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ABSTRACT

We present a study of Pseudo-LRD-NOM (Pseudo little red dot with no metal lines), a highly mag-
nified low-mass galaxy behind the lensing cluster Abell 370 at z = 5.96. We classify this object as a
pseudo-LRD because its red rest-frame optical colour is mainly driven by a prominent Ha line (with
EWq = 800 A) present in its JWST NIRSpec spectrum. Ha is dominated by a narrow component
and also has a minor broad component indicative of an active black hole with Mpp ~ 2.9 x 105 M.
A narrow HS emission line is also detected (with S/N = 8), producing a Balmer decrement (nar-
row) Ha/HB = 11. The rest-frame UV spectral slope is Sy = —1.2. All these features can be
ascribed to high dust attenuation. However, no [OIII]A5007 or any other metal lines are detected
in the spectrum, so [OIII]5007/HS < 0.25, at odds with a simple dust-attenuation explanation. Ac-
counting for all the spectral properties requires the model of a starburst with moderate colour excess
E(B-V)=0.18 — 0.45, high gas density (ng > 10°cm™3) and extremely low gas/stellar metallicities
(Z =0.01 — 0.1Z¢). The demagnified stellar mass is 1.627 )55 x 107 Mg, and the stellar-mass surface
density is ¥, = 4187725 M, /pc?, similar to that of massive/nuclear star clusters. Pseudo-LRD-NOM
provides evidence of massive black-hole growth occurring in a high-density, dusty starburst which is
at the early stages of its chemical enrichment, and is likely a precursor to a real LRD.

Keywords: Active galaxies (17); Emission line galaxies (459); Galaxy abundances (574); Galaxy spec-

troscopy (2171); High-redshift galaxies (734)

1. INTRODUCTION

Understanding the formation of the galaxies that we
see in the Universe today requires tracing their building
blocks in cosmic time. These smaller units carried the
imprint of the first stellar populations formed in those
galaxies, as well as of the initial steps of chemical en-
richment (e.g., Lebouteiller et al. 2013). At the same
time, they are supposed to be the sites where black holes
formed and efficiently started to grow (Greene et al.
2020). Therefore, spectroscopic studies of low stellar-
mass galaxies (with M, < 10 My) at high redshifts can
provide the key to unveiling the very basis of galaxy
evolution.
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The spectral properties of low stellar-mass galaxies,
commonly called dwarf galaxies due to their relatively
small sizes, have been extensively studied at low red-
shifts (e.g., Ostlin et al. 2001; Guseva et al. 2009; Pérez-
Montero et al. 2013; Amorin et al. 2014; Yang et al.
2017). They are typically characterised by prominent
emission lines, indicative of high ionization states at sub-
solar metallicities. In the rare cases that the metallicity
is very low (e.g., Izotov et al. 2024), the metal lines are
weak or absent, resembling the conditions that are ex-
pected to have been more common at early cosmic times.

However, until recently, spectroscopic observations of
low-mass galaxies at high z were very challenging for
existing telescopes, and thus only a handful of cases be-
hind lensing fields could be studied (e.g., Vanzella et al.
2016; Karman et al. 2017; Vanzella et al. 2021). Thanks
to the advent of JWST (Gardner et al. 2023), the study
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Figure 1. Postage stamps of Pseudo-LRD-NOM in different JWST/NIRCam bands. The two reddest filters shown, i.e., F444W

and F460M, encompass the bright He line.

of low-mass galaxies up to the Epoch of Reionization
has now become routinely possible even in non-lensed
fields (e.g., Schaerer et al. 2022; Castellano et al. 2024;
Endsley et al. 2024; Harshan et al. 2024; Tani et al. 2024;
Rinaldi et al. 2025a; Trussler et al. 2025).

In parallel, another high-z galaxy population whose
study has boomed in the JWST era is that of the
so-called Little Red Dots (e.g., Kokorev et al. 2024;
Matthee et al. 2024). These sources are characterised by
being very compact (e.g., Baggen et al. 2024) and hav-
ing a V-shaped fy(\) spectral energy distribution (SED;
e.g., Kocevski et al. 2025). Virtually all of them appear
to harbour broad-line active galactic nuclei (BLAGN;
e.g., Greene et al. 2024; Hviding et al. 2025). Based on
the Balmer-line broadening, the central black holes ap-
pear to be overmassive with respect to their host galax-
ies (e.g., Harikane et al. 2023; Maiolino et al. 2024), in
relation to what is expected from the local Mgy — M, re-
lation (Magorrian et al. 1998; Reines & Volonteri 2015).
In addition, LRDs can show complex morphologies in
the rest-frame UV, in spite of their compactness (e.g.,
Rinaldi et al. 2025b).

By selection most LRDs lie at z > 4 and are typically
hosted by low-mass galaxies, which sometimes are not
even detected (e.g., Chen et al. 2025). Nonetheless, their
metallicities do not stand out for being lower than aver-
age at high z, with the exception of a few known cases
with Z ~ 0.1Zg (Taylor et al. 2025; Tripodi et al. 2025),
including QSO1 behind the lensing cluster Abell 2744
(Furtak et al. 2023; D’Eugenio et al. 2025a; Maiolino
et al. 2025a). This is also the case for other kinds of
AGN at high redshifts, whose hosts are rarely metal
poor (e.g., Matsuoka et al. 2018; Mignoli et al. 2019;
Ubler et al. 2023).

In LRD studies, galaxies with prominent emission
lines driving the V-shaped SED colours are typically
excluded (e.g., Kocevski et al. 2025). This is because
the main goal is to select sources with a steeply ris-
ing rest-frame optical continuum which, in combination
with the compactness criterion, allows for the identi-
fication of AGN candidates. We will argue that those
discarded objects, which hereafter we call pseudo-LRDs,
may merit attention on their own, as some of them could
also contain AGN that are normally not accounted for
in AGN demographic studies.

In this paper we present the analysis of a highly mag-
nified low-mass galaxy, found behind the lensing cluster
A370 at z = 5.96, which we name Pseudo-LRD-NOM
(for pseudo-LRD with no metal lines) hereafter. This
source stands out for having a rather unusual spectrum:
it is characterised by the presence of a very prominent
Ha emission line, a much fainter but still significantly
detected HE line, but no [OIII]A5007 or any other metal
lines. In addition, the rest-frame UV spectral slope S}y
is quite high, which is indicative of significant dust at-
tenuation.

The paper is organized as follows. In §2 we describe
the utilised datasets, while in §3 we justify the motiva-
tion for the pseudo-LRD classification of our object. In
§4 we present the spectroscopic and photometric proper-
ties of Pseudo-LRD-NOM, and investigate under which
physical conditions all those properties can simultane-
ously be explained. In §5 we discuss our findings and
compare some main properties of Pseudo-LRD-NOM
and real LRDs. Finally, in §6 we present some con-
cluding remarks. Throughout this paper, we consider a
cosmology with Hy = 70 km s~! Mpc™!, Q5; = 0.3, and



PsEuDO-LRD: AN AcTIVE BH IN A DENSE AND DUSTY, METAL-POOR STARBURST GALAXY AT 2 =15.96 3

Qp = 0.7, and a Chabrier (2003) initial mass function
(IMF).

2. DATASETS
2.1. The lensing cluster A370

The source analysed here is gravitationally lensed by
the massive galaxy cluster Abell370 (A370) at z = 0.375.
This cluster is one out of the six targets included in the
Hubble Space Telescope (HST) Frontier Fields program
(Lotz et al. 2017; Brada¢ et al. 2019). Its background
sources have been spectroscopically followed up from the
ground in the pre-JWST era (e.g., Richard et al. 2021).
With JWST, A370 and its background have been ob-
served in a number of programs, including the Cycle 1
GTO CANUCS (P.I.: C. Willott, PID #1208); Cycle 2
GO program MAGNIF (P.I.: F. Sun; PID #2883); and
program PID #3538 (P.I.: E. Tani).

The increasing data availability has allowed for a con-
tinuous improvement of the A370 lensing model. The
latest versions, which incorporate JWST data, are those
by Gledhill et al. (2024) and Diego et al. (2025). For our
source we adopt here the magnification value provided
in the CANUCS data release, i.e. y=21.7 4+ 11.9.

2.2. JWST Spectroscopy

We analysed the source JWST spectrum taken with
the Near Infrared Spectrograph’s Micro-Shutter Ar-
ray (NIRSpec/MSA; Ferruit et al. 2022) as part of
the JWST Cycle 1 GTO program CANUCS (P.I.: C.
Willott, PID #1208). This spectrum covers the wave-
length range 0.65.3 pm and has been obtained with the
NIRSpec low-dispersion PRISM (R = 30300). The
spectrum was retrieved from the DAWN JWST Archive
(DJA) and detailed data reduction steps can be found
in Sarrouh et al. (2026).

2.3. Photometric Data

We retrieved and reprocessed all the NIRCam imag-
ing available for A370. This includes imaging from
the JWST programs CANUCS (P.I.: C. Willott, PID
#1208); MAGNIF (P.I.: F. Sun; PID #2883); JUMPS
(P.I. C. Withers; PID #5890); VENUS (P.I. S. Fuji-
moto; PID #6882); and programs PID #3538 (P.I.:
E. Tani) and PID #5324 (P.I.: J. Pierel). For the
data reduction, we employed our own custom NIRCam
pipeline, which has already been tested and successfully
applied in other JWST studies, including Rinaldi et al.
(2023), Navarro-Carrera et al. (2024), Tani et al. (2024),
and Caputi et al. (2024). Our software is based on the
JWST pipeline version 1.20.2 (Bushouse et al. 2023),
with the Calibration Reference Data System (CRDS)
pipeline mapping (pmap) version 1471. It also includes

extra steps similar to those described by Bagley et al.
(2023), including corrections for 1/f noise, stray-light
effects (wisps), and residual cosmic rays (snowballs).

As our source is compact, we measured 0”.3-diameter
aperture photometry and applied aperture corrections.
We validated our photometry for Pseudo-LRD-NOM
against the photometry provided in the publicly avail-
able CANUCS photometric catalog (Data Release 1; see
Sarrouh et al. 2026), for the common passbands. We also
considered the available HST photometry in this cata-
logue, corresponding to images that have been obtained
from the HST CLASH and Frontier Fields programs
(Postman et al. 2012; Lotz et al. 2017). We note that
the choice of aperture, between 0”.3 and 0”.7-diameter
(corrected to total), and Kron apertures, does not affect
the outcome of our spectral energy distribution (SED)
fitting analysis (§4.3).

)\'rest[um]
0.028736 0.22989 0.43103 0.63218
24;‘\‘I‘\\‘\‘I'\‘\‘\‘I‘\'\\‘I‘\‘\'\‘\‘I‘\‘\'\‘I‘I‘\L
F F460M
25 <>HO(’;

; F444W ]
3 ]
g 27 FISOW paow ”5%0 24; ™
ﬁ 28; & <ﬁ% o F410M *
w &
LIPN ]

31E

S O PO PO PO AP R O O U PO PO PO B A AR A RO BN P P P P

A lum]

Figure 2. Observed photometry of Pseudo-LRD-NOM, un-
corrected for magnification. For the F444W passband we
show two data points, one corresponding to the original pho-
tometry (filled diamond) and another one obtained after cor-
recting for the (minimum) flux density excess produced by
the prominent Ha emission line over the continuum (empty
diamond). The lines join the datapoints at the passbands
that are typically used to define the LRD colour selection at
z ~ 6: F115W-F200W (blue) and F277W-F444W (red solid
and dashed for the original and Ha-corrected F444W pho-
tometry, respectively).

3. THE SOURCE PSEUDO-LRD-NOM

Our target source appears red and compact in the
JWST NIRCam images (Fig. 1). Its red colour is
boosted by the presence of a prominent Ho line, which
we analyse in §4. If we subtract from the F444W pho-
tometry the flux density excess produced by Ha over
the continuum, we see that the source could still have
a red colour, as we show in Fig. 2. We computed the
corrected F444W photometry by adding 0.46 mag to the
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Table 1. Coordinates and main spectral line measurements for Pseudo-LRD-NOM.

Name R.A. (J2000) Dec. (J2000)

Zspec.

f(narrow Ha)®  f(broad Ha)®

FHB)®®  f([OII]A5007)°

Pseudo-LRD-NOM 02:39:56.12 -01:34:25.19 5.96

+56.0
1017.67559

394.67221  g25t10 < 23.2

2

NOTE—a. Line fluxes are given in units of 1072%ergem™

s~

1

and are not corrected for magnification; b. A single narrow

component is fitted to the HB line profile. The expected broad component is below the noise level (Fig. 4).

originally measured magnitude. This minimum correc-
tion corresponds to the lower limit of the total Ha rest-
frame EWg > 800 A derived from the NIRSpec PRISM
spectrum (see §4 and Fig. 3), as obtained using the for-
mula provided by Marmol-Queralté et al. (2016).

The measured colours are: F150W-F200W =0.24 +
0.09 and F277W-F444W =1.31+0.07 (before correction
for Har), changing to F277W-F444W < 0.85 (after cor-
rection for Har). So, formally, the source is classified as
an LRD if no Ha flux-density excess correction is ap-
plied. Once the correction is introduced, the resulting
upper limit to the (F277W-F444W) colour does not sat-
isfy the LRD-selection criterion proposed by Kocevski
et al. (2025), while it still satisfies the less strict crite-
rion proposed by Kokorev et al. (2024).

Given the fact that the prominent Ha emission line
is the main driver of the red (F277W-F444W) colour
of our source, we adopt the term ‘pseudo-LRD’ for it.
Nonetheless, we highlight that, independently of the for-
mal definition, the important point is that our source is
very compact and harbours a BLAGN, as LRDs do.

In addition, the large photometric differences observed
between the F410M and F460M filters, and then F460M
and F480M, suggest that EW((He) is likely much larger
than what is inferred from the spectral lower limit pre-
viously discussed. Applying the same formula quoted
above from Mdrmol-Queralté et al. (2016), we derive
that the Ha total EWq could be as large as EWo(Ha) =~
3500 A. This would imply that Pseudo-LRD-NOM is
dominated by very young stellar populations (Prieto-
Jiménez et al. 2025).

We present a complete SED analysis of Pseudo-LRD-
NOM in §4.3 and provide its coordinates in Table 1.

4. SPECTRAL AND PHOTOMETRIC ANALYSIS
OF PSEUDO-LRD-NOM

4.1. Balmer line profiles

Figure 3 shows the NIRSpec PRISM spectrum of our
target. The Balmer Ha and HB emission lines are clearly
visible, while no other lines are detected. The integrated
Ho line has S/N > 25, while S/N(Hf) ~ 8. Given this,
the lack of [OIIT]A5007 emission is immediately striking.

We fitted the profiles of the Ha and HfS lines using
a two-Gaussian component model in each case. To cor-
rect for the line spread function, we used the msafit tool
developed by de Graaff et al. (2024), which takes into
account the position of the object in the NIRSpec slitlet,
as well as the source morphology. Our results indicate
that the Ha line has two components, a main narrow one
and another fainter and broad (Fig. 4). The line pro-
file fitting with two Gaussian components is significantly
better than the one obtained with only one Gaussian or
a Lorentzian profile. We applied a Bayesian information
criterion (BIC; Schwarz 1978; Ronayne et al. 2025) to
validate this result. The difference in the Bayesian in-
dex ABIC that we have obtained is > 25, in favour of
the two-Gaussian line profile model.

Instead, the HS line is fitted solely with a narrow com-
ponent, while the expected broad component lies below
the noise level. All our measured line fluxes are given in
Table 1.

For the broad component of the Ha line we mea-
sured a full width at half maximum (FWHM) of
445774350 kms™!. This large broadening indicates the
presence of an active black hole at the centre of our
source, as is the case for basically all LRDs (e.g., Hvid-
ing et al. 2025). Note that a symmetric broadening of
an emission line can be due to other factors, particularly
clump rotation (e.g., Cooper et al. 2025). However, the
large value of the line broad-component FWHM makes
the clump-rotation hypothesis unlikely and, crucially,
no clumps are visible in the high spatial resolution NIR-
Cam images of Pseudo-LRD-NOM. We can also discard
that the line broadening is produced by effects related
to stellar kinematics, because such broadenings are typ-
ically much smaller than the value measured here for
Pseudo-LRD-NOM’s Ha emission line (e.g., Tenorio-
Tagle et al. 2010; Amorin et al. 2024).

Based on the broad Ha-line component, we can obtain
an estimate of the central black-hole mass, following the
prescription by Greene & Ho (2005). Considering the
line FWHM and magnification-corrected flux, we get
Mgy = 2.972% x 105Mg. This means that Pseudo-
LRD-NOM hosts a massive black hole, but amongst
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Figure 3. NIRSpec PRISM spectrum of Pseudo-LRD-NOM. While Ha and HS are clearly visible, no other emission lines are
detected.

v \ sion formula provided by Theios et al. (2019) instead:
E - o . SFR(Ha) > (0.76 & 0.41) Meyr—t. This SFR implies
ool s - 1 that Pseudo-LRD-NOM is a starburst galaxy (see §4.3).
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Figure 4. Zoomed-in views of the HB and Ha spectral lines
(left and right panels, respectively). While a narrow and a
broad component are clearly detected for He, only a narrow
component is fitted for HZ, with the expected broad compo-
nent lying below the noise level.

the smallest typically found in LRDs at these redshifts,
which can reach up to ~ 10°Mg (e.g., Maiolino et al.
2025b; Taylor et al. 2025).

In turn, the flux measured on the narrow compo-
nent of Ha can be used to obtain an estimate of the
ongoing star formation rate (SFR) in the galaxy, un-
der the assumption that existing calibrations to ob-
tain SFRs from L(Ha) for high-z galaxies are ap-
plicable to Pseudo-LRD-NOM. As we will show in
§4.3, the minimum colour excess on the stellar mod-
els that can satisfactorily explain the spectral contin-
uum of this source is E(B — V) ~ 0.18. Assuming the
dust attenuation law by Calzetti et al. (2000), which
is adequate for high-z star-forming galaxies (McLure
et al. 2018), we find that the magnification- and dust-
corrected L(narrow Ha) > (3.3 & 1.8) x 10*ergs™!.
To convert this minimum Ha luminosity into an SFR,
we considered the formula provided by Shapley et al.
(2023) which is valid for low metallicities. We ob-
tain SFR(Ha) > (0.71 #+ 0.38) Mgyr~!, which is very

similar to the value obtained if we consider the conver-

11.07%9 which is substantially higher than the value ex-
pected for a typical warm gas cloud with no dust follow-
ing case B recombination (Osterbrock & Ferland 2006).
High values of the Ha/HS ratio are commonly found
amongst LRDs (e.g., de Graaff et al. 2025; D’Eugenio
et al. 2025b; Furtak et al. 2025; Nikopoulos et al. 2025).
A priori, such a high Balmer decrement is expected to
be associated with a high dust attenuation of the warm
gas. If we assume, for example, the dust reddening law
by Calzetti et al. (2000), we obtain that the correspond-
ing colour excess is E(B — V) ~ 0.88. Note that here
the choice of reddening law is incidental: none of our
main results or conclusions significantly depend on the
considered prescription.

However, simply invoking dust attenuation is not suf-
ficient to explain why no metal lines are detected in
the spectrum of Pseudo-LRD-NOM. While dust atten-
uation could explain most of these non-detections, the
lack of [OIII]A5007 in particular is the key to infer that
the situation is more complex. If the presence of dust
attenuation were the only cause of [OIII] being unde-
tected in the spectrum, then under standard conditions
Hp should be undetected as well. In the following we
analyse plausible solutions to this problem.

Before any further analysis, though, there is a possible
caveat to be considered. It could be that the flux of the
HpS line as it is observed comes partly or totally from
the broad-line region, but appears as having only a nar-
row component because all flux beyond a central narrow
window around the line center lies below the noise level.
These considerations could change the narrow Ha/Hf
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values quoted above. However, while at least a part of
the HB flux comes from the host galaxy (or a narrow-
line region), the problem remains the same: the lack of
[OIIT]A5007 emission in the galaxy spectrum is a priori
difficult to be reconciled with a simple dust-attenuation
explanation.

Instead, if all the observed HfB flux were part of the
broad-line component and there is no flux associated
with the narrow component of HB, then the lack of
[OIIT)A5007 detection would not be puzzling, but rather
a simple consequence of dust attenuation. To inves-
tigate if this could be the case, we performed a set
of Monte Carlo simulations, as follows: we considered
the broad component of Ha and renormalized it such
that its peak flux density value coincided with the HS3
flux density peak. We also rebinned the profile to ac-
count for the different spectral resolutions of the NIR-
Spec PRISM at the Ha and Hf observed wavelengths.
Then we made 1000 mock realizations of the Ha broad
line component by assigning to each spectral element
a random flux density value obtained from a Gaussian
distribution centred at the real (renormalized) flux den-
sity, with an r.m.s. given by the noise level in the Hj3
spectral window. For each resulting mock broad line
we measured the FWHM. Our results are presented in
Fig. 5. The obtained distribution of FWHM for the
simulated broad line components has a median/r.m.s.
FWHM (Ha) = (4776.5 & 246.4) kms~!, which is con-
sistent within the errors with the FWHM of the origi-
nal Ha broad component (445772296 kms=1). The mea-
sured FWHM(Hp) is > 100 away. Therefore, we con-
clude that the observed Hf line is genuinely dominated
by the narrow component. In all the following we will
then consider that f(HB) = f(narrow Hf).

4.2.2. The Ha/HB vs. [OIII]A5007/HB diagram

In Fig. 6 we show the (narrow) Ha/HS versus
[OIII]A5007 /Hp ratios for our source. For context we
also plot the ratios corresponding to a general sample
of low-mass galaxies at z > 4 (Cooper et al., in prep.)
and a few LRDs from the literature (Furtak et al. 2023;
Greene et al. 2024; D’Eugenio et al. 2025a; Maiolino
et al. 2025a). From this figure we can see that the vast
majority of low-mass galaxies follow a broad correlation
in this diagram, as it is expected from the canonical
situation in which the oxygen abundance (which is one
of the main parameters governing the [OIII]/HS ra-
tio) increases with dust attenuation, as given by the
Ha/HQ ratio. Instead, some LRDs appear to be off
this relation. This is particularly evident for our source
Pseudo-LRD-NOM, which strongly suggests that the
physical conditions are different in these objects.
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Figure 5. FWHM distribution for 1000 mock realizations
of the broad Ha line obtained after renormalizing its peak to
the peak flux of HB and degrading its S/N ratio to that ob-
served in the Hf spectral window. In all cases these FWHM
are much larger than that observed for H3. This means that
Hp is genuinely dominated by a narrow component.

The upper limit on the [OIII]/HS ratio (< 0.25) can
be used to obtain an estimate of the upper limit of the
gas metallicity 12+log;,(O/H). Although in principle
the relation between these two quantities is bivariate,
the upper metallicity branch can safely be discarded by
the lack of metal lines in the spectrum. Considering the
recent calibration obtained by Cataldi et al. (2025), for
Pseudo-LRD-NOM we obtain 12+log;,(O/H) < 7.0, i.e.
< 0.02Zg (this value would be even lower considering
other calibrations from the literature). So this would
suggest that the ISM warm gas in Pseudo-LRD-NOM’s
host is close to pristine condition. However, these cal-
ibrations are based on galaxies whose ISM’s densities
are less extreme than for Pseudo-LRD-NOM, so their
application to LRDs may not be straightforward, as we
discuss below.

We produced a range of line emission models using the
software CLOUDY (Ferland et al. 2013, 2017) to investi-
gate under which conditions the observed line ratios of
Pseudo-LRD-NOM can be reproduced. For our ioniz-
ing source, we consider stellar population models from
BPASS (Eldridge et al. 2017) that include a burst in star
formation and binary systems. We consider both solar
and sub-solar metallicities for the stellar and gas-phase
metallicities and employ stellar populations with ages
in the range 10° to 10® years. These stars are the only
source of ionizing photons in our model and no dust is
present in any of our models.

Although we will argue in §4.3 that Pseudo-LRD-
NOM actually has non-negligible dust attenuation of its
spectral continuum, the main objective here is to show
that the spectral line ratios can be explained even with-
out invoking the presence of dust. We will discuss later
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the implications of the high Balmer decrements being
partly produced by dust attenuation (see §4.3).
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Figure 6. Balmer decrement Ha/HB  versus

[OIIIJA5007/HS for our source Pseudo-LRD-NOM (red
filled circle) and LRDs from the literature: the Monster
(orange diamond; Greene et al. 2024; Labbé et al. 2025)
and QSO1 (teal diamond; Furtak et al. 2025; D’Eugenio
et al. 2025a; Maiolino et al. 2025a), both behind Abell 2744.
The small orange circles represent a general sample of low
stellar-mass (M. < 10°Mg) galaxies at z > 4 (Cooper et
al., in prep.). The solid lines show the line ratios predicted
by CLOUDY models for a starburst with age 1Myr, and a
range of gas and stellar metallicities, as indicated in the
intensity bar and inset label. The tracks move along the gas
volume density values ny, in the range specified in the inset
label.

In Fig. 6 we show the CLOUDY model tracks corre-
sponding to a very young starburst with age 1 Myr.
We see that only models with high gas density (ng >
10%cm™3) can reproduce Pseudo-LRD-NOM's line ra-
tios. Stellar and gas metallicities between 0.01Zg and
0.1Z¢ are all similarly suitable. Note that the high gas
densities needed for our source are above the [OIIT]A5007
critical density, which is 7x 105 cm ™3 (Osterbrock & Fer-
land 2006; Baskin & Laor 2005). This means that, in
Pseudo-LRD-NOM, the [OIII]A5007 line emission would
mainly governed by collisional excitation rather than
photoionization.

Therefore, the extremely low metallicities inferred
from calibrations based on more normal galaxies should
be taken with caution in this case, as very high gas densi-
ties can also be a driver of low [OIII]/Hf ratios. Deeper
spectroscopic data allowing for a stronger constraint on
the [OIII]A5007 emission is necessary to conclude on ex-
tremely low metallicities for Pseudo-LRD-NOM.

1Og(zgas/z@)

The physical conditions derived for Pseudo-LRD-
NOM are in contrast with those for the vast majority of
low-mass galaxies, whose line ratios can be reproduced
by models of starbursts with much lower gas densities
(Fig. 6). At the same time, the line ratios of QSO1
can also be reproduced with models of starbursts with
moderate densities, but only in combination with very
low gas/stellar metallicities.

Crucially, the CLOUDY models considered here do not
incorporate any dust attenuation, which indicates that
the physical conditions of the host in which Pseudo-
LRD-NOM is embedded can be explained without invok-
ing any dust. The very high densities and low metallic-
ities which are necessary to reproduce the spectral lines
of Pseudo-LRD-NOM are similar to those of nuclear star
clusters or proto-globular clusters (e.g., Vanzella et al.
2023; Adamo et al. 2024). We note that recently Yan
et al. (2025) also analysed the physical conditions to
explain the high Balmer decrements observed in some
LRDs without the need of dust. However, these models
were based on the assumption that the main radiation
source is the central AGN, while here we only consider
stellar emission to model Pseudo-LRD-NOM.

Fig. 7 is equivalent to Fig. 6, but shows CLOUDY
model tracks corresponding to older starbursts with ages
10 and 100 Myr. We see that in these two cases we can
also reproduce the spectral line ratios of Pseudo-LRD-
NOM with the models of dust-free very dense starbursts.
However, interestingly, as the age increases, only very
low gas-metallicity models are suitable.

spec

4.3. Further clues from the spectral slope By,
SED fitting on the photometry

To further understand Pseudo-LRD-NOM’s nature,
we study its SED as traced by the HST and NIRCam
broad-band photometry. For the SED fitting, we did not
incorporate the F460M filter photometry, though, as it
is significantly affected by the Hoa emission.

We made use of the SED-fitting code CIGALE (Bo-
quien et al. 2019), considering different combinations
of stellar+nebular and stellar+AGN models. For the
stellar templates we employed a delayed star-formation
history with a secondary burst, allowing the age of the
stellar population to select from 1 Myr to 1000 Myr.
Stellar populations are produced from BC03 models
(Bruzual & Charlot 2003), with stellar metallicites vary-
ing between Zg and ~1/1000 Zg. We included the ef-
fect of dust attenuation following a modified Calzetti
et al. (2000) attenuation law with E(B-V) values rang-
ing from 0 to 1. For the stellar+nebular model, nebu-
lar emission is included with a fixed ionization param-
eter log;,(U) = —2 and gas-phase metallicities varying

and
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Figure 7. The same as Fig. 6, but showing CLOUDY model tracks for older starbursts with ages 10 Myr (left) and 100 Myr

(right).

across the same range as the stellar metallicity. In the
stellar+AGN model, we utilise the SKIRTOR 2016 AGN
model (Stalevski et al. 2016) with an opening angle of
70° and AGN fractions of 0, 0.01, and 0.1 — 0.9 with
steps of 0.1.

Fig. 8 shows the best-fit SEDs obtained using a com-
bination of stellar and nebular templates, and a combi-
nation of stellar and AGN templates. We see that both
combinations produce a good fit to the total SED, with
the combination of stellar and AGN templates slightly
preferred (although the derived AGN contribution to the
SED is only =~ 10%). Both template combinations yield
very similar stellar masses, indicating that the obtained
stellar mass can be considered robust. Reassuringly, for
any of the template combinations, the properties of the
stellar component are quite similar: in both cases, the
stellar metallicity is the lowest possible, the age is quite
young (= 44 — 124 Myr) and the colour excess is signifi-
cant. Forcing CIGALE to consider only higher metallic-
ity models and/or higher ages reduces the output E(B-
V) value, but the resulting reduced x? is significantly
higher, indicating that these alternative solutions are
not preferred.

We investigated whether this need for dust attenua-
tion for the stellar continuum could be related to the
special conditions revealed by the spectral properties of
Pseudo-LRD-NOM. To do this we compared the rest-
frame UV continuum slope Syv derived from CIGALE’s
best-fit stellar models with those produced by CLOUDY
for the models that best reproduce the spectral line ra-
tios (Fig. 6 and 7). For all these models, the intrinsic
Puv values are very small (Syv < —2). A non-negligible
amount of dust attenuation is necessary to reproduce the

relatively red S{h;° = —1.2 measured on Pseudo-LRD-
NOM’s spectrum.

For the case of a 1 Myr old starburst, there are mul-
tiple CLOUDY tracks that reproduce our Pseudo-LRD-
NOM’s spectral line ratios. They all have Byy val-
ues between -2.8 and -2.9, which implies that a colour
excess E(B — V) = 0.34 — 0.36 would be necessary
to reproduce SRy = —1.2 measured on Pseudo-LRD-
NOM’s spectrum (assuming the Calzetti et al. (2000)
dust-attenuation law; see e.g., Reddy et al. (2018)). For
a 10 Myr old starburst, only models with very high
gas density (ng > 10°cm™3) and very low metallic-
ities (Z =~ 0.01Zg) can reproduce the observed line
ratios. Such models have fyy = —3.2, so a value
E(B—V) = 0.43 is required to flatten the rest-frame UV
slope to the observed value. Finally, for the 100 Myr old
starburst, the track that reproduces the line ratios has
Buv = —2.05, which implies the need of E(B—V) = 0.18
to account for the observed fih;" = —1.2.

In the light of these findings, it is likely that the
Ha/HS line ratio is at least partly affected by dust at-
tenuation. The colour excess values derived above imply
that the effect of dust attenuation could by itself pro-
duce an Ho/HP ratio between =~ 3.8 and 5.5. Consider-
ing that the gas could have up to x2 higher attenuation
than the stars (e.g., Reddy et al. 2020; Shivaei et al.
2020), the resulting Ha/Hp ratio could be between 7.6
and ~ 11.0. Only the latter value is as high as the ob-
served Ha/HS ratio.

At the same time, one has to consider that the
[OIII]/Hp is virtually independent of dust attenuation.
If the intrinsic (unattenuated) Ha/HS value were very
low, then Pseudo-LRD-NOM would be located close
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Figure 8. The best-fit SEDs obtained with CIGALE on the source NIRCam photometry, with different model combinations.
Left: stellar template 4+ nebular emission. The nebular emission contribution is virtually insignificant. Right: Stellar template
+ AGN. The AGN component makes for ~ 10% of the total SED. The best fit parameters are given in Table 2.

to QSO1 in Fig. 6. The inferred gas densities would
be lower, but also the necessary gas/stellar metallic-
ities. And this would have to be coupled with high
dust extinction to reproduce the observed line ratios
for Pseudo-LRD-NOM, resulting in a more intriguing
scenario, which we discuss in §5.

The stellar mass derived from the SED fitting is
log,g (My/Mg) = 8.55 £0.20, which after correction
for magnification becomes log;, (M, /Mg) = 7.21 £+ 0.29
(considering p = 21.74+11.9). Considering the dust- and
magnification-corrected SFR lower-limit that we derived
in §4.1, i.e., SFR(Ha) > 0.71 £ 0.38 Mpyr—!, we get a
specific SFR value log;,(sSFR/yr~!) > — 7.36 £ 0.32
(which is independent of magnification). This high min-
imum sSFR implies that Pseudo-LRD-NOM is a star-
burst galaxy, following the empirical starburst definition
of Caputi et al. (2017, 2021).

Finally, the estimated half-light radius of the source,
as obtained from the F150W-band image, is (520 +
270) pc. After correction for magnification it becomes
Ry = (112 £ 80) pc. This gives a stellar-mass surface
density ¥, = 4181@?8 Mg /pc? (independent of mag-
nification). This is similar to the stellar surface den-
sity found in massive star clusters (Vanzella et al. 2023;
Mowla et al. 2024) and even compatible within the er-
ror bars with the stellar surface density of nuclear star
clusters (e.g., Neumayer et al. 2020; Fahrion et al. 2021).

5. DISCUSSION

5.1. The complex scenario revealed by the simple
spectrum of Pseudo-LRD-NOM

The spectral properties of Pseudo-LRD-NOM are
quite unusual, as they include a high Balmer decrement
(narrow) Ha/HB = 11.0 simultaneously with a low ra-

Table 2. Best-fit SED parameters for Pseudo-LRD-
NOM.

Parameter Stellar + Nebular Stellar + AGN
Reduced x? 2.05 1.12
log,o(M/Mg)? 8.68 £ 0.72 8.55 £ 0.20
E(B-V)® 0.33 +£0.20 0.45 +0.17
+44.5
Age (Myr) 124.2 £ 95.3 44.57,575

Stellar Metallicity  0.0001 ~ O.7%Z5 0.0001 ~ 0.7%Zé

NoTE—Results at fixed zspec = 5.96. a) The quoted stellar
masses do not carry any magnification correction. b) The
colour excess applies only to the stellar component. ¢) Con-
siders that the solar metal fraction is Zg = 0.014 (Asplund
et al. 2009).

tio [OIII]A5007/HB< 0.25. High Balmer decrements
are relatively common amongst LRDs (e.g., Nikopoulos
et al. 2025; Rusakov et al. 2025). Although some first
studies have explained them simply by the presence
of dust attenuation, the lack of mid-infrared emission
of many LRDs (e.g., Prez-Gonzlez et al. 2024; Setton
et al. 2025) suggests a more complicated picture. Very
recently, Yan et al. (2025) showed that high Balmer
decrements can be explained via high-density gas emis-
sion from the AGN broad-line region within the LRDs,
without the need of invoking dust.

The situation for Pseudo-LRD-NOM is somewhat dif-
ferent, as the high Ha/HfS is dominated by the narrow
line components, which originate in the narrow-line re-
gion or the galaxy host (we have not made the difference
between the two in this paper, as the available spectrum
does not have the necessary spatial information for this
purpose). We showed here that a very dense and young,
metal-poor starburst can produce the observed line ra-
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tios. Although invoking dust attenuation is in principle
not necessary to explain the high Ha/HS, we do infer
the presence of dust from the relatively flat rest-frame
UV continuum slope Sih¢ = —1.2 derived from Pseudo-
LRD-NOM'’s spectrum.

Fig. 9 shows a comparison of the Pseudo-LRD-NOM
and QSO1 spectra. A main difference between the two is
the strength of the Balmer break, which is very evident
for QSO1 (Ji et al. 2025), and absent for Pseudo-LRD-
NOM. The prominent Balmer breaks observed in some
LRDs do not have a stellar origin, but are rather pro-
duced by ultra-dense (ny > 10'°cm™2) and turbulent
gas, most likely present in the AGN broad-line region
(e.g., Inayoshi & Maiolino 2025). This ultra-dense gas
can trap the UV photons produced by the black-hole
accretion, resulting in the sharp spectral drop observed
at short wavelengths (e.g., Liu et al. 2025). The lack
of such a sharp feature for Pseudo-LRD-NOM may be
indicating that its central black hole is not surrounded
by such ultra-dense gas structure. And the gas in its
host galaxy, even if dense, does not reach the ultra-high
densities of the gas in LRD’s broad-line regions.
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Figure 9. Comparison of the Pseudo-LRD-NOM and QSO1
spectra, renormalized at rest-frame wavelength ~ 0.53 pm.

The lack of a significant Balmer break makes Pseudo-
LRD-NOM resemble other kinds of AGN found to be
hosted by low-metallicity galaxies at high z (e.g., Ubler
et al. 2023). In all these sources, the flux of UV photons
is high enough to make the Balmer break disappear.

5.2. An active black hole in a dense star cluster

Interestingly, almost all the light of Pseudo-LRD-
NOM can be explained by having a stellar origin, with
the need of only a minor AGN component for the SED.

The presence of an AGN becomes most evident by the
identification of a broad component in the Ha line. Al-
though a broad-line component could in principle have
a different origin, its FWHM is so large that the associ-
ation with an active black hole is the most likely expla-
nation. The presence of a BLAGN is now recognised as
quintessential to the LRD nature. However, the black-
hole masses derived from the line broadening are system-
atically higher than what is expected from the local (and
even high-z) Mgy vs. M, relation (e.g., Harikane et al.
2023; Pacucci et al. 2023). The situation for Pseudo-
LRD-NOM is similar: we find My /M, =~ 0.18, which
means that the central black hole is overmassive by 1-
2 orders of magnitude. So the presence of overmassive
black holes is not exclusive to LRDs, but rather also ap-
plies to other types of AGN at high z (e.g., Onoue et al.
2019; Harikane et al. 2023). Alternatively, it could be
that the line broadening is enhanced by physical pro-
cesses other than kinematics of the broad-line region,
in which case the black-hole masses could be overesti-
mated. For example, electron scattering in dense ion-
ized gas clouds could be partly responsible for the line
broadening (e.g., Laor 2006; Inayoshi & Ho 2025).

Pseudo-LRD-NOM’s host appears to be a dense and
dusty starburst, with a stellar density typical of massive
star clusters and even nuclear star clusters. The simul-
taneous presence of an AGN and a nuclear star clus-
ter in LRDs has been recently proposed via theoretical
considerations (e.g., Inayoshi et al. 2025). The spectral
properties of Pseudo-LRD-NOM reveal that this combi-
nation is present in this source. As a matter of fact, the
connection between nuclear star clusters and black-hole
growth has been investigated since at least a few decades
ago (e.g., Portegies Zwart et al. 2004, 2006).

In general, it is believed that the presence of nuclear
star clusters could facilitate the efficient growth of mas-
sive black holes by funneling gas to the galaxy centre
(e.g., Naiman et al. 2015; Partmann et al. 2025; Su
et al. 2025). They could potentially explain the early
growth of massive black holes via synchronised episodes
of black-hole accretion and nuclear star formation. The
identification and further study of other low-mass galax-
ies with nuclear activity and high stellar/gas densities
are necessary to understand the details of this phe-
nomenon.

Recently Dekel et al. (2025) proposed a mechanism
for LRD formation: star clusters merging to form com-
pact central star clusters. Each star cluster carries a
core-collapse black hole, which contributes to the for-
mation of a central, massive black hole in the merging
process. A series of gas-rich compaction events deepen
the galaxy central potential well, allowing for the reten-
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tion of the central black hole. In this scenario, which
is similar to that considered by Inayoshi et al. (2025),
Pseudo-LRD-NOM could represent a system which is in
between compaction events. The inflow of pristine gas
from the dark matter halo could keep the metallicity low
until the compaction triggers new star formation activ-
ity and subsequent chemical enrichment. So, in sum-
mary, Pseudo-LRD-NOM could constitute an LRD in
the making.

We note that Pseudo-LRD-NOM’s nature is in princi-
ple different to that of the local blueberry galaxies stud-
ied by Yang et al. (2017) and the little blue dots studied
by Elmegreen & Elmegreen (2017). These galaxy pop-
ulations have low masses and are metal poor, but are
also significantly less compact than Pseudo-LRD-NOM.
Therefore, their resulting stellar mass surface densities
are also lower. In addition, by selection these galax-
ies are dust-free and have no reported evidence of the
presence of black-hole activity.

5.3. The simultaneous presence of extremely low
metallicities and dust attenuation

Another property inferred for Pseudo-LRD-NOM’s
host is its very low metallicity: Z = 0.01-0.1Zg for
the gas and stars from the spectral modelling, and even
lower stellar metallicities from the SED fitting. Sub-
solar metallicities are the rule amongst low-mass galax-
ies at high z, and some LRD hosts have been found to
have gas metallicities of ~ 0.1Zg (e.g. Maiolino et al.
2025a; Taylor et al. 2025; Tripodi et al. 2025). Pseudo-
LRD-NOM appears to be at an earlier stage of chemical
enrichment.

What is particularly remarkable for Pseudo-LRD-
NOM is the simultaneous presence of very low metal-
licities and significant dust attenuation. The presence
of dust in metal-poor galaxies is known at low z (e.g.,
Galliano et al. 2005; Rémy-Ruyer et al. 2013; Izotov
et al. 2014). It has also been reported in metal-poor,
star-forming galaxies at high z, particularly gamma-ray
burst hosts (Heintz et al. 2023a). It can be explained
via a quick dust injection produced by supernovae (e.g.,
Hirashita et al. 2002; Martinez-Gonzdlez et al. 2022)
or carbon-enriched Wolf Rayet stars (Lau et al. 2021),
before the galaxy becomes significantly metal-enriched.
Early metal pollution from massive stars has recently
been invoked to explain the metal abundances of higher
z galaxies, such as GNz11 (Ebihara et al. 2026).

Thus, Pseudo-LRD-NOM could be at a more ad-
vanced chemical enrichment stage than sources domi-
nated by pristine gas, but still be at the initial stages
of chemical enrichment. Alternatively, the low metal-
licity could be maintained by a continuous accretion

of pristine gas from the dark matter halo in which
Pseudo-LRD-NOM resides, producing metal dilution
(e.g., Cresci et al. 2010; Troncoso et al. 2014; Heintz
et al. 2023b). The search for signatures of inflowing
gas in other sources showing metal lines in their spectra
would help to test this scenario.

The results of the SED fitting suggest that Pseudo-
LRD-NOM’s host is a young starburst with age 44-
124 Myr. In turn, the flux density excess (with respect
to the continuum) observed in the F460M filter due to
the presence of Ha indicates that EWy(Ha) could be
as large as ~ 3500 A. In this case, Pseudo-LRD-NOM
could be dominated by even younger stellar populations
of age < 1Myr.

A further intriguing possibility is that Pseudo-LRD-
NOM could be hosting Population IIT (Pop III) stars.
These stellar populations are in principle expected to
have spectra with only emission lines produced by H
and He atomic transitions (e.g., Nakajima & Maiolino
2022), but some minor metal self-pollution may be possi-
ble, even while PoplII stars still dominate the new star-
forming regions (e.g., Sarmento et al. 2017; Rusta et al.
2025). To date, only a small amount of high-z candi-
dates have been found to likely host significant PopIII
star-formation activity (e.g., Vanzella et al. 2023; Mor-
ishita et al. 2025).

The lack of HellA4686 emission in Pseudo-LRD-
NOM’s spectrum prevents us to extract such a conclu-
sion. We note that the spectral continuum is marginally
detected at the position of the HelIA4686 emission line
and, thus, the line should also be detected if such emis-
sion were present, unless the dust attenuation on the gas
is larger than in the stellar component. A wider inves-
tigation of sources like Pseudo-LRD-NOM, and dwarf
galaxies in general at high z, is necessary to find sources
with a significant presence of first stellar generations.

6. CONCLUSIONS

We presented a detailed study of Pseudo-LRD-NOM,
a source at z = 5.96 which would fail the LRD classi-
fication because of its red rest-frame optical colour be-
ing mainly driven by the presence of a prominent Ha
line. We inferred the presence of an active, massive black
hole in Pseudo-LRD-NOM by Ha having a very broad
component, whose high FWHM cannot be explained by
stellar kinematics. We argued that the study of pseudo-
LRDs has so far been largely neglected in the literature,
but it could still be important to obtain a complete AGN
census at high redshifts.

Moreover, Pseudo-LRD-NOM provides evidence for
an active black hole being embedded in a high-density,
dusty starburst which is still at the early stages of its
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chemical enrichment. Pseudo-LRD-NOM is likely the
precursor to a real LRD, with the massive central black-
hole already in place, but without yet having the ultra-
dense cocoon that would produce a prominent Balmer
break in its spectrum. The study of more pseudo-LRDs
residing in low-mass galaxies could be a key route to
investigate the connection between massive black-hole
growth and nuclear star clusters, as well as the LRD
formation mechanisms. In addition, integral field spec-
troscopic studies with medium/high spectral resolution,
with JWST and future 30-40 m-class ground-based tele-
scopes, will be necessary to reveal in detail the dynamics
and other physical processes at play in these sources.
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