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ABSTRACT

The unexpectedly high nitrogen-to-oxygen (N/O) ratios observed in high-redshift (z) galaxies have challenged our understanding
of early star formation. Notably, many of these nitrogen-rich galaxies show signatures of active galactic nuclei (AGNs), suggesting
a possible connection between black hole formation and nitrogen enrichment. To explore this connection, we analyse stacked
spectra of z = 4-7 broad-line and narrow-line AGNs using deep Near Infrared Spectrograph data from the JWST Advanced Deep
Extragalactic Survey. We identify a significant N 111] quintuplet and a high electron density (~10* cm~2) only in the broad-line
AGN stack, indicating nitrogen-rich (log(N/C) =~ 0.5, log(N/O) > —0.6) and dense gas similar to the high-z nitrogen-rich
galaxies. Our findings suggest that dense nuclear star formation may trap nitrogen-rich gas in proto-globular clusters, in line
with the high N/O observed in local globular clusters; associated runaway stellar collisions could produce intermediate-mass
black hole seeds, as predicted by some models and simulations, whose accretion results into AGN signatures. These findings
support scenarios connecting the early black hole seeding and growth to merging processes within and between proto-globular
clusters in primeval galaxies.

Key words: ISM: abundances — galaxies: active — galaxies: high-redshift — galaxies: star formation.

et al. 2016) show that N/O generally increases with gas-phase

1 INTRODUCTION metallicity (O/H): primary nitrogen (N) production by massive stars

Chemical abundance ratios of the galaxy interstellar medium, such as
nitrogen-to-oxygen (N/O), trace accumulated yields of dying stars
with varying masses, serving as key indicators of star formation
history. Observations (e.g. Izotov et al. 2006) and models (Vincenzo
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with predominant oxygen (O) from core-collapse supernovae during
12 + 1og(O/H) < 8.2, secondary N production from asymptotic gi-
ant branch stars during 12 4 log(O/H) ~ 8.2 — 8.6, and the galactic
wind removing O during 12 + log(O/H) 2 8.6. Although the N/O
value has a large scatter at 12 + log(O/H) ~ 7.6 — 8.3 (Kumari
et al. 2018) possibly due to Wolf-Rayet (WR) stars (e.g. Kumari
et al. 2018) or metal-poor inflow (e.g. Amorin, Pérez-Montero &
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Vilchez 2010), their N/O values rarely exceed the solar abundance
(cf. Mrk996; Telles et al. 2014).

However, the JWST (Gardner et al. 2023; Rigby et al. 2023) has
identified ~10 galaxies with supersolar N/O ratios at z = 5 (e.g.
Bunker et al. 2023; Ji et al. 2024; Schaerer et al. 2024). These
galaxies are also N-rich with respect to carbon (C), indicative of
CNO-cycle processed gas (Isobe et al. 2023b, see also Arellano-
Coérdova et al. 2024). Notably, many of these N-rich galaxies have
high electron densities 7. (e.g. Yanagisawa et al. 2024; Topping et al.
2025), high stellar mass surface densities (e.g. Schaerer et al. 2024),
and/or compact morphology (Harikane et al. 2025). From these facts,
the possibility that nitrogen is enriched in dense starbursts has been
actively discussed (e.g. Topping et al. 2025). This might also suggest
the link between N-rich galaxies and proto-globular clusters (GCs;
e.g. D’Antona et al. 2023; Renzini 2023; Senchyna et al. 2024).

It is also worth mentioning that about half of the N-rich galaxies
are reported to have signatures of active galactic nuclei (AGNs), such
as broad-line regions (BLRs) for GS_3073 (Ubler et al. 2023; Jiet al.
2024), CEERS_01019 (Larson et al. 2023), and CANUCS-LRD-z8.6
(Tripodi et al. 2024), ultra-dense gas for GN-z11 (Maiolino et al.
2024a; but see also Alvarez-Mérquez et al. 2025), [Ne v]A3426 for
JADES-GS-z9-0 (Curti et al. 2025), and X-rays in GHZ9 (Napolitano
et al. 2024). Therefore, there might be a connection between N-
enrichment, proto-GC formation, and AGN activity. Indeed, runaway
mergers inside star clusters are thought to be a major path to provide
massive black hole (BH) seeds (e.g. Inayoshi, Visbal & Haiman
2020; Rantala, Naab & Lahén 2024a; Partmann et al. 2025).

JWST has discovered many AGN candidates at high z (e.g.
Harikane et al. 2023; Kocevski et al. 2023; Mazzolari et al. 2024;
Taylor et al. 2024; Maiolino et al. 2024b), allowing us to verify
whether high-z AGNs are N-rich. Although most of these AGNs are
not bright enough to produce observable N lines, it may be possible
to detect them by stacking available spectra.

In this Letter, we report the CNO abundances of high-z AGNs
using their stacked spectra observed with the JWST/Near Infrared
Spectrograph (NIRSpec; Boker et al. 2022; Jakobsen et al. 2022).
We explain our data and sample in Section 2, analysis in Section 3,
results and discussions in Section 4, and conclusions in 5. Throughout
this Letter, we refer to HemmA 1640 as He1, O mjAA1661, 1666 as
O], NurJA1747-1754 as Nui], Curjar1907, 1909 as Cii], and
[O1]Ar3727, 3729 as [O11] for simplicity. Throughout this Letter,
we use the solar abundance ratios of Asplund, Amarsi & Grevesse
(2021).

2 DATA AND SAMPLE

We analyse the data obtained by the JWST Advanced Deep Ex-
tragalactic Survey (JADES; Bunker, NIRSPEC Instrument Science
Team & JADESs Collaboration 2020; Rieke 2020; Eisenstein et al.
2023a), using the JWST/NIRSpec micro-shutter array (Jakobsen
et al. 2022; Ferruit et al. 2022). JADES consists of six programmes
(PIDs 1180, 1181, 1210, 1286, 1287, and 3215) in GOODS-S and
GOODS-N. In this Letter, we use the JADES data processed by 2024
November, which include complete data sets of the four programmes
(PIDs 1180, 1181, 1210, and 3215 — see Eisenstein et al. 2023b;
Bunker et al. 2024; D’Eugenio et al. 2025) and part of the two
programmes (PIDs 1286 and 1287). The JADES has NIRSpec data
with R ~ 100 and R ~ 1000 (R100 and R1000, hereafter) covering
~1-5 pm, which we use in this Letter.

The observed JADES data were reduced by the NIRSpec Guar-
anteed Time Observations (GTO) Team, using the data reduction
pipeline developed by the European Space Agency (ESA) NIRSpec
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Science Operations Team (Ferruit et al. 2022) and the NIRSpec GTO
Team (Alves de Oliveira et al. 2018), whose details are presented
in D’Eugenio et al. (2025). Our 1D spectra are a re-extraction of
the JADES data. Our main targets are high-z AGNs, which should
be compact. To increase the signal-to-noise ratio (S/N) in the blue
regions of the spectrum where the JWST point spread function
is narrowest, we adopt a 3-pixel box-car aperture (instead of the
standard 5-pixel aperture presented in D’Eugenio et al. 2025). The
standard pipeline uses error propagation, with variance-conserving
resampling to (conservatively) account for correlated noise (Dorner
et al. 2016). We also use spectra whose z values are reliably
determined from multiple emission lines (i.e. flag values of 6, 7,
or 8; D’Eugenio et al. 2025).

We use a sample of broad-line AGNs (aka Type-1 AGNs), which
are selected by Juodzbalis et al. (2025) using the full JADES NIRSpec
data based on a broad-component detection (S/N > 5) in Ha (cf.
JuodzZbalis et al. 2024). These H «-selected Type-1 AGNSs are located
at 7 < 7 due to the wavelength coverage of NIRSpec. We focus on
z > 4, where the R100 spectra fully cover key emission lines of
N], Oui], and Cui]. This Letter targets all these Type-1 AGNs at
z = 4-7, whose number is twenty.

We also construct a “Type-2 AGN’ sample using Type-2 AGN
candidates, which Scholtz et al. (2025) selected from part of the
JADES programmes (PIDs 1210 and 3215) based on emission line
diagnostics of [N1JA6583/Ha versus [Om]A5007/H B8 (Baldwin,
Phillips & Terlevich 1981), [S1]A6731/H « versus [O 1I]JA5007/H 8
(Veilleux & Osterbrock 1987), and those based on high-ionization
lines (e.g. He11; Hirschmann et al. 2023). We use all these Type-2
AGN candidates at z = 4-7, whose number is eighteen. Note that
there is only one overlap between our Type-1 and Type-2 AGN
samples, which means that most of our Type-2 AGNs are narrow-
line AGNSs.

Additionally, excluding our Type-1 or Type-2 AGNs, we obtain
665 galaxies at z = 4-7 where no evidence of AGN has been
identified. Hereafter, we refer to this galaxy sample as the ‘non-
AGN’ sample. Note that our three samples have similar median z
values of 5.2-5.3.

3 ANALYSIS

3.1 Emission line fitting for individual galaxies

We conduct emission line fitting for individual galaxies to obtain
redshifts based on the R100 and R1000 spectra independently. We
model the spectra around H 8 and [O IIJAA4959, 5007 with three
Gaussian functions and a constant continuum level. We use the z
values with visual inspection (D’Eugenio et al. 2025) as an initial
guess. We fix the ratio of [O m]A5007/[O 11]A4959 to 2.98 (Kojima
et al. 2020). We also use the same width for H 8 and [O 11]A14959,
5007. There are 64 overlaps (2 of Type-1, 12 of Type-2, and 50 of
non-AGN sources) between our sample and Bunker et al. (2024),
whose z values based on the R100 data are different by only at
most 0.1 per cent. This analysis provides not only the z values but
also [0 1I]A5007 fluxes (F([O111])), which are used to normalize the
spectra in Section 3.2.

3.2 Stacking

We produce stacked spectra of the R100 and R1000 data in the same
manner. We shift the spectra to the rest frame and then resample
them to a common wevelength grid, for which the spectral pixel
size is set to half of the full-width half maximum based on the

9202 UoIB\ L€ U0 3s0NB Aq £1.8GG1.8/1271/L/LHS/910ILE/|SEAUL/WOO"dNO"olWapede//:Sdy Woly papeojumoq



CNO abundances of the JADES high-z AGN stacks  L73

NIRSpec spectral resolution. We use the spectral resolution in the
case of compact/point-like sources (hence smaller than the shutter
width; de Graaff et al. 2024), which is generally two times better than
the nominal resolution, which applies only to the case of uniformly
illuminated shutter. The resampling to the common wavelength grid
is done using spectres (Carnall 2017), which also propagates the
errors of the individual spectra to those of the resampled spectra.

Finally, we renormalize the resampled spectra by the F([O111])
values obtained in Section 3.1, and then we define the stacked
spectrum by taking the median of the normalized spectra without
any weighting at each wavelength of the common A grid, which
underlies all the results reported in this Letter. This stacking method
helps mitigate the influence of a few bright outliers, ensuring that the
resulting spectra more accurately represent the average properties
of the individual galaxies. We obtain errors of the stacked spectrum
by performing a Monte Carlo simulation. We create 1000 stacked
spectra based on the individual spectra randomly fluctuated by their
errors under the assumption of the normal distribution, and calculate
the standard deviation at each wavelength. When we adopt this
method to the mean stacking, it can reproduce the errors propagated
from the individual error spectra as done by Steidel et al. (2016).
Bootstrap resampling is another method to account for the errors
of the stacked spectra. However, we do not use bootstrap errors for
emission lines, as they overestimate flux variance by including the
strong effect of variation of the underlying continuum emission from
source to source. The stacked spectra are shown in Fig. 1.

3.3 Emission line measurement

We conduct emission line fitting for the stacked spectra in the follow-
ing three wavelength regions (UV: 1600-2000, blue: 3600-5200, red:
6200-7300 A). As the exposure time for the R100 data was generally
longer than that for the R1000 data by a factor of 1-4 (D’Eugenio
et al. 2025), we derive key emission line fluxes (He1+O 1],
N, Cu], [On], HB, [O11]Ar4959, 5007, Ha+[N 1I]AL6548,
6583) using the R100 data, except for [O1I]A4363/[O 1I]A5007
and [S1UJA6716/[S11]A6731. We obtain these ratios by resolving
[O11]x4363 from Hy and [S1]A6716 from [S1]A6731 with the
R1000 data in the less noisy rest frame optical range. All our
Type-1 AGNs have R1000 data, only one of which does not cover
[O1m]A4363, while the others cover both [O11]A4363 and [S1I].
Also, 95 per cent of our Type-2 and non-AGNs have R1000 data,
80-90 per cent of which cover [O111]A4363 and [S11]. Due to the
difficulty of decomposing O111] from He 1l with the R100 spectra,
we treat He 1+O 111] as O 111], which serves as an upper limit of the
O 1] flux. We also add a broad Gaussian component for the Ho
of the Type-1 AGN stack at the same wavelength as the narrow
component. At z = 4-7 with R100 data, the ratio of maximum to
minimum resolution is only ~1.3 in the rest-frame UV but 2.2—
2.4 in the rest-frame optical. However, we find that the cumulative
integral of Ha in the non-AGN stack, which excludes Type-1
AGNSs, exceeds that from Gaussian fitting by only ~3 per cent.
This suggests that profile smearing due to resolution differences
has a negligible impact on our line flux measurement. We use the
same width for the emission lines, and model the continuum with
a power-law function at each wavelength region. The best-fitting
widths of the R100 data lie between those of the resolutions for
compact/point-like sources and for nominal extended sources. We
set a detection criterion of S/N > 2, and calculate 20" upper limits
for undetected lines. The inset panels of Fig. 1 highlight the fitting
results of the UV wavelength region. We find a detection of 2.60
(i.e. P value < 0.005) in the Type-1 AGN stack. Note that, since

the redshift is fixed, we use the line S/N to infer the significance,
with no need to account for the look-elsewhere effect. In contrast,
N11] is not significantly detected in the Type-2 AGN stack (1.60)
or the non-AGN stack (0.0c). We have checked that this finding
holds true regardless of the stacking method (median versus mean)
or normalization parameter (i.e. F([O111]), [OTI]A5007 luminosity,
versus continuum at rest frame 5500-6000 A). Note that N 111] lines
with S/N = 2.4-2.6 are seen in 3 out of 20 individual R100 spectra
of our Type-1 AGNs. However, even removing these sources, we
see a ~20 N1i] in the Type-1 AGN stack, suggestive of the overall
nature. Similarly, using the R100 data, we find that 2 out of 18 Type-
2 AGNs and ~30 out of 665 non-AGN sources have N1II] lines
with S/N > 2. We stress that the absence of N1i1] in our Type-2
and non-AGN stacks reflects general trends, but does not imply that
none of our Type-2 or non-AGN sources exhibit N 111]. The observed
CNO line ratios of the Type-1 AGN stack (N 11]/C 111] = 0.56 £ 0.24
and N 11)/O 1] > 0.99) are comparable to those of the z = 5 N-rich
galaxies (e.g. Bunker et al. 2023) and z ~ 2-3 N-loud quasars (Batra
& Baldwin 2014). Notably, our Type-1 AGN stack does not have C1v,
in line with most of the Type-1 AGNs found with the JWST, which
may be due to the optically thick disc softening the incident spectrum
(Lambrides et al. 2024), possibly associated with high accretion rate.
Line fluxes are listed in Table 1.

3.4 Nebular properties

We derive the colour excess E(B — V), the electron temperature
T.(O111), and the electron density n.(S 11) as follows. The E(B — V)
values are derived from the H S/H« ratio, whose intrinsic value
under the assumptions of the case B recombination is derived with
PyNeb (Luridiana, Morisset & Shaw 2015). We use the same atomic
data as Isobe et al. (2023b) except that we use Lennon & Burke
(1994)’s data for the O** collisional strength. We assume the average
SMC extinction curve (Gordon et al. 2003) with Ry = 3.1, which
is consistent with observations of galaxies at z ~ 1-3 (Reddy et al.
2023a). For the Type-1 AGN stack, we use the Ha flux value of the
narrow component. The obtained E(B — V) values are consistent
with those derived from Hy/H B ratios within 1o, where Hy
is decomposed from [OT]A4363 using the R1000 spectra. The
R1000 spectra also indicate that contamination from [N 1]16583 to
Hao would be at most ~3 percent for all samples (cf. Cameron
et al. 2023b; Sandles et al. 2024), which can only reduce the
E(B — V) value by <0.03 and the N/C value by <0.02dex, and
rather increase the N/O value by <0.01 dex. We also use PyNeb
to derive the T,(O 1) value from the [O 11]A4363/[O 1II]A5007 ratio
and the n.(S 1) value from the [S]A6716/[S1]16731 ratio. As the
E(B — V), T.(O11), and n.(S 11) values slightly depend on each other,
we calculate E(B — V), T.(O11), and n.(S1) values iteratively to
find their values consistent with each other (Isobe et al. 2022). We
find these values in reasonable ranges of E(B — V) > 0 mag and
ne(S 1) = 4-50000 cm~3, the last of which is determined where the
[S 1] doublet is sensitive to .. We calculate errors of these properties
from the 1o errors of the used emission line ratios.

Using the final value of E(B — V), we obtain dust-corrected fluxes
of the stacked spectra. We have checked that the N111] is detected
only in the Type-1 AGN stack even when we correct for the dust
reddening based on individual E(B — V) values before the stacking.

We derive ion abundance ratios of O*/H* from [O ]/H 8, O**/H*
from [OmIAS007/H B, N>¥/C** from Nui)/Cui], N>*/0** from
N 11)/0 11], and C**/O** from C 11)/O 111], using 7,.(O 111) and 71 (S I1)
for all ion abundance ratios but 7,(O 1) for O*/H*, where 7.(O1I)
is derived from 7.(O 1) based on the empirical relation (Garnett
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Figure 1. Left: R100 composite spectra of the median stacking (black solid line) with the error (grey shade) of the Type-1 AGN (top), the Type-2 AGN
(middle), and the non-AGN samples (bottom). The inset panels show fitting results of the UV emission lines (red dashed curve), highlighting N 111] lines with
the red shade. Right: R1000 stacked spectra around Hy +-[O111]A4363 and [S 1T]. The symbols are the same as the left figure.

1992). Similar wavelengths of N1], Cii], and O11] make their
line ratios less sensitive to flux calibration or dust correction, which
are conversely critical for e.g. N11J/[O IJA5007. We assume 12 +
log(O/H) to be 12 + log((O* + 0**)/H*) (e.g. Izotov et al. 2006).

To derive element abundance ratios, we calculate ioniza-
tion correction factors (ICFs), which are defined as e.g.
N/C = N2+ /C*" x ICF(N?>*/C?**). To obtain ICF(N?**/C**),
ICF(N?**/0%*), and ICF(C?**/0%"), we construct photoionization
models based on stellar and AGN ionizing spectra using CLOUDY
(Ferland et al. 2013) and following the procedure of Isobe et al.
(2023b). For both photoionization models, we vary O/H within —2 <
[O/H] < 1 in 0.25 dex increments and U within —3.5 < log(U) <
—0.5 in 0.25 dex increments. We also assume the hydrogen density
ny to be 300cm~> and He/H and metal-to-oxygen ratios to be the
solar abundances. Note that the derived densities are all significantly
below the critical densities of lines used for the CNO abundance
measurements, which makes the choice of density less important.

To construct stellar photoionization models, we use BPASS (Stan-
way & Eldridge 2018) binary stellar spectra under the assumption
of an instantaneous star-formation history with the stellar age of
10Myr and an upper star mass cut of 100 Mg with the Salpeter
(1955) initial mass function. Different stellar age (1-100 Myr) and
upper star mass cut (100 and 300 M) can change the ICFs by only
<0.01 dex. We also construct AGN photoionization models assuming
the AGN radiation model of CLOUDY, whose parameter sets are the
big-bump temperature of Tz = 1.5 x 10° K, the X-ray to UV ratio
of apx = —1.4, the low-energy slope of the big-bump component of
ayy = —0.5, and the X-ray component slope of ax = —1.0.

We choose the model whose metallicity is the closest to the
observed value. We make the ICF as a function of [O 1I]A5007/[O 11]
by performing a linear interpolation of the ICF values based on the
model [Om]A5007/[O11] values. We then obtain the ICF value at
the observed [O1I]A5007/[O11] value. The obtained ICFs are ~1
(Table 2), indicating only a small (<0.08 dex) correction. The ICFs
can also change by only <0.1dex when we add dust that causes

MNRASL 541, L71-L79 (2025)

the observed extinction of E(B — V) < 0.4mag only within the
modelled ionized region, which is an extreme case because the dust
optical depth within the ionized gas is usually very low (Bottorff
et al. 1998). We also obtain log(U) values from [O mJA5007/[O 11]
ratios using the CLOUDY models.

‘We finally obtain element abundance ratios of N/C, N/O, and C/O
from the ion abundance ratios and the ICFs. We adopt the ICFs
based on the AGN photoionization models for the Type-1 and Type-
2 AGN stacks, and those based on the stellar photoionization models
for the non-AGN stack. It is worth noting that the derived ICFs
are ~1 because the used ions have similar ionization energies. This
also leads to comparable values of the ICFs based on the AGN and
stellar photoionization models. We obtain errors of the abundance
ratios with a Monte Carlo simulation by repeating the calculation
1000 times based on the flux values randomly perturbed by their
errors. The nebular properties are listed in Table 2. Note that the Type-
1 AGN stack has a supersolar N/O ratio, which holds true regardless
of the choice of dust attenuation laws (Gordon et al. 2003 versus
Calzetti et al. 2000) or line ratios (N 111]/O 111] or N 111]/[O TII]A5007).

4 RESULT AND DISCUSSION

The left panels of Fig. 2 show CNO abundances of our stacks and
N-rich galaxies at z 2> 5, whose N abundances are similarly derived
from rest frame-UV N lines (see also [N 11]-based reports at z ~ 4-6;
Arellano-Cérdova et al. 2024; Stiavelli et al. 2025; Zhang, Morishita
& Stiavelli 2025). The Type-1 AGN stack shows high N/C and N/O
ratios comparable to those of the N-rich galaxies (e.g. Cameron et al.
2023a) and GC stars (Carretta et al. 2005). On the other hand, the
N/C and N/O ratios of the non-AGN stack are lower than many of
the N-rich galaxies.

Interestingly, the right panels of Fig. 2 show that the Type-1 AGN
stack with the high N/C and N/O ratios has n, ~ 10* cm™3. This value
is significantly higher than that of the non-AGN stack and previous
n. measurements at similar redshifts (e.g. Isobe et al. 2023a; Reddy
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Figure 2. N/C (top) and N/O ratios (bottom) as a function of metallicity, expressed in terms of oxygen abundance O/H (left), and n. of the singly ionized
region (right). The red circle corresponds to the Type-1 AGN stack, the yellow triangle to the Type-2 AGN stack, the blue square to the non-AGN stack, the
magenta diamonds to the z 2 5 N-rich galaxies (Cameron et al. 2023a; Isobe et al. 2023b; Castellano et al. 2024; Curti et al. 2025; Ji et al. 2024; Napolitano
et al. 2024; Navarro-Carrera et al. 2024; Schaerer et al. 2024; Topping et al. 2024, 2025; Ubler et al. 2023; and Isobe et al. 2023a for ne; see also Larson et al.
2023; Marques-Chaves et al. 2024; Senchyna et al. 2024), the white pentagons to the stack of z = 4-10 galaxies (Hayes et al. 2025), the black crosses to GC
stars (Carretta et al. 2005), the grey dots to local star-forming galaxies (Izotov et al. 2006; Berg et al. 2016, 2019), the grey solid curve to the empirical relation
based on observations of galaxies and Galactic stars (Nicholls et al. 2017), and the circled dot to the solar abundances (Asplund et al. 2021).

et al. 2023b; Li et al. 2025), and comparable to that of the N-rich
galaxies (Larson et al. 2023; Ubler et al. 2023; Isobe et al. 2023a)
and simulated young massive star clusters, promising progenitors of
GCs (10°-10° cm™3; Inoguchi et al. 2024).

The Type-2 AGN stack has relatively unconstrained N/C and
N/O values, which are not conclusive enough to discuss its N
enhancement. However, it is worth mentioning that its N11I] line
is less significant than that of the Type-1 AGN stack and that the n,
value is similarly low to that of the non-AGN stack.

It is worth comparing our results with the stack of z ~ 4-10
galaxies (Hayes et al. 2025), who also explored N/O in stacked
spectra. We avoid strong conclusions since the uncertainties of their
results are large, but we can say that their measured values are closer
to the upper limit of our non-AGN stack than to the lower limit of
our Type-1 AGN stack. This is consistent with the report that Hayes
et al. (2025)’s stacked spectra do not show AGN signatures.

What is the origin of the N enhancement in the Type-1 AGN
stack? Various contributors have been proposed to explain early
N enhancement, including massive stars ejecting CNO-processed
gas via stellar winds (e.g. Watanabe et al. 2024) or tidal disruption
events (TDEs; Cameron et al. 2023a), and/or chemically differential
winds (e.g. Rizzuti et al. 2025), which may be linked to dense,
clustered star formation or supermassive BHs (SMBHs) as in the
following evolutionary scenario. Step 1: dense gas in the nuclear

region of a galaxy could form stars efficiently, which could lead to
several star clusters (aka proto-GCs) hosting massive stars or even
supermassive stars (SMSs; ~10°~10° M) through runaway stellar
collisions and/or strong gas accretion (e.g. Gieles et al. 2018). N-
rich gas can be ejected via stellar winds of massive stars, including
SMSs (e.g. Charbonnel et al. 2023; Nagele & Umeda 2023; Nandal
et al. 2024), very massive stars (~10>-~103 My; Vink 2023), and WR
stars (~25-120Mg; e.g. Fukushima & Yajima 2024; Kobayashi
& Ferrara 2024; Watanabe et al. 2024). TDEs are also a natural
byproduct of high star densities necessary for runaway collisions.
Gas accretion can spin up the star, favouring the formation of the
WR phase (Dall’ Amico et al. 2025). This N-rich gas may be trapped
in subsequent generations of stars in the star cluster, which could link
to N overabundance of present-day GC stars (e.g. Charbonnel et al.
2023; Pascale et al. 2023). The connection between N enrichment
and GCs are also discussed in detail by Ji et al. (2025). Until Step
1, our scenario is similar to that proposed by Topping et al. (2025).
We also note that O can easily be expelled from the dense compact
region via SN-driven chemically differential winds, which can result
in enhancing N/O (Vincenzo et al. 2016; D’Antona et al. 2023;
Rizzuti et al. 2025). Step 2: if the stars are massive enough and/or gas
accretion is sufficient, the star cluster would develop intermediate-
mass BHs (IMBHs) with ~ 10°~10* M, (e.g. Rantala et al. 2024b;
Partmann et al. 2025). Indeed, observational signatures of IMBHs
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have also been found in some GCs (e.g. Hiberle et al. 2024). IMBHs
can also trigger TDEs (e.g. Sakurai, Yoshida & Fujii 2019). Step
3: continuous gas accretion on to the IMBH would create a SMBH
with a dense accretion disc, providing AGN signatures such as BLRs.
The dense accretion disc could also form VMSs (Cantiello, Jermyn
& Lin 2021), which could contribute to N enrichment. Overall, our
observational findings support scenarios in which BH seeding, and
their early growth, is associated with the merging processes within
and between proto-GCs in the central regions of primeval galaxies
(e.g. Rantala et al. 2024a; Partmann et al. 2025).

Such extreme N enhancement would primarily take place in the
central, dense region, possibly the BLR (cf. Maiolino et al. 2024a),
but not in the bulk of the host galaxy (see Ji et al. 2024). If such objects
are observed from the face-on direction without much obscuration
by the dusty torus, N-rich Type-1 AGNs are expected to be seen.
Conversely, from the edge-on direction, the dusty torus might hide
the N-rich central dense region. This could be the reason why the
Type-2 AGN stack does not have a significant N 111] detection or a
high n. value. Considering also that the Type-2 AGN stack shows
E(B — V) = Omag, the dust may be strongly localized at the central
region. The possibility that some of our Type-2 AGNs might not be
AGNs (see Scholtz et al. 2025) would just increase the contribution
from the host galaxies, which still fit within our scenario.

Here, we check the CNO abundance measurements of the Type-
1 AGN stack, assuming its N1 is emitted from the BLR. The
reddening of the BLR is generally greater than that of the narrow-line
region (NLR) by AE(B — V) < 0.5 (Heard & Gaskell 2016), which
can make the true N/C and N/O values of the Type-1 AGN stack
even higher than the observed values by < 2dex. Although many
parameters can affect chemical abundance measurements in the BLR
(Temple et al. 2021), we have checked that the BLR photoionization
models of Ji et al. (2024) can slightly reduce the inferred N/C value
by ~0.2dex and increase the inferred N/O value by ~0.3 dex from
the NLR models. Neither case is likely to change our conclusions.

Note that our scenario does not exclude the presence of N-rich
galaxies without any AGN signatures. If the star in Step 1 is not
massive enough, gas accretion is not sufficient, or the galaxy is too
young to reach Step 3, N-rich galaxies would not develop an AGN.
Additionally, high-z AGN may have a short duty cycle, hence they
are observable as active only for relatively short periods (Trinca et al.
2024). This can explain some of the high-z N-rich galaxies without
AGN signatures such as GLASS_150008 (Isobe et al. 2023b) or
A1703-zd6 (Topping et al. 2025). However, it is suggestive that
about half of the high-z N-rich galaxies do have AGN signatures. In
particular, GS_3073, the galaxy with the highest N/O ratio reported
so far at z > 5 (Ji et al. 2024), is also a luminous Type-1 AGN
(Ubler et al. 2023), with clearly detected broad permitted line (hence
BLR-originated) and coronal lines that rule out photoionization from
stars alone (Ji et al. 2024). Conversely, the fact that we do not detect
N11] in the non-AGN stack indicates that non-AGN galaxies as N-
rich as those reported at z = 5 are a minority in the general galaxy
population (while being a majority of the Type-1 AGN population).

5 CONCLUSIONS

Using JWST/NIRSpec data obtained by the JADES survey, we
find that the stacked spectrum of Type-1 AGNs at z = 4-7 shows
log(N/C) ~ 0.50, log(N/O) > —0.58, and n. ~ 10*cm™3, which
are higher than those of the Type-2 AGN and non-AGN stacks
and comparable to those of high-z N-rich galaxies. Given that N
enhancement is similarly observed in GCs, our findings suggest a
close connection between dense proto-GCs and BH seeding in the
early Universe. Specifically, dense nuclear star formation may trap

MNRASL 541, L71-L79 (2025)

N-rich gas in proto-GCs; associated runaway stellar collisions could
produce intermediate-mass BH seeds, whose accretion is visible
through their BLR.
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