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ABSTRACT

Predictions from current theories and simulations suggest that dual AGN systems are exceedingly rare at high redshifts. The
intense radiation and powerful outflows from AGNs regulate star formation, heat the interstellar medium, and drive massive
gas outflows that shape the host galaxy and its surroundings. One manifestation of AGN feedback is the creation of extended
Ly nebulae. However, identifying these systems at high-z is challenging. Here, we report a remarkable dual AGN candidate at
z ~ 5.4 using JWST NIRCam and NIRSpec, with a separation of ~ 1.7 arcseconds (~ 10.4 pkpc). This is one of the highest
spectroscopically confirmed redshift dual AGNs discovered. Photometric SED fitting shows excellent agreement with AGN
templates, strongly suggesting a rare dual AGN system. BPT diagrams and high ionisation lines further support the presence
of AGNs. VLT/MUSE observations reveal strong extended Lya emission, extending to > 22 kpc, making it one of the most
extended Lya nebulae at z ~ 6. This provides observational evidence of anisotropic AGN-driven photoionization or shocks.
The high Lya escape fraction also indicates an AGN outflow. This dual AGN candidate is also associated with a well-defined
overdensity, potentially at the center of a z ~ 5.4 protocluster or filamentary structure node. Further analysis indicates the fraction
of dual AGN:ss is significantly higher than theoretically expected at high redshifts. This discovery provides a new opportunity to

study dual AGN interactions and their impact on the circumgalactic medium and cosmic structure evolution.
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1 INTRODUCTION

Detecting dual active galactic nuclei (DAGNs) are identified as two
active galactic nuclei (AGN5) in the early stages of a merger, remain-
ing separated on kiloparsec scales and not yet gravitationally bound
(Perna et al. 2023a; Ishikawa et al. 2024). These are important sys-
tems for understanding a host of astrophysics including supermassive
black holes (SMBHs) assembly across cosmic times (Puerto-Sanchez
et al. 2025; Li et al. 2024a). The extragalactic environments of these
systems as well as their roles in gas accretion and SMBH mergers
also provide insights into the connection between galaxy mergers,
galaxy formation, AGN fueling, and local environment.

However, observational evidence for DAGN systems at high red-
shifts remains sparse, and very few cases are known. Despite the ex-
pectation, only a handful of dual AGN systems have been identified at
z > 1, typically via gravitational lensing or serendipitous discoveries
(Mannucci et al. 2022; Silverman et al. 2020). The launch of JWST
has however significantly advanced our ability to search for these
high-redshift binaries. Some recent research finds that high-redshift
AGN frequently have close companions; for instance, Perna et al.
(2023b) identified one AGN-galaxy pair candidates at z = 3.3, while
Maiolino et al. (2023) report three other pairs at z > 4 that exhibit
double-peaked Ha emission providing evidence of harboring AGN.

* giong.li@manchester.ac.uk

© 2025 The Authors

Furthermore, simulations indicate that the number density of dual
AGN separated by <30 pkpc should have a very low number density
of < 1073 comoving Mpc? at z > 5(Puerto-Sanchez et al. 2025). At
the same time, the lack of systematic surveys implies that high-z dual
AGNs remain exceedingly rare and difficult to identify. However,
because these dual AGN can reveal how star formation and AGN
activity are triggered and fueled, they remain a missing part of our
understanding of galaxy and black hole formation.

Driven by these inquiries, we have conducted a systematic search
for galaxy pairs at 4.5 < z < 11.5 using data from eight JWST
NIRCam fields (total ~189 arcmin?, CEERS(Bagley et al. 2023b),
JADES(Eisenstein et al. 2023; Bunker et al. 2023), NEP(Windhorst
et al. 2022), NGDEEP(Bagley et al. 2023a), GLASS(Treu et al.
2022), El-Gordo(Windhorst et al. 2022), SMACS-0723(Pontoppidan
etal. 2022), MACS-0416(Windhorst et al. 2022)). Our serendipitous
discovery of one dual AGN at z ~ 5.4, the highest redshift spec-
troscopy confirmed dual AGN found to date, allows us to greatly
increase our current understanding of galaxy mergers and the role of
AGNs in pairs at high redshift for fueling black hole growth. This
dual AGN represents the most exceptional case among all the merg-
ers we have identified. In this system, both sources in the close pair
have evidence of AGN activity and the pair are associated with an
extended Lya nebula. The pair is located within a galaxy group on
larger scales, offering a rare opportunity to investigate early AGN
fueling and the correlation between AGN activity and large-scale en-
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vironment, whose properties we describe in this paper. These unique
properties make this pair an exceptional target for investigating early-
universe galaxy mass assembly, mergers, and feedback processes.

In this paper, we present the identification, spectroscopic confir-
mation, and physical characterization of this dual AGN system. We
describe the data and observations used in Section 2, our selection and
SED fitting methodology in Sections 3, and discuss the implications
of our findings in Sections 4. Finally, we summarize our conclusions
in Section 6. Throughout this paper, we assume a flat cosmological
model with Q4 = 0.7, Q,, = 0.3 and Hy = 70 kms~! Mpc~! which
implies the physical scale is = 6.1 kpc per arcsec at z ~ 5.4, the red-
shift of this system. For the clarity in this article, we name the eastern
galaxy JADES NIRCam ID: 32751 as G1 and the westernmost galaxy
JADES NIRCam ID: 32927 as G2 in the paper.

2 OBSERVATIONS AND DATA REDUCTION

We use a probabilistic pair counting methodology that integrates full
photometric redshift posteriors to accurately quantify galaxy pairs
which we describe in (Duan et al. 2024b). Following the identifi-
cation of potential merger pairs, we fit their NIRCam photometry
and generate extensively vetted pair/merger catalogs. We next match
these robust selected pair catalogs with NIRSpec spectra to select
AGNs among them. Among 3452 galaxies at z > 4.5, we identified
a total of 14 AGN-galaxy pairs at the projected distance rj, <30 kpc,
with at least one galaxy covered by NIRSpec observations confirming
its redshift.

We find in total 14 pairs, however, the most notable among these
is a z ~ 5.4 dual AGN candidate. The two sources G1 and G2 are
separated by 1.7” (projected as ~ 10.4 kpc) at z ~ 5.4 (see Fig. 2).
Their redshifts are zgpec = 5.440 + 0.001 and zgpec = 5.442 = 0.001,
with a comoving distance along the sight line of 0.52 h~Mpe.

They are covered in the JADES(Ferruit et al. 2022; Bunker et al.
2023) and FRESCO surveys(Oesch et al. 2023). The dual AGN also
has VLT/MUSE spectra(Herenz et al. 2019) and ALMA observation.
The broadband images of this dual AGN are from the JADES sur-
vey (PI: Eisenstein, N. Liitzgendorf, ID:1180, 1210). For a rigorous
evaluation of our photometry, we also use HST ACS images from
CANDELS that cover the same field (Grogin et al. 2011; Koeke-
moer et al. 2011a) (Fig. 2 a, c). The NIRSpec spectrum of G1 we
use originates from the first data release of JADES (Ferruit et al.
2022; Bunker et al. 2023) featuring both G395H and PRISM spec-
troscopy. The spectra for G2 was obtained from the FRESCO survey
(Oesch et al. 2023), which obtained R=1600 spectra within the NIR-
Cam grism and F444W filter. The MUSE-Wide GTO program on
the VLT also covers these sources, providing coverage of Lya.

2.1 JWST NIRCam and HST Imaging observations

The merger pair consists of Gl ( RA: 03:32:29.52, DEC: -
27:47:47.79, at z = 5.440 + 0.001(Bunker et al. 2023)) and G2 (
RA: 03:32:29.39, DEC: -27:47:47.46, at z = 5.442 + 0.001(Helton
et al. 2024)). The two sources are detected in NIRCam observations
of the GOODS-S field from the Deep tier of the JWST Advanced
Deep Extragalactic Survey (JADES, PI: Eisenstein, N. Liitzgendorf,
ID:1180, 1210)(Rieke et al. 2023). Within this region there is imag-
ing data from 9 NIRCam filters: FOO0W, F115W, F150W, F200W,
F277W, F335M, F356W, F410M, and F444W.

We use the reduced imaging and catalogues of the JADES DR1
field that were produced by the EPOCHS project (Conselice et al.
2024; Adams et al. 2023) to discover this system. To summarise,
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the field is reduced using a modified version of the official JWST
NIRCam pipeline with calibration pmap 1084 in addition to the use
of custom wisp correction templates and background subtractions.
This results in 5o depths between 29.8-29.6 mag in an aperture size
of 0.32 arcsec in diameter. The final image resolution is 0.03”/pixel.
The magnitudes in the NIRCam F277W band of G1 and G2 are 28.5
mag and 28.4 AB mag within an aperture of 0.32” in diameter.

We further enhance the photometric dataset by including imag-
ing from the HST CANDELS survey (Grogin et al. 2011; Koeke-
moer et al. 2011b), which covers a broader area in GOODS-
S. We make use of HST ACS images in F435W(50 depth ~
28.7mag), F606W (50 depth ~ 28.9mag), F775W(50 depth ~
28.4mag), F814W (50 depth ~ 28.7mag), and F850LP(50 depth ~
28.2mag)(Grogin et al. 2011). These images, derived from the CAN-
DELS program, provide blue photometry for the JADES sources.

2.2 JWST PRISM spectroscopy observation

The spectrum of G1 was obtained from the first JADES NIRSpec
data release (PI: Eisenstein, N. Liitzgendorf, ID:1180, 1210) (Ferruit
et al. 2022; Bunker et al. 2023).The PRISM data of G1, which covers
a wavelength range of 0.6 um to 5.3 um, with a spectral resolution of
R ~ 30-330 (Ji & Giavalisco 2022). During these observations, three
micro-shutters were activated for the target. An exposure procedure
was implemented consisting of a three-point nodding sequence along
the slit, with each nod lasting 8403 seconds, and the entire sequence
repeated four times. The subsequent extraction of flux-calibrated
spectra was carried out using a specialized pipelines developed by
both the ESA NIRSpec Science Operations Team and the NIRSpec
GTO Team (Bushouse et al. 2023). A more detailed examination
of the JADES/HST-DEEP spectra and the criteria used for sample
selection is provided by Eisenstein et al. (2023). We attempt to use
spectral data from the disperser-filter, specifically G395M/F290LP
(R ~ 1000) and G395H/F290LP (R ~ 27000), but find the noise
level to be approximately 50% of the emission line strength. Thus,
we continue our analysis using CLEAR/PRISM data.

The spectrum of G2 is obtained from the JWST Cycle 1 pro-
gram FRESCO (‘First Reionization Epoch Spectroscopically Com-
plete Observations’, Oesch et al. 2023). FRESCO covers 62 arcmin?
in each of the two GOODS/CANDELS fields, totaling 124 arcmin?.
Each field consists of ~ 2 hr deep NIRCam/grism observations with
the F444W filter, with R ~ 1600 and covering 3.8-5.0 um. The 50
emission-line sensitivity reaches to ~ 2x 10~ Berg s~ !em™2. This is
achieved with 8 grism exposures of 880s taken with the MEDIUM2
readout mode, with 9 groups for each pointing. This results in a to-
tal grism exposure time of 7043 s at each position. Four large scale
dithers are used, but with no sub-pixel dithering. The reduced spec-
trum of the NIRCam/grism data are kindly provided by Jakob Helton
and processed using the publicly available grizli code '. The 12
pixel central gap is used to minimize self-subtraction (Kashino et al.
2023). Continuum subtracted spectra are created using a running
median filter along each row. The spectrum are shown in Figure 1.

2.3 VLT MUSE IFU

The MUSE-Wide guaranteed time observations (GTOs) survey with
the ESO-VLT covers these two sources. The IFU spectral range covers
4750A to 9350A which allows for the detection of Ly at 1215.67A
in the redshift range of 2.9 < z < 6.7. The seeing conditions for

1 https://github.com/gbrammer/grizli
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Figure 1. NIRSpec spectra of G1 (top) and G2 (bottom) taken with the NIRSpec R ~ 100 PRISM. The associated uncertainty are marked in light red. The 2D

spectra are shown below. Several prominent emission lines are noted.

MUSE-Wide were around 1” for most of the field (the full width at
half maximum, FWHM, of the point spread function). We use this
data to trace the Lyman-« line across our system. The data and data
products we used, such as cut-outs, mini-cubes and extracted spectra
as well as emission line catalogues are publicly available(Herenz
etal. 2019)°.

24 ALMA

The ALMA Science Archive currently contains data covering these
objects in two bands. The ALMA Band 3 (84.2-115.0 GHz) data were
acquired in ALMA programs 2017.1.00138.S and 2021.1.00547.S.
The ALMA Band 6 (244.1-275.0 GHz) data were acquired in ALMA
programs 2015.1.00098.S, 2015.1.00543.S, and 2017.1.00755.S. All
of these observations consist of mosaics covering large sections of
the GOODS/CANDELS fields. The data were processed using the
CoMMON ASTRONOMY SOFTWARE APPLICATIONS (CASA) (McMullin
et al. 2007).

The raw visibility data were first calibrated either using the pipeline
calibration restoration scripts (with different versions of CASA used
for different datasets for compatibility reasons) or, for older data

2 https:// musewide.aip.de/project/

acquired before the ALMA pipeline became operational, using man-
ual calibration scripts in CASA version 6.5.4. Both types of scripts
first apply amplitude corrections for the system temperature, phase
corrections based on water vapor radiometer measurements, and an-
tenna position corrections. After this, the scripts then derive band-
pass corrections to correct the phases and amplitudes as a function
of frequency, then next derive phase and amplitude corrections as a
function of time, and then apply those corrections.

The images were created using TcLEAN in CASA version 6.5.4.
For the imaging, we only used fields (i.e., pointings) that covered
the two targets in this paper, and only small subregions of these
fields were imaged. The centre of each image was set to the centre of
G1. To optimize the signal-to-noise in the images for detecting faint
sources, we used natural weighting and the Hogbom deconvolver
(Hogbom 1974). The pixel scales were set so that the full width
and half-maximum (FWHM) of each beam was sampled by > 5
pixels. Continuum images were created using data from all observed
frequencies in each ALMA band. Image cubes covering the CO (5-
4) and CO (6-5) lines were created using just the spectral windows
that covered the line emission. First, the continuum was subtracted
from the visibility data while avoiding channels that could potentially
include line emission from either object. The continuum-subtracted
data were then used to create image cubes with the rest frequencies
set to the positions of the lines corresponding to the expected line
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Figure 2. (a) JWST NIRCam RGB images (R: JWST/F444W; G: IWST/F277W; B: JIWST/F115W) of the dual AGN we discovered. (b) G2 is surrounded by
a Ly« nebula extending ~22 pkpc, making it one of the most extended Ly @ nebulae observed at z ~ 6. This excited ionizaated gas suggests the presence of
a possible AGN-driven outflow. This is the continuum subtracted pseudo-narrow band Ly« image from VLT/MUSE, spanning ~ +2000 km s~! with central
wavelength ANB = ALya (1 + Zspec) = 7831A, and Gaussian smoothed spatially by 0.5”. The color map and the contours indicate the Ly flux density and
the signal-to-noise ratio (+2, 3, 407), respectively. The 20~ surface brightness limit is 9.1 x 10718 erg s™! cm~2 arcsec 2. The Ly emission surrounding G2
extends beyond the MUSE observation boundaries. Therefore, the measured extent represents a lower limit. (¢) G2 exhibits clumpy morphologies on a very
small scale (< 0.1” in FO90W band, < 0.6 pkpc, Fig.2 ¢ ). This indicates possible past merger activity inside the galaxy, aligning with the scenario in which

merging triggers the AGN activity.

centres at z = 5.44. The image cube channels have a width of 100
km s~! and extend to 2500 km s~! from the centre of the spectral
line or the edge of the spectral window containing the line. Details
about the continuum images are given in Table 1, and information
about the spectral line image cubes is provided in Table 2.

3 SED FITTING AND MORPHOLOGY MEASUREMENTS
3.1 EAZY-py SED modeling and AGN templates

To perform SED modeling with the photometry data, we first use the
EAZY-py, photometric redshift code (Brammer et al. 2008; Brammer
2021). We use the same templates FSPS+Larson and parameters as
in previous papers of the EPOCHS series (e.g. Adams et al. 2023;
Conselice et al. 2024). The bluer templates we used are described in
Larson et al. (2022), and we utilize the tweak_fsps_qsf_v12 template
sets with a Chabrier initial mass function for our analyses, as detailed
in (Conroy & Gunn 2010; Bruzual & Charlot 2003a) and (Chabrier
2003), respectively. We apply the IGM attenuation derived from
(Madau 1995). We consider the dust effects using the prescription
of (Calzetti et al. 2000). We allow for E(B — V) values up to 3.5 to
account for potential very dusty galaxies at these high redshifts and
to assess likely errors arising from low redshift contamination. The
SED fitting is shown in Figure 3.

To assess the presence of AGN components, we reprocessed our
sources using EAZY-py with a combination of SED templates, includ-
ing a template set for direct collapse black hole (DCBH) hosts from
Nakajima & Maiolino 2022 and the FSPS+Larson set (Larson et al.
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2022), following the method in (JuodZzbalis et al. 2023). These tem-
plates are specifically optimized for unobscured, intermediate-mass
(10° - 10°M¢) active black holes, expected to contribute signifi-
cantly to high-redshift AGN. This AGN+star formation template set
are referred to as the ‘Nakajima’ set. We use the templates with UV
power-law slopes (@) and Big-Bump temperatures (Ty) at: @ = -1.2,
-1.6, -2.0, and Ty, = 5 x 10%, 1 x 107, 2 x 10° K. We fix ionization
parameter log U of -0.5, as reasonable choices for high-redshift. The
fitting results reveal that the reduced szc 4. Values with the Nakajima
AGN templates for G1 and G2 are 7.04 and 3.94, respectively. Their
AGN fractions ( fagn) both approach 1. The sze 4 using the AGN tem-
plate is notably lower by A sze 4 > 8 compared to the one obtained
with the galaxy template, confirming that the enhancement in fit
quality upon adding the AGN models. This strongly suggests that
both sources harbor AGNs. Further evidence supporting the pres-
ence of AGNs will be presented through emission-line diagnostics
in subsequent sections.

3.2 Bagpipes SED fitting with spectroscopy and photometry

We employ Bagpipes (Carnall et al. 2018, 2019) with a simple AGN
model to simultaneously fit photometric and spectroscopic galaxy
data. The AGN model has a broken power law and broad He and
Hp components. We set a log-uniform prior on equivalent width of
1000A< EWyo & g < S000A.

Different star formation histories (SFHs) can significantly impact
the inferred stellar mass and SFR for the measured systems (Furtak
et al. 2021; Tacchella et al. 2022; Harvey et al. 2025; Wang et al.



Table 1. ALMA continuum image details.

Dual AGNatz=54 5

Band Frequency Central Beam Pixel Image Size RMS
Coverage Frequency FWHM Scale (arcsec) Noise
(GHz) (GHz) (arcsec) (arcsec) (mJy/beam)
3 84.2-115.0 99.6 1.22x0.92 0.1 50 x 50 0.015
6 244.1-275.0 295.6 0.21 x 0.19 0.02 20 x 20 0.035
Table 2. ALMA spectra line image cube details®.
Band Reference Channel Frequency Velocity RMS
Frequency Width Coverage Coverage Noise
(GHz)? (GHz) (km/s) (GHz) (km/s) (mJy/beam/channel)
CO (5-4) 89.353 0.0298 100 88.608 - 89.830 -1600 - 2500 0.5
CO (6-5) 107.216 0.0358 100 106.322 - 107.466 -700 - 2500 0.4

4 The beam sizes, pixel scales, image sizes, and calibration uncertainties are either the same as or very similar to what is listed in Table 1 for the Band 3

continuum data.
b This is the observed frequency of the line corresponding to z = 5.44934.

2024). We present results from our fiducial parametric SFH model
- the log-normal SFH - and one non-parametric SFH, the continuity
model Leja et al. (2019a). These models are widely accepted and have
been utilized in various works (e.g., Carnall et al. 2023; Endsley et al.
2023; Tacchella et al. 2023; Whitler et al. 2023; Looser et al. 2023).
The redshift is fixed to the spectroscopic redshift.

We implement a two-component dust law from Charlot & Fall
(2000), as implemented in Carnall et al. (2018), with separate dust
attenuation components for young stars (< 10 Myr) and older stellar
populations, with an absorption curve slope (Ay o« A~ n) of n= 0.7,
allowed to vary with a Gaussian prior with a standard deviation of
0.3. We use uniform priors for dust and metallicity. We set prior
limits for metallicity in the range of [0, 3.0] Zg, dust prior in the
range of [0.,6.0] mag in Ay, ionization parameter logU in range
of [-3,—1]. The timescale for star formation is constrained to stop
at tyy, with #yy denoting the age of the Universe at the spectroscopic
redshift. In addition, Kroupa (2001) IMF, Bruzual & Charlot (2003b)
SPS model, and the Calzetti et al. (2000) dust attenuation model is
implemented. Different SFH timescales can significantly impact the
inferred SFRs (Wang et al. 2024; Duan et al. 2024a; Harvey et al.
2025), so we present SFRs averaged over both 10 Myr and 100 Myr
timescales.

To simultaneously fit spectroscopy and photometry we addition-
ally fit a 3rd order polynomial to scale the observed spectra to the
photometry, in order to account for slit losses and calibration offsets,
although this component is typically constrained in the fit as a small
linear offset without strong wavelength dependence. We also fit an
additional noise component on the spectra, with a log uniform prior
between (1, 10) to account for underestimated uncertainties.

3.3 Bursty Star Formation

We find that the star-forming properties of both systems exhibit a
rising or bursty nature, shown in Figure 4, as indicated by the log-
normal SFH results including an AGN in the fitting. The SFRs aver-
aged over 100 Myrs are quite small at 0.19*%:04 and 0.3379-25 for

-0.03 -0.11
AGN 1 and AGN 2, respectively, and 1.52*0:1% and 2.04*0:2% when

using a 10 Myr average. Although a higher SFR from the 10 Myr
average aligns with expectations from the log-normal SFH model,
which suggests an increasing SFR as galaxies evolve, a factor of ap-
proximately seven times higher than SFRgomyr strongly indicates
a relatively recent starburst event. We then employ our second SFH
model, a non-parametric Continuity model (Leja et al. 2019b), to

validate this finding. We do not include any bursty components in
the Continuity SFH when running the fits, yet the SFH reconstructed
from this model also displays a bursty nature. The SFH of the two
galaxies constructed from two SFH models are shown in Figure 4.
The dashed lines are log-normal SFH, and solid lines are Continuity
SFH. For both galaxies, the SFH constructed from the Continuity
model is in great agreement with the log-normal SFH. The result-

ing specific star formation rates log(sSFRs) are ~ —7.O7J:(())'(()§1 and
~—T7. ISt% 12%1 consistent with other low-mass, high-redshift galaxies,

further supporting a recent bursty star formation episode.

3.4 UV Morphology

We use GALFIT version 3.0.5 (Peng et al. 2002, 2010) to fit a single
Sersic light profile to each galaxy. GALFIT is a least-squares-fitting
algorithm that finds the best-fitting model by minimizing the reduced
chi-squared statistic (sze 4.)- We choose filters that closely match
the rest-frame optical wavelength of the sources to minimize the
morphological k-correction effect (Taylor-Mager et al. 2007). The
Sérsic profile we use adopts the following form

)

where I(R) is the intensity at a radial distance R from the galaxy’s
center. R, is the galaxy’s half-light radius, marking the radius where
50% of the total luminosity is encompassed. I, is the intensity at
this half-light radius. The Sérsic index n controls the shape of the
galaxy’s light profile (Sérsic 1963; Ciotti 1991; Caon et al. 1993).
Additionally, b,, derived from n, can be computed according to
(Ciotti & Bertin 1999). The derived R, of G1 is 0.31 + 0.03kpc ,
the Sérsic index n for this system is 0.51 + 0.47. We fixed the Sérsic
index n = 1 to achieve a better fit for G2. R, of G2 is 0.72 + 0.02kpc
(i.e. ~ 0.12""). The NIRCam F444W point-spread function (PSF) has
an FWHM of approximately 0.14”, suggesting that both G1 and G2
exhibit compact UV continuum morphologies.

Notably, G2 exhibits clumpy morphologies on a very small scale
(< 0.1”1in FO90W band, < 6.1 pkpc, Fig.2 ¢). This may indicate past
merger activity or a burst of star formation inside the galaxy, aligning
with the scenario in which a merger is triggering the AGN activity
(Hopkins et al. 2006). There are no further sources around G1. G2 is
surrounded by three foreground sources, with zppot = 4.52,1.82 and
1.71 respectively (Fig.2 a).

I(R) = I exp {—bn

MNRAS 000, 1-12 (2025)
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Figure 3. SED fitting of G1 and G2 using EAZY-py with two SED templates. The FSPS+Larson set (Larson et al. 2022) is normal galaxy templates. The
Nakajima set is AGN + star formation template, combined the direct collapse black hole (DCBH) hosts from (Nakajima & Maiolino 2022) and the FSPS+Larson
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Figure 4. The SFH of G1 and G2 constructed from two different SFH models.
The dashed lines are log-normal SFH, and solid lines are Continuity SFH.
The galaxies G1 and G2 involved in the merger are currently both in the state
of a starburst.
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4 RESULTS

4.1 BPT emission-line diagnostic diagram and high-ionization
lines

We compare the line ratios of [N11] 16584/Ha and [Su] A6730/Ha
with [Om] A5007/Hp , classifying the galaxy based on its position
in each plot. The grism spectrum of G2 from FRESCO survey is in
the F444W band, which covers only He ; whereas the JADES prism
spectrum of G1 covers Ha +[Nu] and HB , thus analysis for this
diagnostic is focused solely on G1. For G1, limited by the resolution
of NIRSpec PRISM/CLEAR (R = 100), [N11] 16584 is blended with
Ha. We use Ay = 0.30 from the Bagpipes fit of G1 and the derived
line ratio He /HB ~ 3.16, assuming Case B recombination. We then
us this information to compute the line flux of intrinsic Ha. The
difference between the blended line flux and the intrinsic Ha flux
then gives us the line flux of [N11] 16584. Besides [N11] 16584, other
lines of G1 can be measured clearly.

G1 exhibits high [Om1] A5007/HS and low [N11] 16584/Ha ratios,
consistent with findings reported for AGNs at z = 4 — 7 (Nakajima
et al. 2023; Sanders et al. 2024; Harikane et al. 2023; Kocevski
et al. 2023). The AGN-hosting galaxies are hard to distinguish from
normal star-forming galaxies at z > 4 in the BPT diagram, possibly
due to the low metallicities, with Z/Zg ~ 0.19 for G1 and 0.25 for
G2 from Bagpipes fitting, observed in these sources.

In Figure 5, we use the BPT diagnostic diagram (Veilleux & Os-
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Figure 5. The BPT emission-line diagnostic diagram. Left: The dashed and solid lines denote the z = 0 and z = 2.3 boundary between the star-forming and AGN
regions of the diagram defined by Kauffmann et al. (2003a) and Kewley et al. (2001a), respectively. Right: The line denotes the boundary between star-forming
and AGN regions as defined in Kewley et al. (2006a). The contours and background gray points are from 927,552 low-z SDSS DR7 galaxies (Abazajian et al.

2009).

terbrock 1987; Kewley et al. 2001b; Kauffmann et al. 2003b; Kewley
et al. 2006b) to determine the presence of AGN in our system. Al-
though it has been shown that the BPT diagram can miss true AGN
due to the lack of heavy elements at high-z(Curti et al. 2023; Ko-
cevski et al. 2023), we use it as another piece of possible evidence
for the AGN nature of our systems. Figure 5 (left panel) is the [Omi]
A5007/HpB vs. [N11] 16584/Ha diagram for G1, accompanied by two
curves at low redshift that differentiate between sources dominantly
influenced by AGNs and star formation (Kewley et al. 2001a; Kauff-
mann et al. 2003a). From this BPT diagram there is a strong sugges-
tion that G1 likely has an AGN contribution. We can infer that it is a
dust-obscured Type-II AGN, with spectral lines produced by highly
ionized gas powered by the supermassive black hole at its center. Our
AGNs exhibit high [Omr] 45007/HS and low [N11] 16584/Ha ratios,
which is consistent with findings reported for AGNs at z = 4 — 7
(Nakajima et al. 2023; Sanders et al. 2024; Harikane et al. 2023;
Kocevski et al. 2023). Figure 5 (right panel) is the [Om] A5007/HSB
vs. [Su] 46730/Ha diagram for G1. The [Su] line has been rarely
observed before at high z, but we identify a potential detection with
a S/N ~ 2.8 in the spectrum from the DAWN JWST Archive (DJA)
3. We find that G1 closely resembles a Seyfert galaxy, where AGN
activity contributes partly to the total measured SED and line fluxes
but does not dominate over the contributions from star formation.

Additionally, an indicator of AGN activity at high redshifts is the
presence of high-ionization lines, such as [Ne v] ,43427 and He1
,42945, which are typically associated with type-II AGNs (Brinch-
mann 2023; Chisholm et al. 2024; Scholtz et al. 2023) and signify
an environment shaped by intense, energetic processes. We detect
[Ne v] and He1in G1. The flux of [Ne v]is 6.9 +2.3x 1019 erg 5”1
cm~2 with SNR = 3.0, and He1is 9.1 2.9 x 10719 erg s™1 cm™2
with SNR = 3.1. The high line ratio log10([Ne v] /Cui] )>0 classifies
these objects as AGN host galaxies (Scholtz et al. 2023).

3 https://dawn-cph.github.io/dja/index.html

4.2 Broad Ha line and black hole mass

More evidence supporting the presence of an AGN in G1 is the detec-
tion of a broad Her line component. The grating R1000 observations
are too shallow to detect these lines compared to the lower resolution
PRISM data. Therefore, we use the PRISM spectrum of G1 to mea-
sure line widths. To fit our spectra and measure He line properties,
we used both single Gaussian and double Gaussian models with a
Markov chain Monte Carlo (MCMC)-based technique, where the line
centers, widths, and fluxes are free parameters. The double Gaussian
models contain Ha emission from the broad-line region, which is
blended with narrow Ha lines from the galaxy. The MCMC process
was repeated 10,000 times until convergence was achieved. We also
calculated the corresponding sze 4. values for the fitting (Figure 6).
We note that due to the low resolution, we did not include an [Nir]
A16548, 6583 line in our fit.

In the He line profile of G1, for the single Gaussian fit, the best-fit
Ha component has aline flux fginele = 2.1+0.1x10718 erg s~ lem™2
SNR = 23.5. Ly, = 7.0 + 0.4 x 10*erg s~1, and FWHM =
1141.5*_'3%'% kms~! , which show a potential broad line compo-
nent. We then carry out a double Gaussian fit with both narrow and
broad Gaussian components. For the double Gaussian fit, the nar-
row component has fharrow = 1.7 £ 0.1 X 10”18 erg s~ em~2 SNR
= 15.5 and FWHM = 1009t31‘§ kms~! | while the broad compo-

nent has firoad = 0.8 £ 0.2 x 10718 ergs™! cm™2 SNR = 3.4 and

FWHM = 5804*!8LL kms~! . The derived broad line luminosity is

LHa, broad = 2.6 £ 0.8 X 1041erg s~L. The presence of a broad line
component with a width of > 5000 km/s indicates that G1 harbors
an AGN.

Given the broad component is assumed attributable to AGN ac-
tivity, we can calculate black hole mass using virial relationships
and parameters fitted to the broad component (Matthee et al. 2024;
Harikane et al. 2023; Kocevski et al. 2023). We estimate the black
hole mass using the equation (Reines et al. 2013; Reines & Volonteri
2015):
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Figure 6. The NIRSpec PRISM/CLEAR spectra of G1 are shown as black
histograms, with the associated uncertainties shown as gray error bars. We
use a double Gaussian model to fit Ha, shown in the top panel. The best-fit
narrow and broad Gaussian components for the Ha emission are represented
by the solid and dashed orange lines, respectively. The red line indicates the
combined fit of these two components. The bottom panel shows the residuals

from the double and single Gaussian fits, with their reduced sze a-
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Where we assume € = 1, represents a geometric correction factor
for the broad line region. Additionally, the systematic uncertainty
estimates using this virial approach is noted to be approximately
0.5 dex (Reines & Volonteri 2015). The black hole mass, estimated
from the broad He line, is Mgy ~ 4.3 X 10°M, corresponding to
approximately 24% of the host galaxy’s stellar mass (M = 1.8 X
10’ Mg). It is comparable to the typical black hole mass derived
within the ‘Little Red Dots’ (LRDs) faint AGN at z ~ 5 and faint
broad-line AGNs at z = 4 — 7, which is Mgy = 0.2 — 9.8 x 10’ Mg
(Matthee et al. 2024; Harikane et al. 2023).

The derived Mgy /My ratio is 0.24. Tt is higher than the observed
‘Little Red Dots’(LRDs) and AGNs at z ~ 6 (Mgg/Mx ~ 0.01 —
0.1)(Harikane et al. 2023; Maiolino et al. 2023; Andika et al. 2024),
suggesting that the black hole is relatively overmassive compared to
its host galaxy. This may point to accelerated black hole growth in
the galaxies in pairs or an alternative evolutionary pathway, possibly
driven by galaxy mergers.

4.3 The associated strong extended Lya emission

We discover that this dual AGN is associated with strong ex-
tended Ly emission from VLT/MUSE observations. Fig. 2 b shows
the continuum-subtracted, pseudo-narrow band image, spanning
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~ 2000 km s~ ! with central wavelength Ang = ALya (1 + Zspec) =
7831A, and Gaussian smoothed spatially by 1 arcsec. The 20~ surface
brightness limit is 9.1 x 1078 erg s~! cm™2 arcsec™2. The aperture
(~ 1.7 arcsec?; 1.4”” x 1.2"") matches the seeing of the observations.
From the narrow band image, we find G2 has strong and broad Ly«
emission. The peak surface brightness of G2 is ~ 3.8x 10~ 17 erg s~!

cm~2 arcsec™2. To a 20 surface brightness contour, this source has
a size of > 3.7 arcsec (i.e. 2 22 physical kpc) and has a total Ly«
luminosity of > 3.3+ 0.1 x 10*3 ergs~!. This makes this system one
of the most extended and bright Lya nebulae at z ~ 6 discovered
(e.g. HSC sample(Zhang et al. 2020), MUSE sample(Drake et al.
2019)).

We extract 1D spectra from the VLT/MUSE final datacube for G1
and G2 using an aperture of 0.32” x 0.32”. We find that G2 shows
broad > 5000km s~! Lya emission (FWHMg, = 372.88+34.354).
G1 do not exhibit Ly emission, that is modeled by a single Gaussian
with central wavelength Apy, = 7874.0 + 14.8A corresponding to
z = 5.48 £ 0.01. This might be due to intrinsic weak emission or
absorption. Its 3¢ upper limit flux within an aperture of 1”7 x 1" is
~49x 10718 erg s~1 cm™2

The source with strong Lya (G2) shows weak He, while the source
without any Lya (G1) exhibits strong He , HB , and [Om1] emissions,
suggesting G2 has significant dust obscuration along our line of
sight. All of these results suggest that both G1 and G2 are capable
of producing sufficient ionizing radiation to contribute to the local
ionization field. The higher ionizing photon production efficiency
of G1 indicates that its ionizing radiation is more intense relative
to its UV continuum, aligning with its stronger optical emission
lines. Conversely, G2’s weaker Ha emission, despite its high Lya
escape fraction, suggests that the observed Lya emission is likely
enhanced by additional processes such as anisotropic AGN-driven
photoionization or shocks from AGN outflows (Witten et al. 2024),
especially given its location within a dense galaxy environment (see
Section 4.4). This scenario is consistent with observations and theo-
retical predictions that galaxy mergers and AGN activity can elevate
ionizing photon production and facilitate Ly photon escape in the
early universe(Witten et al. 2024).

4.4 Overdensity measurements

To ensure a robust evaluation of the galaxy environment, accounting
for variations in the selected surrounding area size, we utilize a k-
dimensional tree (KDTree) data structure to facilitate the nearest
neighbor method to effectively estimate the local environment of
each galaxy (Lopes et al. 2016). For each galaxy, we calculate its
projected distance, denoted as dj,, to the nth nearest neighbouring
galaxy, considering a maximum velocity offset Az < 0.1. The local
galaxy density, X, (z) is denoted as:

2n(2) = n/nd3 3)

where %, is expressed in units of galaxies/Mpcz. The choice of the
parameter n, representing the rank of the density-defining neighbor,
is crucial. It is imperative to ensure that n is not greater than the
number of galaxies within the halo, as this could lead to a loss
of sensitivity in our environmental analysis. We adopt the X5 , local
galaxy density estimator with n set to 5. This choice is often preferred
in the literature, as it tends to be smaller than the number of galaxies
typically found in a cluster, ensuring a robust and commonly used
estimate(Lopes et al. 2016; Li et al. 2024b).

When we calculate these overdensites, we find that this dual AGN
is associated with a galaxy overdensity(Li et al. 2024b), potentially
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Figure 7. The position of the dual AGN candidate and nearby LAE, LBG systems at z = 5.4 — 5.7 overlaid on a galaxy density map. The blue and black
rectangles are FRESCO and JADES DRI footprints. The yellow stars are the dual AGN, which are two close to distinguish; black-bordered circles and squares
are spectroscopically confirmed LAEs from the JADES and FRESCO surveys. Circles without black borders are photometric confirmed LBGs. Larger circles
indicate members of a protocluster, JADES-ID1-5.68, falling within this redshift range. The overdensity (&) is represented in grayscale. It is evident that the
dual AGNs are located at the highest-density region of this structure, possibly at the node of several filaments.

located at the center of a z ~ 5.4 protocluster or filamentary struc-
ture node. The 5th nearest neighbor density X5 are 128 and 110
galaxies/Mpc? for G1 and G2, in the top 5% of X5 distribution. It
is 2.2-2.6 times higher than the average X5 in their redshift range.
Figure 7 shows the distribution of dual AGNs associated with a pho-
tometric protocluster, along with spectroscopically confirmed LAEs
at redshift z = 5.3 — 5.7. Spectroscopically confirmed LAEs include
those from the JADES and FRESCO surveys, as well as MUSE.

Our dual AGN is located in the density peak of the photometry-
confirmed protocluster, JADES-ID1-5.68, that contains a total of 66
galaxies (Pmem > 0.32) within the redshift range 5.2 < Zphot < 6.2.
The derived dark matter halo mass of the protocluster is My, =

13.28*0-37 M (Li et al. 2024b), the highest among the JADES fields.

It could evolve into clusters with Mo > 1014Mg at z = 0, resem-
bling ‘Coma’ or ‘Fornax’ type clusters (Chiang et al. 2013; Li et al.
2024b).

In Figure 7, we map the overdensity () at z = 5.3 —5.7, defined as
0= %, where N and N represent the total and average numbers of
galaxies in a cylinder, respectively. Within a 20 arcsec (= 120 pkpc)
region, the overdensity around the dual AGNs is § = 4.3, which is
> 5 times more than the random field. Combining all observations,
we clearly find that these dual AGNs appear to be situated at the
center of a z ~ 5.4 protocluster or filamentary structure node.

5 DISCUSSION

5.1 Dual AGN and Starburst Nature of the Merging System

We have shown that SED fitting, BPT diagrams, the broad He profile,
the detection of high-ionization lines, and the remarkably surround-
ing extended Ly nebula all provide strong evidence for significant
AGN activity in both G1 and G2. To assess the presence of AGN
components, we fit the SED using EAZY-py with pure star forma-
tion templates, and an AGN+star formation template, including tem-
plates for direct collapse black hole (DCBH) hosts from Nakajima &
Maiolino (2022) and a set of galaxies templates Larson et al. (2022).
The fraction of AGN light from G1 and G2 (fagn) in these fits both
approach 1 and the sze 4 Value is notably lower for the AGN than

star formation by A sze 4. > 8, strongly suggesting that both sources
likely harbor AGNs (Figure 3).

At the same time, these two galaxies are both starbursting and have
low metallicities. We use Bagpipes to simultaneously fit photomet-
ric and spectroscopic data with a simple AGN model. This AGN
model has a broken power-law and broad He and HB components.
The burstiness factors (SFR 1omyr/SFR 10omyr) of G1 and G2 are both
~ 7, indicating a strong starburst system. Our fitted metallicities of
Gl and G2 are Z/Zg ~ 0.19 and 0.25, which is consistent with
z > 5 AGN in CEERS (Kocevski et al. 2023) and the model pre-
dictions for moderately low-metallicity AGN at high redshift with
Z|Zo ~ 0.2 — 0.4. From this BAGPIPES SED fitting the SFR of G2
is ~2.1-5.3 Mg yr~ !, while G1 is ~1.7-2.6 Mg yr~ L.

The ALMA Science Archive currently contains data covering these
objects in ALMA Band 3 and Band 6 with continuum RMSs of 0.015
and 0.035 mJy/beam, respectively. However, no continuum emission
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was detected. We assume a modified black body dust model with
a temperature of 42 K and an emissivity index of 1.6 (typical for
AGN-starburst systems(Beelen et al. 2006; Leipski et al. 2013)), we
estimate the limiting FIR luminosity to be Lgr = 1.0 X IOIOL@,
corresponding to the upper limit of SFRs of ~ 12 and 84 Mgyr~!,
respectively. The absence of detections could be due to the system’s

low metallicity.

5.2 The Escape Fraction of Lya photons and Production
Efficiency of Ionizing Photons

We estimate the escape fraction of Lya photons ( feLsyCa) for G2 as-
suming Case B recombination. We adopt an electron temperature
of T, = 10% K and an electron density of ne = 100 cm_3, follow-
ing standard assumptions for ionized nebulae (Osterbrock & Ferland
2006). We apply the standard ratio L(Lya )/L(Ha ) = 8.7 (e.g. (Henry
etal. 2015)) to calculate the intrinsic Ly« flux from the observed Ha

. Lya .
flux. The estimated f,o2 " is as:

Lya _ Lops (Lya) 4)

ese 8.7x L(Ha)
The 30 upper limit He luminosity of G2 is 2.0 X 1041erg s~L; with
the same square aperture (0.31” x 0.31”) where we extract the Ha
luminosity, we measured the Ly luminosity to be Lgps(Ly®) =
1.8 £0.3 x 10° erg s~!. The £22.% of G2 is thus ~ 1. This suggests
that G2 efficiently emits Lya photons, with minimal attenuation
by dust or neutral hydrogen. Such a high escape fraction is rare,
particularly at high redshift, and may indicate that G2 has a relatively
low neutral hydrogen column density or that the Lya photons are
escaping through channels cleared by AGN-driven outflows. The
combination of strong Lya emission, a high escape fraction, and the
presence of an AGN suggests that AGN activity could be playing
a role in facilitating Lya photon escape by altering the local ISM
conditions or creating ionized channels through which Lya photons
can escape more freely.

We also estimate the production efficiency of ionizing photons

(&ion)» as:

_ Mion 5
'flon Lyv ( )

where 7tjon (s™1) is the intrinsic production rate of hydrogen-
ionizing photons originating from stellar populations, while Lyy
(erg s™1 Hz™1) is the (monochromatic) UV-continuum luminosity
per photon frequency derived from the Bagpipes fitting. Njo, can be
calculated using Ha emission data assuming Case B recombination
Leitherer & Heckman (1995); Madau et al. (1998), as:

L(Ha)
Mion = —1.C

1- fesz
The derived production efficiency of ionizing photons &jop o is es-
timated as logyq &ion,0 = 26.9 for G1 and < 26.3 for G2, under the

assumption of feLSZC = 0. It is consistent with Ly emitters at high-
z with log((&ion,0/Hz erg”!) ~ 25.0 — 26.5(Saxena et al. 2024).
While this assumption is commonly adopted for stellar sources to in-
fer &;on from recombination lines (e.g., HB or Ha), it may not strictly
hold for AGN, which can have significant LyC escape fractions due
to their harder spectra and lower surrounding gas covering fractions.
Therefore, these values represent lower limits on the true &jo,, and
should be interpreted with caution when comparing to normal gal-
sxies. Despite this, the high efficiency in ionizing photon production

x7.35x 10" erg™! (6)
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suggests that this dual AGN could play a significant role in reionizing
its surrounding environment.

We did not detect strong Lye emission in G1, which is not un-
common in high-redshift galaxies. The strength of Ly@ emission in
high-redshift galaxies is influenced by factors such as absorption by
neutral hydrogen (HI) in the interstellar medium (ISM), properties
of the circumgalactic medium (CGM) surrounding galaxies, and ori-
entation or line of sight effects. At high redshifts, the Universe was
more neutral, with a higher density of HI in the ISM and IGM along
the line of sight. Lya photons emitted by stars can be absorbed by
these neutral hydrogen atoms, significantly reducing the observed
Lya emission. Another factor is the lack of gas in the CGM. High
redshift galaxies might have a less enriched or less dense CGM com-
pared to galaxies at lower redshifts. The presence of a substantial
and metal-enriched CGM can facilitate the escape of Lyman-alpha
photons by reducing the opacity to these photons. Therefore, the ob-
served Lyman-alpha emission can be weaker or absent. Additionally,
the orientation of galaxies relative to the observer can affect observed
Lya emission; if the line of sight does not intersect regions of signif-
icant Ly emission or if the galaxy is viewed edge-on, the observed
Ly« emission can be faint or absent.

5.3 Rarity of Dual AGNs at High Redshift

The discovery of a dual AGN at z ~ 5.4 using JWST/NIRSpec
offers pivotal insights into the early universe’s galaxy and SMBH
co-evolution as well as their local environment and intergalactic
medium. This system, featuring dual AGN activity and an extended
Lya nebula, resides at the centre of a galaxy group at z > 5. The
detection of dual AGNs at such an early epoch is unexpected, as
current cosmological models suggest that the formation of massive
black holes and their subsequent mergers should be rare in the first
billion years after the Big Bang(Puerto-Sanchez et al. 2025; Singh
et al. 2023). . The fact that these dual AGNs are already active and
situated within a galaxy group suggests that galaxy interactions and
mergers, which are typically linked to triggering AGN activity, may
have occurred more frequently or earlier than previously thought.

To estimate the rarity of dual AGN in very low-mass hosts (M =
1.8x107 Mg) at z ~ 5.5, we first take the number density of galaxies
in the mass range My ~ 107107 My from the galaxy stellar mass
function (GSMF) at z ~ 5-6 (e.g. Weibel et al. 2024; Harvey et al.
2025). We then multiply by the probability that such a galaxy has
a physical companion within rpax = 10 pkpe, by the massive black
hole (MBH) occupation fraction in dwarfs, by the AGN duty cycle
for such MBHs (squared to require both nuclei to be active), and
by the fractional lifetime of the kpc-scale dual phase relative to the
Hubble time at z ~ 5.5. The expression is

Ndual AGN (Mx, 2) = ¢x (M, 7) Alog My X fpair(< Fmax)

Z‘kpc @)
tm(z)’

where ¢4 (My,z) is the GSMF, Alog M, is the stellar mass bin
width, fpair(< rmax) is the fraction of galaxies with a 3D companion
within 10 pkpc (e.g. Duan et al. 2025), focc is the MBH occupation
fraction (e.g. Bellovary et al. 2019), fquy is the single-nucleus AGN
duty cycle (e.g. Reines et al. 2013), gy is the kpe-scale dual phase
duration, and #y(z) is the Hubble time (e.g. Capelo et al. 2017;
Steinborn et al. 2016).

For the faint-end GSMF at z ~ 5-6, JWST measurements give
Hx = (3% 1073-1 x 1072) Mpc 3 dex ! in this mass range (Weibel
et al. 2024), and we adopt Alog M, =~ 0.5. The close-pair frac-
tion for such low mass galaxies at sub—10 pkpc separations is not

2 2
><focc X fduty X



directly measured; guided by JWST close-pair studies and small-
scale clustering scalings, we adopt fpair ~ 0.005-0.05 (Duan et al.
2025; Eftekharzadeh et al. 2017). Simulations and observations sug-
gest focc ~ 0.3-1.0 (Bellovary et al. 2019), and for the duty cycle
we use fquy ~ 0.05-0.2 based on dwarf AGN fractions (Reines
etal. 2013). Hydrodynamical merger simulations indicate fxp. ~ 30—
100 Myr, corresponding to i/t (z~35.5) ~ 0.03-0.1 (Capelo et al.

2017; Steinborn et al. 2016). It gives nguaagn ~ (1 x 10710-3 x
1078) Mpc_3, with the lower (upper) bound reflecting the most con-
servative (optimistic) combination of parameters. For the JADES-like
volume V = 2.7 x 104 Mpc?, Nexp ~ (3 x 1076-8 x 1074), which
implies a Poisson probability P(> 1) = Nexp < 10~3 across conser-
vative assumptions. This confirms that the detection of a dual AGN
in such low-mass hosts at z ~ 5.5 is intrinsically very rare.

6 CONCLUSIONS

In summary, we present the discovery of a spectroscopically con-
firmed dual AGN at z ~ 5.4 with a projected separation of
~ 10.4 pkpc, among the highest-redshift examples known. The sys-
tem is embedded in a prominent overdensity, likely marking the core
of a protocluster or a node of a filamentary structure. Both nuclei
show clear AGN signatures from SED fitting, emission-line diag-
nostics, and the detection of high-ionization lines. VLT/MUSE data
reveal an extended Lya nebula exceeding 22 kpc, consistent with
AGN-driven photoionization or shocks, and indicative of substantial
circumgalactic gas reservoirs.

The simultaneous activity of two SMBHs in such low-mass hosts,
combined with high black hole-to-stellar mass ratios, high Lya es-
cape fraction, and elevated ionizing photon production efficiency,
provides stringent constraints on models of black hole fueling, AGN
feedback, and early SMBH growth. The rarity of such systems in cur-
rent cosmological simulations suggests that galaxy interactions and
mergers triggering AGN activity may have been more common and
occurred earlier than previously assumed, with dense environments
accelerating SMBH mergers and galaxy assembly.

Further deep JWST/NIRSpec spectroscopy will be essential to re-
fine the broad Ha measurement, investigate the [Om] +HS complex
and other high-ionization lines in G2, and better constrain AGN prop-
erties. Future expanding this search to the remaining unconfirmed
AGN-galaxy pairs at z > 4.5 will enable a statistical assessment of
the frequency and impact of dual AGN on galaxy and large-scale
structure evolution during the first billion years of cosmic history.
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The JWST data used in this work are available in The JWST Ad-
vanced Deep Extragalactic Survey (JADES; Rieke et al. 2023; Bunker
et al. 2023; D’Eugenio et al. 2024) (PI: Eisenstein, N. Liitzgen-
dorf, ID:1180, 1210). HST data is from Hubble Legacy Fields team
(Illingworth et al. 2013; Whitaker et al. 2019), which be shared
on reasonable request to that team. ALMA data covering these ob-
jects in two frequency bands are available from the ALMA Sci-
ence Archive. The Band 3 data (84.2-115.0 GHz) were obtained un-
der programs 2017.1.00138.S and 2021.1.00547.S, while the Band
6 data (244.1-275.0 GHz) come from programs 2015.1.00098.S,
2015.1.00543.S, and 2017.1.00755.S. In addition, the two sources
discussed in this study are covered by the MUSE-Wide guaranteed
time observations (GTO) survey with the ESO-VLT (Herenz et al.
2019). Additional data products generated in this work will be made
available by the first author upon reasonable request.
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