. The fluxes and FWHMs of the fitted Euclid
emission lines are listed in Table D.1. We adopt a conservative
20% uncertainty on the flux measurements of the main emission
lines, accounting for both fitting and calibration errors. We fit
and report the fluxes and FWHMs only for lines with S/N ≥ 5.

We compute the black hole mass based on the FWHM and
luminosity of the (Pa β)b and (He i λ 1.084)b. For Pa β we use
Equation (7) in La Franca et al. (2015), adding a log10(5.5/4.31)
term to re-scale the geometrical factor from 4.31 to 5.5 (equiva-
lent to ε = 1):

log10

(
MBH

M�

)
= 7.83 + log10

(
5.5

4.31

)
+ 0.872

[
2log10(FWHM) + 0.5log10

(
LPa β

)]
,

(D.1)
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Fig. C.1. LOFAR EDF-N radio images at 144 MHz with a resolution of 6′′ for those dual AGNs in low-mass galaxies with a LOFAR radio
counterpart. The red circles mark the positions of the AGNs, as in Fig. 3.

where FWHM is that of (Pa β)b in units of 104 km s−1 and LPa β

is the (Pa β)b line luminosity in units of 1040 erg s−1.
For He i we take the relation from Ricci et al. (2017):

log10

(
MBH

M�

)
= 7.75 + log10

(
5.5
4.31

)
+ 2 log10(FWHM) + 0.5log10

(L14–195 keV

1042

)
,

(D.2)

where FWHM is that of (He i λ 1.084)b in units of 104 km s−1

and L14−195 keV is the 14–195 keV hard-X luminosity in units erg
s−1. We then re-scale the L14–195 keV to that of He i using the value
reported in Ricci et al. (2022):

log10(LHe i) = log10(L14–195 keV) − 2.45, (D.3)

where LHe i is the (He i λ 1.084)b luminosity in erg s−1.
Combining Eqs.(D.2) and (D.3), we obtain:

log10

(
MBH

M�

)
= 7.86 + 2 log10(FWHM)

+ 0.5
[
log10(LHe i) − 39.55

]
, (D.4)

where FWHM is that of (He i λ 1.084)b in units of 104 km s−1.

Appendix E: DESI spectroscopy

We visually inspect each individual DESI EDR spectrum of the
18 AGN candidates forming the sample of nine dual AGNs in
low-mass galaxies, ensuring that there are no artifacts affecting

Table D.1. Fluxes and FWHM values of emission lines detected in
EUCL J174727.18+662623.6.

Line ID Flux FWHM
[10−16 erg s−1 cm−2] [km s−1]

(He i λ 1.084)b 15 ± 3 5083 ± 1000
(He i λ 1.083)n 13 ± 3 1469 ± 290
Pa γ 5.0 ± 1.0 1469 ± 290
[O i] λ 1.129 4.7 ± 0.9 1469 ± 290
(Pa β)b 16 ± 3 5083 ± 1000
(Pa β)n 6.5 ± 1.3 1469 ± 290

the emission lines used in the diagnostic diagrams. We show here
two examples of the DESI EDR spectra: for the galaxy at z '
0.14 with broad Hα emission (EUCL J174727.18+662623.6;
Fig. E.1, top,) and for one of the galaxies at z ' 0.9 with
an AGN classification based on the BLUE and KEX diagrams
(EUCL J175759.76+654524.6; Fig. E.1, bottom). The remaining
spectra can be downloaded from the DESI EDR website. In Fig.
E.2 to E.4 we also show the N ii-BPT, S ii-BPT, WHAN, BLUE,
and KEX emission-line diagnostics of the sources classified as
AGNs based on DESI spectroscopy (see also Table 1).
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Fig. D.1. Euclid spectrum of EUCL J174727.18+662623.6. The spectrum is shown in black, with the best-fit model overplotted in red. Spectral
regions affected by instrumental artefacts or elevated noise levels are masked. The fit includes a power-law continuum (in blue) and emission lines,
represented in different colours depending on the component. The main lines are labelled in the plot. The bottom panel displays the residuals
between the data and the model. The fitting procedure is described in detail in Appendix D.
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Fig. E.1. Two examples of the DESI spectra (black line) for dual AGNs in low-mass galaxies: EUCL J174727.18+662623.6 (top), at z ' 0.14
showing clear broad Hα emission; and EUCL J175759.76+654524.6 (bottom), at z ' 0.9 classified as an AGNs based on the BLUE and KEX
diagrams. The 1σ uncertainty of the flux is shown as a grey line. The blue vertical lines mark the position of those emission lines typically used
for AGN classification.
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Fig. E.2. N ii-BPT (left) and S ii-BPT (right) diagram of those sources classified as AGNs in one of these diagnostics based on DESI spectroscopy.
In the N ii-BPT, the solid line delineates the regions corresponding to AGN and star formation (SF) from Kewley et al. (2001), while the dashed
lines delineate those regions corresponding to SF and composite (combination of AGNs and SF) from Kauffmann et al. (2003), and those cor-
responding to AGNs vs. low-ionisation nuclear emission-line region (LINER) emission from Schawinski et al. (2007). In the S ii-BPT, the solid
lines delineate the regions corresponding to AGNs and SF from Kewley et al. (2001) and those corresponding to AGN vs. LINER emission from
Schawinski et al. (2007).
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