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A B S T R A C T 

A surprising finding of recent studies is the large number of Active Galactic Nuclei (AGN) associated with moderately massive 
black holes ( log (M •/ M �) ∼ 6 − 8), in the first billion years after the big bang ( z > 5). In this context, a rele v ant finding has 
been the large fraction of candidate dual AGN, both at large separations (several kpc) and in close pairs (less than a kpc), likely 

in the process of merging. Frequent black hole merging may be a route for black hole growth in the early univ erse; howev er, 
previous findings are still tentative and indirect. We present JWST /NIRSpec-IFU observations of a galaxy at z = 7.15 in which 

we find evidence for a log (M •/ M �) ∼ 7 . 7 accreting black hole, as traced by a broad component of H β emission, associated 

with the Broad Line Region (BLR) around the black hole. This BLR is offset by 620 pc in projection from the centroid of strong 

rest-frame optical emission, with a velocity offset of ∼40 km s –1 . The latter region is also characterized by (narrow) nebular 
emission features typical of AGN, hence also likely hosting another accreting black hole, although obscured (Type 2, narrow-line 
AGN). We exclude that the offset BLR is associated with Supernovae or massive stars, and we interpret these results as two 

black holes in the process of merging. This finding may be rele v ant for estimates of the rate and properties of gra vitational-wa ve 
signals from the early universe that will be detected by future observatories like LISA. 

Key words: galaxies: high-redshift – galaxies: active – galaxies: supermassive black holes. 
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 I N T RO D U C T I O N  

fter one year of operations, one of the most surprising findings in the
eld of extragalactic astronomy produced by the JWST (Gardner et al. 
023 ; Rigby et al. 2023 ) is the unexpectedly high abundance of active
alactic nuclei (AGN) during the first billion years of cosmic history
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 z � 5.5; Greene et al. 2023 ; Harikane et al. 2023 ; Kocevski et al.
023 ; Matthee et al. 2023 ; Yang et al. 2023 ; Maiolino et al. 2023 ).
hese are associated with accreting black holes and are identified

hrough the properties of the spectral energy distribution (SED; e.g.
ang et al. 2023 ), through the presence of (narrow) nebular line
mission typical of AGN (e.g. Scholtz et al. 2023 ; Übler et al.
023 ; Maiolino et al. 2024 ), and through the detection of a broad
omponent of the Balmer lines, associated with the so-called Broad
ine Region (BLR) of AGN (e.g. Greene et al. 2023 ; Harikane et al.
023 ; Kocevski et al. 2023 ; Matthee et al. 2023 ; Übler et al. 2023 ;
aiolino et al. 2023 ). With the strongest lines of the hydrogen
almer series, H α and H β, being redshifted out of atmospheric
indows for z > 4 galaxies, many of these accreting black holes are
ow identified for the first time with JWST spectroscopy (primarily
IRSpec-MSA and NIRCam-slitless; Ferruit et al. 2022 ; Jakobsen

t al. 2022 ; B ̈oker et al. 2023 ; Rieke et al. 2023 ) – not least due to a
emarkable lack of accompanying X - ray emission, previously taken
s the main indicator to constrain the cosmic black hole accretion
ate density (Madau & Dickinson 2014 ; but see also Bogd ́an et al.
023 ; Goulding et al. 2023 ). 
The JWST finding of the many AGN associated with moderately
assive black holes has sparked the exploration of a large number of
odels, simulations, and theories in order to explain their properties

nd abundances (e.g. Mayer et al. 2023 ; Pacucci et al. 2023 ; Schnei-
er et al. 2023 ; Trinca et al. 2023 ; Volonteri, Habouzit & Colpi 2023 ;
eller et al. 2023 ; Zhang et al. 2023 ; Di Matteo, Angles-Alcazar &

hankar 2023a ; Bennett et al. 2024 ). These models involve various
otential early black hole seeding scenarios, including: heavy seeds
esulting from the direct collapse of primordial clouds; remnants
f early massive stars; rapid merging of stars and (stellar mass)
lack holes in dense nuclear clusters. Episodes of super-Eddington
ccretion have also been suggested (Schneider et al. 2023 ; Trinca
t al. 2023 ; Bennett et al. 2024 ). 

The role of merging between intermediate-mass black holes
IMBHs) has also been e xtensiv ely inv estigated by models and
imulations (Barai et al. 2018 ; Barausse et al. 2020 ; Volonteri et al.
020 ; Di Mascia et al. 2021 ; Valentini, Gallerani & Ferrara 2021 ;
annerkoski et al. 2022 ; Vito et al. 2022 ; Volonteri et al. 2022 ; Chen

t al. 2023 ; Di Matteo et al. 2023a , b ). This is not only a potential
hannel for the growth of black holes in the remote universe, but also
ele v ant for the detection of gra vitational-wa ve signals from early
osmic epochs with future gravitational wav es e xperiments. Within
his context, significant progress has been made observationally in
ecent years through the detection of dual quasars and AGN separated
y a fe w/se veral kpc at high redshift ( z ∼1–3) (Mannucci et al. 2022 ;
iurlo et al. 2023 ; Perna et al. 2023a ), in a number significantly larger

han predicted by cosmological simulations (e.g. De Rosa et al. 2019 ;
osas-Gue v ara et al. 2019 ; Volonteri et al. 2022 ; Chen et al. 2023 ).
t even higher redshift (z > 4), JWST multi-object spectroscopic data
ave suggested the presence of a significant population of dual AGN,
n scales smaller than 1 kpc, based on the complex profile of their
LR, suggesting the presence of two separate BLRs associated
ith two accreting black holes (Maiolino et al. 2023 ). Ho we ver,

n the latter case no spatial information was available to confirm the
resence of two AGN. Moreo v er, the comple x profile of the broad
ines may potentially also be associated with some peculiar properties
f an individual BLR. 
In this paper, we report the detection of a broad H β line in

he z = 7.15 galaxy system ZS7, which identifies it as a (Type
) AGN. ZS7 is also known by its CANDELS ID (Grogin et al.
011 ; Koekemoer et al. 2011 ; Nayyeri et al. 2017 ) COSMOS13679
Pentericci et al. 2016 , 2018 ), COSY-0237620370 (Roberts-Borsani
NRAS 531, 355–365 (2024) 
t al. 2016 ; Laporte et al. 2017 ; Witten, Laporte & Katz 2023b ), and
OS-zs7-1 (Stark et al. 2017 ). This galaxy was already identified to
ost an AGN, based on the detection of N V λ1239 and He II λ1640
n the rest-frame UV (Laporte et al. 2017 ). Ho we ver, the peculiarity
f this system is that the BLR is offset from the primary (narrow)
ebular line emitter. Additionally, also the latter emitter displays
ebular line signatures typical of an AGN. We interpret our results
n the context of supermassive black hole mergers, which will be
etectable with future gravitational waves observatories like LISA. 
Throughout this work, we use the AB magnitude system and

ssume a flat � CDM cosmology with �m = 0.315 and H 0 =
7.4 km s –1 Mpc –1 (Planck Collaboration et al. 2020 ). With this
osmology, 1 ′′ corresponds to a transverse distance of 5.27 proper
pc at z = 7.15. 

 NIRSPEC-IFU  OBSERVATI ONS  A N D  DATA  

ROCESSING  

aw data files were downloaded from the Barbara A. Mikulski
rchive for Space Telescopes (MAST) and subsequently pro-

essed with the JWST Science Calibration pipeline 1 version 1.8.2
nder the Calibration Reference Data System (CRDS) context
wst 1068.pmap. We made several modifications to the default
eduction steps to increase data quality, which are described in detail
y Perna et al. ( 2023a ) and which we briefly summarize here. Count-
ate frames were corrected for 1/ f noise through a polynomial fit.
uring calibration in Stage 2, we remo v ed re gions affected by failed
pen MSA shutters. We also remo v ed re gions with strong cosmic
ay residuals in several exposures. Remaining outliers were flagged
n individual exposures using an algorithm similar to LACOSMIC (van
okkum 2001 ): we calculated the deri v ati ve of the count-rate maps

long the dispersion direction, normalized it by the local flux (or
y three times the rms noise, whichever was highest), and rejected
he 96 th percentile of the resulting distribution (see D’Eugenio et al.
023 , for details). The final cube was combined using the ‘drizzle’
ethod, for which we used an official patch to correct a known bug. 2 

he main analysis in this paper is based on the combined cube with
 pixel scale of 0.05 ′′ . We used spaxels away from the central source
nd free of emission features to perform a background subtraction. 

ZS7 was observed with the NIRSpec instrument (Jakobsen et al.
022 ) in Integral Field Unit (IFU) mode (B ̈oker et al. 2022 ) onboard
WST as part of the NIRSpec-IFU GTO programme ‘Galaxy Assem-
ly with NIRSpec IFS’ (GA-NIFS) under programme 1217 (PI: Nora
 ̈utzgendorf). The NIRSpec data were taken on 2023 May 9, with a
edium cycling pattern of eight dithers and a total integration time of

.1 h with the medium-resolution grating/filter pair G395M/F290LP,
o v ering the wavelength range 2.87 − 5.27 μm (spectral resolution
 ∼ 700 − 1300; Jakobsen et al. 2022 ). It was also imaged with the
IRCam instrument (Rieke et al. 2023 ) in eight filters though the
RIMER programme (PID: 1837, PI: James Dunlop). 

 DATA  ANALYSI S  

.1 Spectral fitting and detection of broad H β

ig. 1 shows two spectra (zoomed around H β) extracted from
he IFU cube at the location of the [O III ] λ5007 centroid and
t a location about 0.12 ′′ to the north-west, where a broad

https://jwst-pipeline.readthedocs.io/en/stable/jwst/introduction.html
https://github.com/spacetelescope/jwst/pull/7306
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Figure 1. Top left: Colour-composite image of ZS7 and its immediate environment created using public NIRCam data from the PRIMER programme (PI: 
James Dunlop). The approximate NIRCam PSF is indicated by the white filled (F200W, ∼0.06 ′′ ) and open (F444W, ∼0.14 ′′ ) circles. The ef fecti ve NIRSpec-IFU 

field of view (FOV) is indicated by the dashed white box. Top right: Zoom-in on the environment of ZS7, as indicated by the rectangular solid white box in the 
top left panel. The colour scale shows a line map integrated over 90 Å around the [O III ] λ5007 position, where we indicate the positions of two faint companions 
detected spectrally at the same redshift with dashed grey circles. The centroids of the [O III ] λ5007 emission and the BLR emission are indicated by a white 
plus and a golden star, respectively, where the small white circles on top of the symbols indicate five times the fitting errors on the centroid positions. The 
approximate NIRSpec PSF at 4 μm is indicated by the white circle. The centroid of the [O III ] λ5007 emission coincides with the NIRCam F200W emission, 
while the BLR location coincides with the F444W emission, reflected in the colour gradient in the NIRCam false-colour image. Bottom: Zoom-in on the spectra 
extracted from a single spaxel at the [O III ] λ5007 centroid position (left) and at the BLR location (right). We show our full fit in blue, with narrow emission 
lines in green and the BLR component in purple. At the BLR location, the broad H β emission is evident, while the [O III ] λλ4959, 5007 emission is narrow at 
all locations. Some flux of the BLR point-source is spread through the point-spread function (PSF FWHM 

∼ 0.13 − 0.14 ′′ at 4 μm) and therefore is still visible at 
the [O III ] λ5007 centroid position. 
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omponent of H β is clearly visible. We fit the spectra with a
ombination of Gaussian functions for the line emission, and a 
ower-law continuum. We include a narrow component for each 
f the following lines: [O II ] λ3727, [O II ] λ3729, [Ne III ] λ3869,
e I λ3889 + H8, [Ne III ] λ3967, H ε, H δ, H γ , [O III ] λ4363, H β,

O III ] λ4959, [O III ] λ5007. The intensity ratio of the [O III ] doublet is
xed to [O III ] λ5007/[O III ] λ4959 = 2.98, based on atomic physics
Storey & Zeippen 2000 ). We note that the [O II ] doublet as well as
Ne III ] λ3967 and H ε are blended. We show our full fits to spectra
xtracted from the BLR location and the centroid of the [O III ] λ5007
mission in Appendix A . 

As mentioned, for H β, a broad component is observed in some
paxels. We see no evidence for broad components in other lines. As
t will be discussed later on, we interpret this broad H β component
s a BLR, offset relative to the [O III ] λ5007 centroid. 

Following Übler et al. ( 2023 ), we rescale the formal noise based
n the ‘ERR’ extension with a measurement of the standard deviation 
n regions free of line emission to take into account correlations due
o the non-negligible size of the PSF relative to the spaxel size. This
ncreases the noise by a factor of up to two for individual spaxels. 

We first fit the integrated spectrum extracted from 3 × 3 spaxels
entred on the BLR location to robustly constrain the shape of the
LR emission. Measuring the BLR FWHM on a larger aperture 

ncluding all spaxel with S / N H β, BLR ≥ 5 (see Fig. 2 ) gives consistent
esults within the uncertainties. Here and elsewhere, the S / N is
easured directly from the best fit. Then, we fit the emission

xtracted from individual spaxels by fixing the BLR FWHM to the
revious best fit value. We list the resulting emission line fluxes
xtracted at the BLR location and [O III ] λ5007 centroid position in
able 1 . Zoom-ins on the corresponding spectral fits extracted from

ndividual spaxels are shown in Fig. 1 . 
If we integrate over a larger aperture centred on the [O III ] λ5007

mission in ZS7, we can detect additional fainter lines. A circular
perture with radius 0.3 ′′ (encompassing both the [O III ] λ5007 emitter
nd the BLR, similar to the region shown in Fig. 2 ) reveals tentative
ine emission at the expected wavelengths of H11, H10, H9, and
MNRAS 531, 355–365 (2024) 
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M

Figure 2. Top left: Continuum flux density map at λ = 2.9 − 3 μm. Bottom left: Continuum flux density map at λ = 4.9 − 5 μm. Top centre, bottom centre, and 
bottom right: Integrated line flux maps with S / N ≥ 5 from our spectral fitting for the narrow [O III ] λ5007 component, the H β BLR component, and the narrow 

[O III ] λ4363 component, respectively. Top right: Velocity map of the narrow [O III ] λλ4959,5007 emission. In each panel, the black cross and star indicate the 
centroid of the [O III ] λ5007 emission and the BLR location as shown in Fig. 1 , respectively. The black scale bar to the left indicates 0.2 ′′ ∼ 1 kpc, and the grey 
outline indicates the mask used for our full spectral fitting. There is a clear shift in the location of the continuum emission from bluer to redder wavelengths, 
aligning with the centroids of the [O III ] λ5007 emission and the BLR position, reflecting the colour gradient seen in the NIRCam image (Fig. 1 ). The flux of the 
auroral [O III ] λ4363 line peaks at the BLR position, but co v ers also the [O III ] λ5007 flux peak, indicating a clear gradient of the [O III ] λ5007/[O III ] λ4363 line 
ratio from the position of the AGN to the [O III ] λ5007 emitter. 

Table 1. Observed narrow emission line fluxes extracted from one spaxel 
in units of 10 −20 erg s –1 cm 

–2 from full spectral fits to the BLR location and 
[O III ] λ5007 centroid position and derived quantities. 

BLR location [O III ] λ5007 centroid 

[O II ] λλ3727, 3729 4.8 ± 0.8 5.8 ± 0.6 
[Ne III ] λ3869 4.6 ± 0.5 7.1 ± 0.3 
He I + H8 0.9 ± 0.4 2.7 ± 0.3 
[Ne III ] λ3967 + H ε 2.6 ± 0.7 3.9 ± 0.5 
H δ 1.7 ± 0.4 4.1 ± 0.3 
H γ 2.9 ± 0.4 5.5 ± 0.3 
[O III ] λ4363 3.1 ± 0.4 2.6 ± 0.3 
H β 6.2 ± 0.5 14.1 ± 0.5 
[O III ] λ5007 72.9 ± 1.8 117.1 ± 1.5 

12 + log(O/H) 7.69 ± 0.08 7.81 ± 0.04 
T e, [O III ] λ5007 [K] 22700 ± 1900 17400 ± 500 
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 detection of He I λ5876. While He II λ1640 has been detected in
re vious observ ations from the ground (Laporte et al. 2017 ), we
o not detect He II λ4686 in ZS7. This is not necessarily surprising,
ecause He II λ1640 is the brighter line. If we extract a spectrum
ollapsed from a pseudo-slit corresponding to the previous X-Shooter
bservations by Laporte et al. ( 2017 ), we find an upper limit on the
e II λ4686 flux which is consistent within the uncertainties with their
easurement for He II λ1640 within a factor of 8–13, consistent with

heoretical expectations. 

.2 Maps and velocity field 

e use the fluxes resulting from full spectral fitting to obtain emission
ine maps, for the regions where the lines are detected at more than
 σ . In Fig. 2 we show specifically the flux maps of [O III ] λ5007
which is also shown in Fig. 1 ), the broad H β component, and
O III ] λ4363. 
NRAS 531, 355–365 (2024) 

t  
The map of the broad component of H β is consistent with the
SF, that is, a spatially unresolved source. The maps confirm what
as already visible from Fig. 1 , namely the H β broad component is

learly offset from the [O III ] λ5007 line centroid. 
The auroral line [O III ] λ4363 peaks at the location of the H β

road, not unexpectedly, as strong [O III ] λ4363 emission was already
ointed out to be likely associated with AGN activity (Perna et al.
017 ; Dors et al. 2020 ; Brinchmann 2023 ). Ho we ver, it is interesting
o see that it also extend to the [O III ] λ5007 peak; we will discuss
hat the strength of the [O III ] λ4363 line also at this location suggest
he presence of an additional (Type 2) AGN. 

We also derive the [O III ] λ5007 velocity map, as shown in Fig. 2 .
e use the same fitting approach as described in Section 3.1 , but

t only the [O III ] λλ4959,5007 emission which has the highest
ignal-to-noise ratio. The velocity is derived from the line centroid
fter subtracting the systemic velocity measured at the [O III ] λ5007
entroid position. From our fits, we find an average uncertainty of
 km s –1 on the velocities shown in Fig. 2 . The region around the BLR
ocation appears clearly separated in velocity space, as indicated by
he cluster of positi ve relati ve velocities. The absolute difference
n velocity to the centroid of the [O III ] λ5007 emitter is only about
0 km s –1 , but significant. Being at the the same redshift, the small
rojected distance and the small velocity difference suggest that we
re witnessing the imminent merger of two systems, one of which
osts a BLR AGN. 
Finally, we also extract and map the continuum in the bluest (2.9–

 μm) and reddest (4.9–5 μm) parts of the spectrum. As illustrated
n Fig. 2 , the red continuum peaks at the location of the broad
 β, while the blue continuum peaks on the [O III ] λ5007 centroid.
his essentially confirms what was already seen in the NIRCam
olours shown in Fig. 1 . This further indicates that we are likely
bserving two distinct objects in close proximity. The blue continuum
entered on the [O III ] λ5007 centroid is likely tracing a young stellar
opulation. Instead, it is not straightforward to interpret the nature of
he compact red source at the location of the broad H β: it could be
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 reddened or aged stellar population, but it may also be associated
ith the reddened continuum of the AGN accretion disc. It is not
ossible to easily distinguish between these two scenarios, because 
he continuum spectral information is limited to 3600 Å <λrest < 

200 Å and has modest S/N. 

.3 Stellar mass estimate for the [O III ] λ5007 emitter 

e estimate the stellar mass of the [O III ] λ5007 emitter through a full
ED modelling using imaging data from the PRIMER programme 
n the pixel le vel, follo wing P ́erez-Gonz ́alez et al. ( 2023 ) (see also
’Eugenio et al. 2023 ; Garc ́ıa-Argum ́anez et al. 2023 ). SEDs were

onstructed for each one of the 26 230 mas (150 pc, with the PSF
WHM of the reddest image being around 5 pixels) pixels of the
ystem counting with more then three NIRCam filters with S / N >

. The NIRCam data co v ers the wavelength range 0.9–4.4 μm with
ight filters (one medium-band filter, the rest being broad-band). 
he SEDs were fitted to stellar population models by Bruzual & 

harlot ( 2003 ), assuming a delayed exponential for the star formation
istory (SFH) with time-scale τ taking values from 1 Myr (i.e. an 
nstantaneous burst) to 10 Gyr (i.e. a constant SFH). The attenuation 
as treated with the Calzetti et al. ( 2000 ) law, with A(V) values from
 to 5 mag. The metallicity was left to vary between 0.005 Z � and
 �. The IMF was set to Chabrier ( 2003 ). With a total of four free
arameters, the best-fitting model (using a Monte Carlo method to 
stimate errors) is scaled to the photometry to get an estimation of
he (surviving) stellar mass. 

To estimate the stellar mass of the [O III ] λ5007 emitter, we exclude
he Northern region where the BLR is detected with S / N > 5 to

itigate contamination from the AGN (see Fig. 2 ). This leads to a
otal stellar mass of M � ∼ 2.9 ± 0.9 × 10 9 M �. If we fill in the
 xcluded re gion with values from the Southern part of the galaxy
t similar distance from the [O III ] λ5007 centroid, we find M � ∼
.8 ± 1.1 × 10 9 M �. This estimate is consistent with what has been
ound in previous work from SED fitting to the CANDELS and 
lso IRAC data (Pentericci et al. 2016 ; Laporte et al. 2017 ). This
hows that the [O III ] λ5007 emitter is a moderately massive galaxy
or its redshift (see e.g. Curti et al. 2023 ; Nakajima et al. 2023 ),
xpected to host an intermediate-mass to massive black hole in its
entre. 

In Section 7 , we will argue that the narrow line emission associated
ith [O III ] λ4363 may also trace recent or ongoing AGN activity.
herefore, we make another estimate of the stellar mass of the 

O III ] λ5007 emitter by excluding not only the region where the
 β BLR is detected with S / N > 5, but also the region where the
arrow [O III ] λ4363 is detected with S / N > 5. This would lead to
 stellar mass of M � ∼ 1.7 ± 0.5 × 10 9 M � (without filling in the
 xcluded re gions with other values). We consider this a lower limit
n the total stellar mass of the [O III ] λ5007 emitter, and note that
 reduction of the stellar mass by a factor 2–3 does not impact the
esults and conclusion presented in the following sections. 

 E V I D E N C E  F O R  A N  OFFSET  TYPE  1  AG N  

N D  E N V I RO N M E N T  O F  ZS7  

t a projected distance of 620 pc from the centroid of the [O III ] λ5007
mission in ZS7, we detect a broad component at the wavelength 
f H β (Fig. 1 ). As discussed, the emission is consistent with
temming from a point source, spread by the PSF (PSF FWHM 

∼
.13 − 0.14 ′′ at 4 μm; see Fig. 2 ). The broad component does not
ave a counterpart in the forbidden lines, in particular not in the
trong [O III ] λλ4959, 5007 doublet, hence it cannot be associated
ith emission of high-velocity ISM or CGM, for instance due to
alactic outflows. Therefore, the most plausible explanation is that 
he broad H β is tracing the BLR of an accreting black hole, that
s, a Type 1 AGN (we discuss and discard other interpretations in
ection 6 ). 
The finding of an AGN in ZS7 is not so surprising, as evidence

or an AGN was already found in the past based on the detection of
 V λ1239 and He II λ1640 in the rest-frame UV (Laporte et al. 2017 ).
he no v elty of our finding is that the Type 1 AGN is of fset relati ve to

he [O III ] λ5007 emitter. Also based on the kinematic offset around
he BLR (Fig. 2 and Section 3.2 ) and the markedly different colours,
hese results suggests that the Type 1 AGN traced by the broad H β

s hosted in a system separate from the galaxy traced by the bulk of
he [O III ] λ5007 emission, and in the process of merging with it. The
ngoing merger may be channelling gas to the 5 × 10 7 M � black
ole as a consequence of tidal interactions (Di Matteo, Springel &
ernquist 2005 ; Johansson, Naab & Burkert 2009 ; see also e.g.
ougherty et al. 2024 ). 
We consider the possibility that the BLR is actually at the centre of

 single system but partially obscured by dust, while the [O III ] λ5007
righter emission region is tracing the less obscured part of the galaxy
or a less obscured part of an extended narrow-line re gion). Howev er,
he dust extinction towards nebular lines as traced by the H β/H γ

almer decrement does not show a significant gradient between 
he two locations and, if anything, slightly lower reddening towards 
he narrow nebular lines at the BLR location (see Appendix B and
ig. B1 ). In addition, the fact the [O III ] λ4363 line, which is clearly
esolved across the two locations, peaks at the BLR location, provides 
urther evidence that the BLR location is not the dust-obscured centre
f the [O III ] λ5007 emitter. In the case of differential reddening, one
ould expect that [O III ] λ4363 would peak at the same location as

O III ] λ5007, whereas it peaks at the BLR location. 
It is also implausible that the BLR is tracing the centre of a

ingle system and that the [O III ] λ5007 centroid is tracing a burst
f star formation in its disc, at ∼600 pc from the nucleus. Indeed, the
O III ] λ5007 emission is not an unresolved clump of star formation,
t is a well-resolved structure extending over ∼1.5 kpc. Additionally, 
f the BLR was the centre of a single system then the velocity field
hould be approximately symmetric relative to it; on the contrary, 
he velocity field around the BLR stands out for having a clear offset
elative to the surrounding region, just as expected for a separate
ystem. Furthermore, there is no evidence of significant extended line 
r continuum emission north-west of the BLR. Finally, we will show
hat also the [O III ] λ5007 centroid is likely hosting another (Type 2)
GN, indicating that it is associated with a separate nucleus. 
At the same redshift as ZS7, we detect three fainter companions

hrough emission lines of H β and [O III ] λλ4959, 5007: two to the
orth at projected separations of 2.5 and 4.1 kpc, and one to the

outh-east at a projected distance of 3.9 kpc. Only the closest satellite
s visible in the imaging data (see Fig. 1 ), and has been previously
hotometrically identified by Witten et al. ( 2023a ). The high number
f companions, in addition to the offset BLR, suggests that we are
itnessing a snapshot of the complex assembly of a larger system

ust 740 million years after the big bang. 

 BLACK  H O L E  MASS  A N D  LUMI NOSI TY  O F  

H E  OFFSET  TYPE  1  AG N  

y assuming standard virial relations, we can estimate the black 
ole mass using our best fit values of the H β BLR flux and FWHM,
ased on the 20-spaxel integrated spectrum around the BLR location, 
here S/N H β, BLR ≥ 5. The FWHM is corrected for the instrumental 
MNRAS 531, 355–365 (2024) 
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M

Table 2. Measurements of the broad H β component extracted from an 
integrated spectrum with S/N H β, BLR 〉 5 (see bottom centre panel of Fig. 2 ), 
and corresponding black hole properties. 

Measurement Value 

FWHM H β, broad [km s –1 ] 3660 ± 300 
F H β, broad [erg s –1 cm 

–2 ] (1.7 ± 0.2) × 10 −18 

L H β, broad [erg s –1 ] (1.0 ± 0.1) × 10 42 

log ( M BH /M �) H β, broad 7.7 ± 0.4 
log ( L bol / (erg / s)) H β, broad 44.9 ± 0.1 
log ( L Edd / (erg / s)) 45 . 8 + 0 . 7 −0 . 2 
λEdd 0.14 
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pectral resolution which is approximately R ∼ 1000 at the observed
avelength of H β, corresponding to σ ∼ 127 km s –1 (Jakobsen et al.
022 ). Using the single-epoch calibration by Greene & Ho ( 2005 )
erived from data of nearby AGN, we find a black hole mass of
og (M •/M �) = 7.7 ± 0.4. The uncertainties are dominated by the
catter of local scaling relations, which we take into account by
dding 0.4 dex in quadrature to our error budget (e.g. Ho & Kim
014 ). We also estimate the AGN bolometric luminosity to be L bol =
.5( ± 0.8) × 10 44 erg s –1 based on the H β BLR flux following Dalla
ont ̀a et al. ( 2020 ), indicating that the black hole is accreting at about
4 per cent of its Eddington limit. We report these measurements in
able 2 . 

 E X C L U D I N G  A LT E R NAT I V E  S C E NA R I O S  

O R  T H E  BROA D  H  β:  SUPERNOVA E,  
UTFLOW,  A N D  MASSIVE  STARS  

hile we recall that outflows as fast as a few 1000 km s –1 are only
ssociated with AGN feedback (e.g. Fabian 2012 ; Heckman & Best
014 ; Carniani et al. 2015 ; F ̈orster Schreiber et al. 2019 ; Veilleux
t al. 2020 ; see also discussion by Maiolino et al. 2024 ), the outflow
cenario should result in even more prominent broad emission in
O III ] λλ4959, 5007, as observed in galactic outflows locally and at
igh redshift, and especially because outflows are typically metal
nriched with high [O III ] λ5007/H β (Origlia et al. 2004 ). 3 

We briefly discuss alternative interpretations of the broad H β

omponent: a local outflo w, a supernov a (SN) in the galaxy disc, or
 cluster of Wolf–Rayet or very massive stars. 

Core collapse SNe do show broad Balmer line emission; at
heir peak luminosity their broad H β luminosity is of the order
f ∼10 40 erg s –1 , although some extremely luminous SNe can reach
road H β luminosities 4 of a few times ∼10 41 erg s –1 (Pastorello
t al. 2002 ; Fransson et al. 2014 ; Tartaglia et al. 2016 ; Kokubo et al.
019 ; Dickinson et al. 2023 ), still lower than what is observed in
S7 ( L H β, broad ∼ 10 42 erg s –1 ; Table 2 ). The additional important
ifference is that when SNe reach such high luminosities, the broad
omponent of H α and H β is generally much larger than observed in
S7, typically several 1000 km s –1 and ev en e xceeding 10 000 km s –1 .
oreo v er, core-collapse SNe, especially the luminous ones, have

n asymmetric blueshifted profile (from a few 100 km s –1 to a few
000 km s –1 ) and/or P-Cygni profiles (e.g. Gal-Yam 2012 ; Taddia
t al. 2013 ; Guti ́errez et al. 2017 ), while the broad H β component
NRAS 531, 355–365 (2024) 

 We note that in high-metallicity systems (12 + log(O/H) � 8.5) [O III ] λ5007 
an be suppressed with respect to H β (e.g. Curti et al. 2020 ). Ho we ver, our 
etallicity estimates for ZS7 are much lower (see Table 1 ). 
 We note that SN luminosities in the literature are generally reported for H α, 
nd H α/H β can be quite large. 

F  

t
R  

V  

s  

n  

H  
n ZS7 is symmetric (Fig. 1 ). Since we detect the continuum, we can
lso rule out strong absorption lines. We also note that the spectrum of
ore-collapse SNe (especially in the early phases) is further generally
haracterized by prominent [O I ] λ6300 emission and/or Fe bumps
ear H β, which are not seen in ZS7. 

Additional compelling evidence against the SN scenario comes
rom the fact that in this case the source at the location of the broad
 β should display some flux variation. We can leverage the fact

hat the NIRCam and NIRSpec-IFU observations were obtained at
wo different epochs separated by 5 months, that is, 20 d rest frame.

hile this is not a long-time lag, depending on the phase of the
utative SN light curve, we would expect a flux variation ranging
rom a factor of several to at least 20 per cent. We have consistently
xtracted the flux from the same aperture both from the NIRCam
nd NIRSpec data. For NIRCam we have used the filters o v erlapping
ith our NIRSpec spectrum, that is, F444W, F410M, and F356W,

nd in NIRSpec we have extracted the spectra matching the same
avelength range as the three filters. At least a 5 per cent cross-

alibration uncertainty is estimated due to the fact that the PSF of
he two instruments are not identical (i.e. slight differential losses,
espite the large adopted aperture), as well as slight background
isuniformities in the IFU data. Nonetheless we obtain that the fluxes
n the three bands are fully consistent within 3 per cent, 2 per cent,
nd 0.07 per cent, respectively. Such a good match, and the implied
onstancy of the flux (both of the continuum and of the broad H β,
hich is included in all three filters), makes the single-SN scenario

imply impossible. 
Ho we ver, one can explore whether the broad H β is not due to

 single SN, but the o v erlap of multiple, colocated SNe associated
ith star formation within the small region associated with the BLR.
o we ver, e ven assuming the extreme case of no AGN contribution to

he narrow H β, this would give an upper limit on the star formation
ate of < 6 M � yr –1 , that is, < 10 −1 SN per year; even in the extreme
ase that the peak of the broad-line emission of each SN lasts for
ne year, this would imply an average broad H β luminosity of
0 39 − 40 erg s –1 , much lower than observed in ZS7. Also, one would
xpect the peak of the core-collapse SNe to pile-up at the location of
he peak of star formation, that is, at the [O III ] λ5007 centroid. 

Although it is not a common feature, broad Balmer lines have been
ssociated with clusters of Wolf–Rayet stars in some individual cases
e.g. in NGC 4214, see Sargent & Filippenko 1991 ). More distinctive
eatures of Wolf–Rayet stars are for instance the ‘blue bump’ around
600–4720 Å, associated with broad He II λ4686, N III λ4640, and/or
 III/IV λ4650, and the ‘red bump’ around 5800 Å, associated with
 IV λ5808 (e.g. Sargent & Filippenko 1991 ; Terlevich et al. 1996 ;
chaerer et al. 1997 ; Schaerer, Contini & Kunth 1999 ; Brinchmann,
ettini & Charlot 2008 ; Monreal-Ibero et al. 2017 ). These spectral
ignatures are not seen in ZS7. We calculate an upper limit on
he flux in the ‘blue bump’ region, and on He II λ4686, from our
perture where the H β BLR is detected with S / N > 5. From this,
e find ‘blue bump’/H β < 0.033 and He II λ4686/H β < 0.006. For

omparison, Sargent & Filippenko ( 1991 ) find ‘blue bump’/H β ∼
.91 in the region where they also detect broad H α, and values
f He II λ4686/H β ∼ 0.01 − 0.1 are detected in nearby Wolf–Rayet
alaxies (e.g. Vacca & Conti 1992 ; Thuan, Izotov & Lipo v etsk y 1996 ;
ernandes et al. 2004 ). To further constrain from the H β flux and

he upper limit on He II λ4686 the possible contribution from Wolf–
ayet stars to the spectral features in ZS7, we follow Equation 15 by
acca & Conti ( 1992 ) to calculate the ratio of the number of WNL
tars, the dominant subtype of Wolf–Rayet stars, and the ‘equi v alent’
umber of O stars, and find 0.019. Considering the detection of
e II λ1640 in ZS7, the two independent observations discussed by
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Figure 3. Narrow line ratio diagnostic diagram of [O III ] λ4363/H γ versus 
[O III ] λ5007/[O III ] λ4363. Different regions within ZS7 are indicated by 
golden symbols: the BLR location (star), the [O III ] λ5007 centroid (diamond), 
and the surrounding region (circle; see Section 7 for details). Local star- 
forming galaxies (grey shading and points) and AGN (red shading and points), 
dust-corrected following Cardelli, Clayton & Mathis ( 1989 ), separate into 
two parallel sequences in this diagram, with AGN occupying a region of 
higher electron temperatures and having ele v ated ratios of [O III ] λ4363/H γ . 
The red diamond shows a galaxy from the JWST early release observations 
(Pontoppidan et al. 2022 ) at similar redshift, which is identified as an AGN 

through a [Ne IV ] λλ2422, 2424 detection (Brinchmann 2023 ; B23), and the 
red star indicates the narrow line ratios of a BLR AGN at z = 5.55 ( ̈Ubler 
et al. 2023 ; Ü23). The BLR centroid of ZS7 is located at the extreme end of 
the local AGN distribution, and also the [O III ] λ5007 centroid falls on top of 
the local AGN cloud, while the host emission is located in a region where 
local star-forming galaxies and AGN o v erlap. The narrow line ratios extracted 
from the [O III ] λ5007 centroid position could indicate recent AGN activity 
also in this part of ZS7. 
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aporte et al. ( 2017 ) reveal line widths that are consistent with
he spectral resolution of the respective instruments, while again 
enerally broad emission would be expected for Wolf–Rayet stars 
e.g. Chisholm et al. 2019 ; Leitherer, Lee & Faisst 2019 ; Vanzella
t al. 2020 ). In summary, while we cannot exclude the presence of
olf–Rayet stars, we can conclude that their potential contribution 

o any spectral features in ZS7 is minor. This specifically holds for
he broad H β emission. 

Very massive stars are also known to show broad Balmer lines, but
n these cases the Equi v alent Width of the broad component of H β

s only a few Å (Martins et al. 2020 ), while in ZS7 the Equi v alent
idth of the broad component of H β is about 60 Å. Furthermore, in

he case of very massive stars the broad H β is also accompanied by
rominent and broad He II λ4686 (Martins & Palacios 2022 ), not seen
n ZS7. Finally, we note that an outflow driven by a large numbers
f massive stars has been invoked as a possible origin of broad off-
uclear H α emission without a counterpart in [O III ] λλ4959,5007 in
 nearby galaxy (Rodr ́ıguez Del Pino et al. 2019 ). Ho we ver, in the
atter case the width of the broad H α is only ∼800 − 1000 km s –1 .

oreo v er, in the latter scenario, as well as all previous scenarios in
hich the broad H β is associated with clusters of young stars, one
ould expect the broad H β to peak at the location of the peak of

tar formation, that is, at the location of the peak of (narrow) nebular
mission, and not offset as in the case of ZS7. 

Gi ven the se veral arguments outlined above, and also the fact
hat previous studies already found evidence for an AGN in ZS7
Laporte et al. 2017 ), we conclude that the most plausible explanation
s that the broad H β component is tracing the BLR of a massive,
ccreting black hole. Furthermore, the H β BLR and the [O III ] λ5007
istribution are likely associated with two different systems in the 
rocess of merging. This was already discussed in Section 4 , and
ill be further discussed in the following two sections. 

 I N D I C AT I O N  O F  A  S E C O N D ,  TYPE  2  AG N  IN  

H E  [O  I I I ]  λ5 0 0 7  EMITTER  

s discussed by various authors, the detection of Type 2 AGN, that
s, for which the BLR is obscured along our line of sight, and only the
arrow Line Region (NLR) is visible, is more challenging at high 

edshift. Indeed, the narrow line ratios of AGN at z > 4 are displaced
rom the local AGN locus in classical optical diagnostic diagrams, 
uch as the BPT (Baldwin, Phillips & Terlevich 1981 ), involving 
O III ] λ5007/H β versus [N II ]6584/H α, and the diagrams proposed
y Veilleux & Osterbrock ( 1987 ), in which [N II ]6584 is replaced
y the [S II ]6720 doublet (Harikane et al. 2023 ; Kocevski et al.
023 ; Scholtz et al. 2023 ; Übler et al. 2023 ; Maiolino et al. 2023 ).
his is likely a consequence of the gas in the NLR becoming metal
oor, which results in an o v erlap of AGN with the sequence of star-
orming galaxies on these same diagrams. Some of the alternative 
iagnostic diagrams to identify AGN based on UV lines proposed 
y, for instance, Scholtz et al. ( 2023 ), are not usable in our case, due
he limited spectral co v erage of our data. 

Ho we ver, an additional diagnostic can be provided by the strong
O III ] λ4363 auroral line, which is found to peak at the same location
f the broad H β (Fig. 2 ), with an intensity comparable to H γ . Such
igh [O III ] λ4363 is very rare and, in combination with [O III ] λ5007,
ndicates very high-gas temperatures, of the order of T e, [O III ] λ5007 = 

2700 ± 1900 K (following Dors et al. 2020 ). Such a high ratio of
O III ] λ4363/H γ is not seen in nearby star-forming galaxies, but it
s seen in AGN (Perna et al. 2017 ; Brinchmann et al. 2023 ). This is
urther illustrated in Fig. 3 , where we plot nearby AGN (red contours)
nd star-forming galaxies (grey contours) from SDSS (Abazajian 
t al. 2009 ) in the [O III ] λ4363/H γ versus [O III ] λ5007/[O III ] λ4363
ine ratio diagram. In this diagram, local star-forming galaxies and 
GN separate into two parallel sequences, with AGN occupying a 

egion of higher electron temperatures and having ele v ated ratios
f [O III ] λ4363/H γ (Fig. 3 ; also Mazzolari et al., in preparation).
ndeed, the narrow emission line ratios at the location of the broad
 β in ZS7 lie at the extreme end of the nearby AGN distribution

golden star in Fig. 3 ). This is yet another confirmation that the broad
 β is tracing a (Type 1) AGN. 
Intriguingly, as illustrated by the bottom-right panel of Fig. 2 , the

uroral [O III ] λ4363 line is spatially extended across the locations
f both the BLR and [O III ] λ5007 centroid. We can measure the
O III ] λ4363/H γ and [O III ] λ5007/[O III ] λ4363 line ratios at the
O III ] λ5007 centroid position, and we find that also the emission line
roperties at the location of the [O III ] λ5007 centroid are consistent
ith local AGN, as shown by the golden diamond in Fig. 3 . This
nding strongly suggest that also the galaxy associated with the 
O III ] λ5007 centroid is hosting a (Type 2) AGN. 

We finally note that, if we extract these emission line ratios from an
ntegrated spectrum excluding the region where the BLR is detected 
ith S / N > 5, and excluding the 3 × 3 spaxels around the [O III ] λ5007

entroid, then we find values falling into the region which is locally
ccupied by both AGN and star-forming galaxies (golden circle in 
ig. 3 ). 
MNRAS 531, 355–365 (2024) 
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 A N  IM M INEN T  G A L A X Y  A N D  MASSIVE  

LACK  H O L E  M E R G E R  

s discussed in the previous sections, the NIRSpec data and the
IRCam data provide evidence that ZS7 is composed of two

omponents in close vicinity. The projected separation of 620 pc
nd velocity difference of the narrow line emission between the BLR
ocation and the centroid of the [O III ] λ5007 emitter ( ∼20 km s –1 ),
ikely hosting another AGN, are small, and likely imply an imminent
erger. 
In Section 5 , we measured the mass of the black hole associ-

ted with the Type 1 AGN, traced by the broad H β, by using
irial relations. Estimating the mass of the putative second black
ole, associated with the [O III ] λ5007 emitter, is more difficult.
sing our stellar mass estimate of the [O III ] λ5007 emitter ( M � 

2.9 × 10 9 M �, i.e. excluding the region where the BLR is
ignificantly detected, see Section 3.3 ) and assuming a M � −M •
elation calibrated on nearby AGN (Reines & Volonteri 2015 ), results
n a secondary black hole mass associated with the [O III ] λ5007
mitter of log (M •/ M �) ∼ 5 . 8 ± 0 . 6. If we assume a lower limit for
he stellar mass of M � ∼ 1.7 × 10 9 M � (see discussion in Section 3.3 ),
e find log (M •/ M �) ∼ 5 . 6 ± 0 . 6. Comparing this to the black hole
ass estimate for the BLR AGN (log (M •/M �) = 7.7 ± 0.4), we
nd a ratio that is very similar to the dual AGN candidates identified
y Maiolino et al. ( 2023 ). If instead we assume a M � –M • relation
alibrated on local S/S0 and elliptical galaxies, we get a black holes
ass higher by about one order of magnitude. Alternatively, if we

ssume a black hole-to-stellar mass ratio between 0.01 and 0.1,
s found for many high- z BLR-AGN discovered with JWST , the
orresponding mass of the putative second black hole would be
omparable to or even larger than the mass of the BLR-identified
GN in ZS7. We note that simulations find that in ‘offset’ AGN

ystems (i.e. interacting galaxies in which only one of the two black
oles is accreting) the active black hole is typically more massive
Steinborn et al. 2016 ; Chen et al. 2023 ), although these results are
nly available at z � 3. 
Continuing with the interpretation of an imminent massive black

ole merger, at a projected separation of 620 pc the black hole
air is likely in the dynamical friction phase when the interaction
ith stars and gas assists the black holes in reducing their angular
omenta to sink to the common centre of mass (Chandrasekhar 1943 ;
striker 1999 ), before three-body interactions with individual stars

Begelman, Blandford & Rees 1980 ; Quinlan 1996 ) and eventually
he emission of gravitational waves lead to coalescence of the black
ole pair (Peters & Mathews 1963 ; Peters 1964 ). Using our black
ole mass estimate, the stellar mass estimate of the [O III ] λ5007
mitter summed within roughly 3 kpc, and assuming an absolute
eparation of the BLR and the [O III ] λ5007 centroid of 1 kpc, we find
n approximative inspiral time of 100–200 Myr (Binney & Tremaine
008 ). 

 IMP LIC ATION S  

t is not possible to provide any reliable statistics on the number and
raction of merging black holes at high redshift, based on this single
ase. We note, ho we v er, that this galaxy was observ ed as part of a
ample of 11 galaxies at z > 6 that were observed with the NIRSpec-
FU mode within the GA-NIFS surv e y. Of these, the ZS7 system and
 second galaxy (Cresci et al., in preparation) are found to clearly
ost an AGN based on the detection of broad Balmer lines. The other
GN at z > 6 in GA-NIFS is also found in an interacting system, on a

ew kpc separation. Also the two z ∼ 6.8 QSOs analysed so far within
NRAS 531, 355–365 (2024) 
A-NIFS undergo g alaxy–g alaxy mergers (Marshall et al. 2023 ; see
lso e.g. Yue et al. 2021 ). Although these are low-number statistics,
hese results suggest that AGN (and more broadly black hole activity)
n the early universe are associated with galaxy interactions. In the
ase of ZS7, the separation of the individual systems is so small
hat the galaxies and their supermassive black holes will most likely
erge within the next few hundred million years. At slightly lower

edshifts (4 < z < 6), a recent study by Maiolino et al. ( 2023 )
dentified a significant number (3/11) of candidate dual AGN based
n the complex profile of broad Balmer lines in the NIRSpec multi-
bject JWST Deep Extragalactic Surv e y (JADES; Eisenstein et al.
023 , without 2d spatial information). At z ∼ 3, Perna et al. ( 2023b )
dentify 20–30 per cent dual AGN on separation scales of 3–30 kpc
ithin GA-NIFS. Summarizing, the findings of our and other studies
sing different approaches to assess black hole activity in the early
niverse are consistent with a potentially large number of black holes
n the process of merging. 

There are no simulations available that provide the expected
umber of binary black holes, with separations less than 1 kpc, in
his mass range and at z � 7. Ho we ver, the mentioned finding of a
arge fraction of dual AGN at lower redshift ( z ∼3) on scales of a
e w/se veral kpc already highlighted tension with the expectations of
imulations, which predict a lower fraction of dual AGN at z < 5 (De
osa et al. 2019 ; Rosas-Gue v ara et al. 2019 ; Volonteri et al. 2022 ;
hen et al. 2023 ) than observed (Koss et al. 2012 ; Spingola et al.
019 ; Perna et al. 2023b ). Ho we ver, while some simulations find
n increasing fraction of massive black hole pairs with decreasing
edshift due to long coalescence time-scales of massive black hole
ergers in these models (Chen et al. 2023 ), most simulations predict

he fraction of massive black hole pairs to increase with increasing
edshift due to higher g alaxy–g alaxy merger rates (Volonteri et al.
016 , 2022 ; De Rosa et al. 2019 ; Rosas-Gue v ara et al. 2019 ; see also
iscussion by Sesana, Volonteri & Haardt 2009 ). 
We also mention another possible scenario explaining our observa-

ions of ZS7, namely that the displaced accreting black hole actually
esults from the recoil of a recent supermassive black hole merger.
nisotropic emission of gra vitational wa ves during a black hole
erger event may give the resulting black hole a velocity kick (Peres

962 ; Bekenstein 1973 ). Some simulations predict these velocities
ould be as high as several hundred to a few thousand km/s for pre-
erger black holes with comparable masses, which could even lead

o the ejection of the merged black hole from the host galaxy (e.g.
adau & Quataert 2004 ; Merritt et al. 2004 ; Blecha et al. 2016 ).
ecoiling black holes may be observable through both a spatial and
 velocity offset to the host galaxy (see e.g. Castignani et al. 2022 ),
nd this could be the case in ZS7: a spatial offset of 620 pc between
he host galaxy emission and the BLR is evident in this case. In
ddition, we register a small velocity offset between the narrow line
mission of ZS7 and the BLR emission of ∼40 km s –1 . While recoil
elocities depend on the masses and relative spins of the initial black
oles, the fact that we do not observe a large velocity offset of
he BLR makes the interpretation of a recoiling supermassive black
ole less appealing, although we caution that we cannot measure
he absolute velocity difference. Furthermore, a recoiled black hole
ould probably not have a NLR around it and, if it did, it would

ikely be the interstellar medium of the host galaxy, therefore it
hould share the same velocity field as the host. In the case of ZS7
e clearly see that the narrow component of the nebular emission

round the accreting black hole, its NLR, has a different velocity
Fig. 2 ). This suggests a more likely scenario in which the accreting
lack hole has yet to merge and is still embedded in the interstellar
edium of its own galaxy . Finally , the indication that the [O III ] λ5007
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entroid is also likely to host another (Type 2) AGN, implies that the
erging has yet to happen, unless the narrow lines signatures are 

ctually the fossil record of past accretion at that location. Ho we ver,
ven the recoil scenario would be pointing at a black hole merging
 vent; the dif ference between the two scenarios would be that in one
ase the merging has yet to happen, while in the other case it has just
appened. 
Finally, we note that another possible explanation for the offset 

LR could be that it is tracing one of the so-called ‘wander-
ng IMBHs’. Recent simulations have shown that (at least on 
cales of several kpc) the dynamical friction during galaxy inter- 
ctions/mergers may not be efficient at sinking black holes at high 
edshift (Di Matteo et al. 2023b ). As a consequence, this may result
nto a potentially large population of IMBHs in the haloes of galaxies.
o we ver, such a population of wandering IMBHs is expected to be
n scales much larger (tens of kpc) than the separation observed in
S7 (where dynamical friction is much more efficient). Additionally, 
 ‘wandering’ black hole, even if accreting, should be essentially 
naked’, that is, should not have its own NLR. This is in contrast
ith what is observed for the offset BLR in ZS7, which is clearly

xciting at least [O III ] λ4363 tracing low-density gas outside the
LR. 

0  C O N C L U S I O N S  

he results presented in this work highlight the power of NIRSpec- 
FU observations in the study of high- z galaxies, mergers, and 
he detection of moderately massive black holes through imaging- 
pectroscopy. Our observations provide clear and robust evidence 
or a massive black hole involved in a merger with another galaxy,
ikely hosting another accreting black hole, at z = 7.15, only 740 Myr
fter the big bang. Overall, our results seem to support a scenario
f an imminent massive black hole merger in the early universe, 
ighlighting this as an additional important channel for the early 
rowth of black holes. Together with other recent findings in the 
iterature, this suggests that massive black hole merging in the distant 
niverse is common. Our observations may be used as guidance for
he modelling of gra vitational-wa v e ev ents originating from massiv e
lack hole mergers that will be detectable with future observatories 
ike LISA (e.g. Haehnelt 1994 ; Jaffe & Backer 2003 ; Sesana et al.
005 ; Valiante et al. 2021 ; Amaro-Seoane et al. 2023 ). 

C K N OW L E D G E M E N T S  

e are grateful to the anonymous referee for a constructive report 
hat helped to impro v e the quality of this manuscript. We thank

artin Bourne, Massimo Dotti, Sophie Koudmani, Alberto Sesana, 
ebora Sijacki, Sandro Tacchella, and Naoki Yoshida for useful 
iscussions. AJB and GCJ acknowledge funding from the ‘First- 
alaxies’ Advanced Grant from the European Research Council 

ERC) under the European Union’s Horizon 2020 research and 
nnovation programme (Grant agreement No. 789056). BRdP , MP , 
nd SA acknowledge grant number PID2021-127718NB-I00 funded 
y the Spanish Ministry of Science and Innovation/State Agency 
f Research (MICIN/AEI/ 10.13039/501100011033). FDE, JS, and 
W acknowledge support by the Science and Technology Facilities 
ouncil (STFC), by the ERC through Advanced Grant 695671 

QUENCH’, and by the UKRI Frontier Research grant RISEand- 
ALL. H ̈U gratefully acknowledges support by the Isaac Newton 
rust and by the Kavli Foundation through a Newton-Kavli Junior 
ello wship. IL ackno wledges support from grant number PID2022- 
40483NB-C22 funded by AEI 10.13039/501100011033 and BDC 
0221289 funded by MCIN by the Reco v ery, Transformation and Re- 
ilience Plan from the Spanish State, and by NextGenerationEU from 

he European Union through the Reco v ery and Resilience Facility.
SD acknowledges the support of the Royal Society through a Royal
ociety Research Professorship. MAM acknowledges the support 
f a National Research Council of Canada Plaskett Fellowship, 
nd the Australian Research Council Centre of Excellence for All- 
ky Astrophysics in 3 Dimensions (ASTRO 3D), through project 
umber CE170100013. PGP-G acknowledges support from grant 
umber PID2022-139567NB-I00 funded by Spanish Ministerio de 
iencia e Innovaci ̀on MCIN/AEI/10.13039/501100011033, FEDER, 
E. RM acknowledges support by the Science and Technology 
acilities Council (STFC), from the ERC Advanced Grant 695671 
QUENCH’, and funding from a research professorship from the 
oyal Society. SCa and GV acknowledge support from the European 
nion (ERC, ‘WINGS’, 101040227). 

ATA  AVAI LABI LI TY  

he NIRSpec data used in this research has been obtained within
he NIRSpec-IFU GTO programme GA-NIFS and will become 
ublicly available in May 2024. The NIRCam observations of ZS7 
re public through the PRIMER programme (PI: James Dunlop). 
ata presented in this paper will be shared upon reasonable request

o the corresponding author. 

EFERENCES  

bazajian K. N. et al., 2009, ApJS , 182, 543 
maro-Seoane P. et al., 2023, Living Reviews in Relativity , 26, 2 
aldwin J. A. , Phillips M. M., Terlevich R., 1981, PASP , 93, 5 
arai P. , Gallerani S., Pallottini A., Ferrara A., Marconi A., Cicone C.,

Maiolino R., Carniani S., 2018, MNRAS , 473, 4003 
arausse E. , Dvorkin I., Tremmel M., Volonteri M., Bonetti M., 2020, ApJ ,

904, L16 
egelman M. C. , Blandford R. D., Rees M. J., 1980, Nature , 287, 307 
ekenstein J. D. , 1973, ApJ , 183, L657 
ennett J. S. , Sijacki D., Costa T., Laporte N., Witten C., 2024, MNRAS ,

527, 1033 
inney J. , Tremaine S., 2008, Galactic Dynamicsm, 2nd edn. Princeton Univ.

Press, Princeton, NJ, p. 647 
lecha L. et al., 2016, MNRAS , 456, 961 
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Figure A1. Full spectral fits to spectra extracted from individual spaxels at the BLR location (top), and at the centroid location of the [O III ] λ5007 emitter 
(bottom). Residuals show (data – model)/uncertainties. We show our full fit in blue, with narrow emission lines in green and the BLR component in purple. At 
the BLR location, the broad H β emission is evident, while the [O III ] λλ4959, 5007 emission is narrow at all locations. We note the strong auroral [O III ] λ4363 
emission line in both spectra. 
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Figure B1. Map of the PSF-matched H γ to H β narrow emission line flux 
where both lines have S / N > 5, with the centroid location of the [O III ] λ5007 
and the location of the BLR indicated by a cross and star, respectively. 
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∼ 0.13 − 0.14 ′′ at 4 μm) and therefore is still visible
t the [O III ] λ5007 centroid position. 

PPEN D IX  B:  D UST  E X T I N C T I O N  

n Fig. B1 we show a map of the PSF-matched H γ to H β narrow
mission line flux, derived using the empirical fitting functions for 
he NIRSpec-IFU PSF provided by D’Eugenio et al. ( 2023 ). The
entroid locations of the [O III ] λ5007 and BLR are indicated by a
ross and star, respectively. The black line in the colourbar shows
he theoretical line ratio of H γ /H β = 0.468, whereas lower values
ndicate dust extinction. The data show that there is no enhanced 
ust extinction at the location of the BLR. This rules out a scenario
here the BLR centroid location is the true, dust-obscured centre of

he ZS7 system. 
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