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A deep dive down the broad-line region: permitted O1, Can and Fe 1 emission in an AGN Little Red Dot at z = 5.3
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ABSTRACT

We present a spectroscopic analysis of a broad-line active galactic nucleus (AGN) selected as little red dot at
z = 5.3 behind the Bullet cluster (Bz5.3), based on JWST/NIRCam and NIRSpec data. The detection of strong
Femn, O1, and Can triplet emission lines, along with the evidence of broad Balmer lines, provides unambiguous
evidence of a broad-line region (BLR) and an accreting supermassive black hole. Notably, we report the first
detection of the 211304 bump (i.e., blend of O 111304 and Sin) at high redshift, a feature commonly seen in local
AGN:s but not yet reported in the early Universe. The O1A1304/18446 photon ratio is highly suppressed (0.1—
0.3), implying significant internal dust extinction, with estimated dust attenuation Ay ~ 0.4—1.0. We identify
Lyp fluorescence as the dominant excitation mechanism of the low-ionization lines, with additional contributions
from collisional excitation. High O 1A8446 equivalent width and weak O 1\7774 support this interpretation. The
detection of iron emission, whether from broad permitted or narrow forbidden lines, supports the presence of a
stratified BLR, as also recently proposed in local LRDs. Photoionization modeling of O 1A8446 and Cam further
suggests the coexistence of multiple gas phases with distinct densities and ionization states, highlighting the
complexity of the BLR. Bz5.3 thus offers a rare window into early AGN activity and BLR physics at early
times.
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1. INTRODUCTION in active galactic nuclei (AGNs). These lines, including

The Broad Line Region (BLR) Y compact, high-density Balmer lines, Mg II, C v, Fe II, O I, and the Can triplet, pro-
(mn ~ 10°-10'° em=?) and high-velocity (FWHM ~ 1000— vide key insights into the structure, kinematics, and chemi-
cal composition of the gas surrounding SMBHs (see H. Net-

zer 2013). Among them, low-ionization lines (LILs) like
Fen, O1, and Cani8498,8542,8662 are especially valuable
for probing the outer BLR.

10000 km s~!) region within < 1 pc of a supermassive black
hole (SMBH) — produces the broad emission lines observed
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Understanding the excitation and distribution of UV-
optical iron emission is crucial, as Fem is a major coolant
of the BLR and reflects the gas energy budget (B. J. Wills
et al. 1985; Y. Matsuoka et al. 2007). Its emission also
traces chemical enrichment across cosmic time (F. Hamann
& G. Ferland 1999, 1993; Y. Yoshii et al. 1998). The main
excitation mechanisms are Lya fluorescence and collisional
excitation (S. A. Grandi 1980; A. Rodriguez-Ardila et al.
2002), with near-IR Fe lines especially linked to the for-
mer. Thanks to studies using reverberation mapping, Fen
is found to arise in the outer BLR, where its spectral pro-
file and equivalent width encode the physical conditions (J.
Kovacevié et al. 2010; J. A. Baldwin et al. 2004). Interest-
ingly, UV Fen features have recently been reported in two
AGN “Little Red Dots” (LRDs), A2744-45924 at z = 4.47 (1.
Labbe et al. 2024) and CAPERS-LRD-z9 at z = 9.288 (A. J.
Taylor et al. 2025), directly linking them to BLR origin. Op-
tical Fem lines are instead typically weak in JWST-selected
broad-line AGN, possibly due to the reduced metallicity of
their broad line region (B. Trefoloni et al. 2024). Despite the
large number of studies of Fen in AGNs (e.g., P. Marziani
et al. 2013; H. Netzer & B. J. Wills 1983; B. J. Wills et al.
1985; T. A. A. Sigut & A. K. Pradhan 1998, 2003; E. M.
Verner et al. 1999; E. Verner et al. 2003, 2004; J. A. Baldwin
et al. 2004; Y. Tsuzuki et al. 2006; R. J. Rudy et al. 2000;
X.-B. Dong et al. 2009; J. Kovacevi¢-Dojcinovi€ et al. 2025;
I. Labbe et al. 2024; B. Trefoloni et al. 2024; G. J. Ferland
et al. 2020), interpreting the blended Fe m pseudo-continuum
remains challenging given the complex energy levels of Fen
and the mixed excitation mechanisms.

Complementary diagnostics come from simpler atoms
thought to trace similar BLR regions and excitation condi-
tions. Neutral oxygen (O1) and singly-ionized calcium (Ca)
often correlate with Fe i1 in strength and width (A. Rodriguez-
Ardila et al. 2002; M. Joly 1987; Y. Matsuoka et al. 2007,
2008; P. Marziani et al. 2013; G. J. Ferland & S. E. Persson
1989; S. E. Persson 1988), reflecting their comparable ioniza-
tion potentials (16.2, 13.6,and 11.9 eV for Fen, O1, and Ca,
respectively). The O 108446 line lacks a narrow component
and is associated with Lyg fluorescence (S. A. Grandi 1980;
R.J. Rudy et al. 1989). Emission at O 1A1304, O 1A8446, and
O1A11287 is expected in a 1:1:1 photon ratio, with deviations
indicating alternative mechanisms like recombination or col-
lisional excitation (A. Laor et al. 1997; A. Rodriguez-Ardila
et al. 2002; Y. Matsuoka et al. 2005, 2007, 2008). Additional
O1 lines such as O1A7774 and O 127990 help refine the dom-
inant processes.

Can emission arises primarily from the near-IR triplet
(Canh8498,8542,8662: 18498, L8542, 18662), emitted from
neutral, optically thick gas shielded from hard radiation (G. J.
Ferland & S. E. Persson 1989; M. Joly 1989). Comparisons
between Canl8498,8542,8662, O1, and Fe r emission, both

in flux and kinematics, constrain the gas density, ionization,
and geometry of the BLR (Y. Matsuoka et al. 2007, 2008).

Y. Matsuoka et al. (2008) found that these diagnostics in
low-redshift quasars (z < 1) show little redshift or luminos-
ity dependence, suggesting similar gas densities and ionizing
fields, possibly mixed with dust.

Until now, such studies have been largely limited to z < 1
due to sensitivity and resolution limits. Only two exceptions
exist at higher redshifts: a z ~ 2.26 “Rosetta Stone” quasar
with Can emission (I. Juodzbalis et al. 2024), and the z ~ 4.5
LRD A2744-45924 with O1, CamA8498,8542,8662.

In this Letter, we present the discovery of Bullet-LRD-z5.3
(hereafter Bz5.3), an AGN host at zgpee = 5.2907 £ 0.0002,
magnified by a factor u = 2.2*07. Using JWST/NIRSpec
prism spectroscopy, we report the first detection of the
O1A1304 bump (blend of O11304 and Sim) at z > 1,
along with strong O 118446, CanA8498,8542,8662, and rest-
UV/optical Fen emission. These observations offer a rare
opportunity to probe BLR structure and excitation at early
cosmic times. Data are presented in Sect. 2, results in Sect. 3,
discussion in Sect. 4, and conclusions in Sect. 5.

Throughout the paper we adopt the ACDM cosmol-
ogy from Planck Collaboration et al. (2020): Hy, =
67.4 km s~! Mpc™!, Q,, = 0.315, and Q5 = 0.685. Thus,
the angular scale is 6.238 kpc/arcsec at z = 5.2907.

2. DATA

The Bullet cluster was observed with NIRCam (M. J.
Rieke et al. 2023) in JWST Cycle 3 in January 2025 (GO pro-
gram 4598, PI Bradac). We obtained imaging in eight filters,
FO90W, F115W, F150W, F200W, F277W, F356W, F410M
and F444W with exposure times of ~ 6.4 ks each. In addi-
tion we use the archival HST/ACS observations in F606W,
F775W and F850LP filters (programs 10200 and 10863, PI
Jones & Gonzalez) and F814W filter (program 11099, PI
Brada¢). The images were processed with a modified ver-
sion of the stage 1 and stage 2 JWST pipeline, the Canadian
NIRISS Unbiased Cluster Survey (CANUCS) data reduction
pipeline (full details in G. T. E. Sarrouh et al. 2025), be-
fore being drizzled onto a 40 milliarcsec pixel grid using the
grizli code (G. Brammer 2019). Bright cluster and fore-
ground galaxies as well as intracluster light are removed from
the images following the procedure outlined in N. S. Martis
et al. (2024). Photometry is performed on the subtracted, psf-
matched images convolved to the F444W filter resolution.

Bz5.3 was photometrically selected as an LRD using the
NIRCam data, following standard color and compactness cri-
teria (V. Kokorev et al. 2024). It was followed up with NIR-
Spec/prism (R ~ 30 — 400) with the Micro-Shutter Assem-
bly (MSA) as part of the same GO program 4598. NIR-
Spec/prism data have also been reduced and the redshift of
the source has been estimated following the procedure de-
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Figure 1. HST/ACS and NIRCam photometry, and NIRSpec spectra of Bz5.3. Top panels: 2D and 1D NIRSpec spectra. Fluxes are not
corrected for magnification. Lines of interest for this work are highlighted by colored vertical bars. Other detected emission lines are marked
with dashed gray vertical lines. The y-axis scale of the 1D spectrum is logarithmic. For comparison the spectrum of A2744-45924 at z = 4.47
is shown in light orange. Bottom panels: NIRCam cut-out photometry in different filters, specified at the top left corner of each panel, and
RGB image made combining the F444W, F356W, and F277W for red, F150W and F200W for green, and FO90W and F115W filters for blue.
Cutouts images are 2”°x2” in size. In each panel, there is an inset zooming-in on the center region to show the flux centroid of the filter (red
cross), compared to the flux centroid in F444W (black cross). The PSF size of each NIRCam filter is shown as a gray circle in the bottom right

corner of each panel (or zoom-in inset).

scribed in G. T. E. Sarrouh et al. (2025). From the 2D spec-
tral reduction, a 1D spectrum is extracted using an optimal
extraction based on the source spatial profile. We correct for
slit losses by scaling the 1D spectrum to the observed pho-
tometry. Specifically, we perform photometry in the region
covered by the MSA slit, then fit a Chebyeshev polynomial to
the ratio of the observed photometry and synthetic photome-
try obtained from convolving the spectrum within each filter.
The 1D spectrum is then multiplied by the derived polyno-
mial.

To estimated magnification due to lensing, a strong lens-
ing model was derived using the parametric lens modeling
tool Lenstool (J. P. Kneib et al. 1996; E. Jullo et al. 2007;
E. Jullo & J. P. Kneib 2009) and is constrained with a cata-

logue of 113 multiple images from 28 background galaxies
with spectroscopic redshifts. The catalogue of multiple im-
ages was derived using JWST data. It includes multiple im-
age candidates included in S. Cha et al. (2025) lens model,
harnessing NIRCam imaging, and adds additional NIRSpec
spectroscopic redshifts for 22 galaxies. The derived magni-
fication of Bz5.3 is u = 2.2*0% . This estimate and uncer-
tainty are derived from several lens model parameterizations
to take into account the mass model uncertainty in the south-
ern part of the main cluster, where Cz5.5 is situated. For
the discussion of the lens model and the catalogues of strong
lensing constraints see Rihtar$i¢ et al, in prep. Unless oth-
erwise specified, quantities are corrected for magnification,
and errors take into account magnification uncertainties.
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Figure 2. Zoom-in of the 2D and 1D spectra of Bz5.3. The observed spectrum is shown in black, and the best-fitting model is shown in red.
Residuals are shown at the bottom of each panel, where the shaded gray area represents the 10~ noise level. Left panel: zoom on the A1304
bump. The vertical pink line is at the laboratory rest wavelength of the O1A1304 emission line. The vertical dashed black line marks the Ly«
line. Right panel: zoom-in on the O1A8446 emission line and on the CanmA8498,8542,8662 triplet. Vertical lines are set at laboratory rest

wavelength for these emission lines. The scale of the y-axis is linear.
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Figure 3. Zoom-in of the 2D and 1D spectra of Bz5.3. The observed spectrum is shown in black, while the best-fitting model is shown in blue.
Residuals are shown at the bottom of each panel, where the shaded dark gray area represents the 1o~ noise level. Top panel: zoom on the Fe
emission in the optical. The vertical lines are at the laboratory rest wavelength of the reported emission line. Bottom panel: zoom on the Fen
complex in the UV and Mg 11 emission line. 2 and 30 noise levels are reported in the residual as shaded lighter gray area.

An inspection of the available Chandra 500 ks data tar-
geting the Bullet Cluster (D. Clowe et al. 2006) reveals no
significant X-ray emission at the position of Bz5.3, consis-
tent with the lack of X-ray detections reported for other LRD
samples (T. T. Ananna et al. 2024; M. Yue et al. 2024; A.
Sacchi & A. Bogdan 2025).

3. ANALYSIS AND RESULTS

Figure 1 show the 2D and 1D spectra of Bz5.3, along with
all the available NIRCam photometry of the source. Bz5.3 is
a point source in F444W and F410M, while shows extended
emission in all the other filters (see App. A for more details).
Based on the flux centroids, we find no significant spatial
variation (< 0.04””) between the emitting region in the bluest
UV (F814w) and in near UV (F150W).

The blue UV slope (Buv spec = —1.6+0.1), red optical slope
(Bopt,spec = 0.66 +0.09), and compactness in F444W together

classify Bz5.3 as an LRD, in compliance with the standard
criteria reported in V. Kokorev et al. (2024) and D. D. Ko-
cevski et al. (2025).

Several clear AGN signatures and a prominent Balmer
break are evident upon visual inspection of the spectra. No-
tably, we detect Ly, O1A1304, N1v], C1v, Cm], Mg and
Fen, [On], [Nem]Ar3869,3967, HS, Feni4278, Hy, nar-
row HP, He1h4471, [Om]A5007, Feul5165 4527445335,
He1A5877, [Nu]A6584, narrow Ha, [Su], He1A7067,
0108446, Canh8498,8542,8662, emission lines, as well as
broad Ha emission with a full width at half maximum
(FWHM) of 4600 + 50 km s~!, and broad HP emission with
FWHM = 5100 + 500 km s~'. Using the virial relation from
A. E. Reines & M. Volonteri (2015), this broad Ha line im-
plies a black hole (BH) mass of log(Mpy/Mg) = 8.5 £ 0.3.
Analogously, using the virial relations from J. E. Greene &
L. C. Ho (2005) and M. Vestergaard & P. S. Osmer (2009),



we derive a BH mass of log(Mpy /M) = 8.0 = 0.3, which is
fully consistent with the one from Ha.

In this work, however, we focus on the discussion of the
BLR properties as derived from the O1, Ca1, and Fe 1 emis-
sion lines. Therefore, in this section, we describe the fitting
methodology and present the results for these lines only. A
complete analysis and discussion of the other source’s prop-
erties is deferred to a following and more extensive work
(Tripodi et al., in prep.).

3.1. Continuum and line fitting

The underlying continuum of the A1304 bump and of
0128446 + Cani8498,8542,8662 is modeled separately us-
ing a linear relation? and power-law, respectively, both with
free slope and normalization. Each emission line is modeled
as a single Gaussian.

The FWHM is fixed to be the same for each line in the
Camr8498,8542,8662 triplet. The relative intrinsic ratio of
the triplet is found to be 1:9:5 in an optically thin regime,
and flattens to 1:1:1 for optically thick media, as derived
from analysis of stars (M. G. Guarcello et al. 2014). R. J.
Rudy et al. (2000) found that, in the AGN I Zw 1, this ratio
is 1:1.15:0.83 probably due to different gas conditions w.r.t
a simple optically thick homogeneous medium, and this as-
sumption has been adopted also in the analysis of quasars
by Y. Matsuoka et al. (2008). Given the lack of precise pre-
scriptions in this regard, we choose to leave the flux relative
intensities free and see whether our results align, or not, with
the above mentioned values.

As mentioned in Sect. 1, modeling the Fen pseudo-
continuum is particularly challenging, and empirical tem-
plates from low-redshift well-studied sources are often used
to fit the observed data (e.g. I. Labbe et al. 2024). In partic-
ular, we adopted the template from M. Vestergaard & B. J.
Wilkes (2001) to model the Fe it signatures in the UV, which
are also blended with the Mg emission. The Mg line is
fitted with a single Gaussian, and the underlying continuum
with a power-law relation as described above. The template
has been convolved with the resolution of the instrument.

The Fe 1 emission lines detected in the optical, Fe n\4278,
Fen\5165, Fenl5274 and Fe m\5335, are modeled as a sin-
gle Gaussian each, and the underlying continuum as a power
law. We do not adopt empirical templates since some of the
observed intensities of optical Fem lines are not as theoret-
ically expected (see Sect .4 and J. Kovacevi¢-Dojcinovic
et al. 2025). The FWHM of all these transitions is fixed to
be the same, since they are thought to arise from the same

2 The linear relation provided a better model for the underlying continuum
of the A1304 bump than a power-law given that the available wavelength
range of continuum emission is small, since the bump lies close to the
Lya and N v emission.

5

region. Fem\4278 is blended with Hy + [Om]A4364 and
He1)\4471, therefore we also model Hy +[Om]A4364 and
He1)\4471 as two independent Gaussians. Other emission
lines at 4200A < A < 5400A have been masked. The
results of the fit are shown in Figure 2 for the O1 and Can
complexes, and in Figure 3 for Fe n and Mg 1.

Details on the specific fitting procedure used and the
derivation of the measured quantities can be found in Ap-
pendix B. Flux, FWHM and EW of all the fitted lines are
reported in Table 1. FWHMs are corrected for instrumental
broadening (see Appendix B for details).

3.2. Constitution of the 21304 Bump

The A1304 bump typically seen in AGN spectra is the re-
sult from a blending of an O1 triplet at A1302.17, A1304.86,
and A1306.03 (named so far as O1A1304), and a Siu doublet
at A1304.37 and A1309.27 (hereafter just Sim). The blending
is usually very strong in most quasars, preventing a reliable
estimate of the relative contributions of O1 and Sin to the
blend. However, A. Laor et al. (1997) were able to estimate
the O1and Si o fractions in the blend for I Zw 1, given that the
Sim was clearly detected. They found that 50% (56%) of the
bump flux is due to Or1 in the optically thin (thick) Sin dou-
blet case. Moreover, A. Rodriguez-Ardila et al. (2002) esti-
mated that in three narrow-line Seyfert 1 galaxies the average
proportion of the O1 flux is 75%, while Y. Matsuoka et al.
(2007) reported a larger range of O1 fractions in 5 quasars
at 0.15 < z < 1.1, ranging from 20% to 98%. Y. Matsuoka
et al. (2007) also presented some theoretical considerations
regarding the possible strengthening of the Sim line: in par-
ticular, Sim flux can be enhanced in the large optically emit-
ting cloud (LOC) scenario or in a gas with unusually large
micro-turbulent velocities (as also suggested by M. Bottorft
et al. 2000). The latter scenario, however, implies a signif-
icant suppression in the Lyg fluorescence rate, which is not
our case as discussed in Sect. 4.4.

The spectral resolution of our data prevents us from resolv-
ing the bump; therefore, we fit the bump with a single Gaus-
sian. For the following calculations, we assume a O1A1304
fraction of 50% to correct for the Sim contamination, which
corresponds -on average- to the results found in literature.

3.3. Emission line measurements

Here we present the results obtained by performing the fit
of the lines of interest in Bz5.3 using the method described
in Sect. 3.1. These are also summarized in Table 1.

0121304,7774,7790,8446. We clearly detect both the 11304
bump at S/N = 5, and 78446 at S/N= 9.6, while L7774 and
L7790 remain undetected. Given that the prism spectral reso-
lution (R) increases by a factor of 10 between A = 1304 A
and A = 8446 A, the 21304 bump remains unresolved,
while for L8446 we measure a broadening of FWHM =



Table 1. Results from the emission line fitting procedure

Line uFlux FWHM EW
(1078 erg s~ em™2]  [kms™'] [A]

Onl1304 ¥ 3.2f{f) - 15f2
O\7774 <04 - -
O1\7790 <0.5 - -
0O1\8446 1.86 £ 0.15 940jf80 25+2
Cam\8498 0.39%013 - 57+15
Canh8542 0.40+0.11 - 54+1.5
Canh8662 0.34%01 - 4.6+2
Fem\4278 0.609 = 0.108 - 9+2
Fem\5165 0.588f8183‘1‘ - 9+1
Feu\5274 0.528’:8;8% - 7+1
Fem\5335 0.313 £0.077 - 4+1

Mgu 2.11+0.34 - 25%

Notes. Fluxes reported here are not corrected for magnification.  Results
reported here do not consider the possible contamination from Si.

940*30 km s~!. The measured observed fluxes are reported
in Table 1. Given these estimates, we derive the following
flux ratios for A7774, N7790 over A8446: ri774/3416 < 0.23,
r7790/8446 < 0.28. To estimate the upper limit on flux ratio be-
tween L1304 and A8446 we assuming a fraction of O 1A1304
of 100%, implying ri3p4/8446 < 1.7f8:2. If assuming the
contamination of Sim 21309 on the O1A1304 to be of order
50% (see Sect. 3.2 for discussion), the flux ratio becomes
r1304/8446.cor = 0.9 + 0.3. These correspond to photon flux
ratios of ROIyy < 0.27*%12 "and ROIyy corr < 0.1370-% re-

_ ~0.09° s 004>
spectively?.

CanA8498,8542,8662 triplet. FEach line in the calcium
triplet is detected with S/N = 5,5,4, respectively. The
measured observed fluxes are reported in Table 1. At face
value, these correspond to relative ratios of 1:1.01:0.87 for
A8498:18542:18662. This is close to the ratios derived for
I Zw 1 by R. J. Rudy et al. (2000). The photon flux ratio
for the Can multiplet and the O 1A8446 (ROI¢, ), assuming a

representative wavelength of 85794, is ROlc,, = 0.62+01S.

Fe 11 emission lines. In the UV, the template seems to prop-
erly model the blend of Mgm and Fer at Ay = 2800A, and
it reproduces the spectral shape at 2200A < Arest S 2600A.
However, the observed flux intensity of the Fen lines in the
2200A < Arest S 2600A regime is not well described by the
template. This discrepancy is partially solved when varying

3 The photon flux ratio (region of interest or ROI) between two emis-
sion lines, at A; and A;, is defined as ROL; = n(4;)/n(4d;), where
n(d;) = F;/E,- [photons s em™?] is the photon flux of the line i
with flux F' ; [erg s™' cm™2] and with energy of the emitting photons
E; = hc/A; [erg].

the flux ratios of the Fe i emission in 2200A < Arest S 2600A
compared to the Fe m emission around Mg n (see Appendix C
and I. Labbe et al. 2024). The variation of the intrinsic flux
ratios implies that the observed gas conditions differ from
those assumed in the template model (M. Vestergaard & B. J.
Wilkes 2001), but it is difficult to draw strong conclusions
based on the poor resolution of the data available.

In the optical, the Fe 1 lines are well modeled by a single
Gaussian, but are all unresolved at the spectral resolution of
the prism.

4. DISCUSSION
4.1. Evidence for the broad-line region stratification

The detection of iron emission in the UV and in the opti-
cal gives us unambiguous evidence of an AGN (see Sect. 1).
This is further corroborated by the detection of the O1 and
Canm lines and the broad Ha emission. Although we are un-
able to spectrally resolve —and thus model in detail — the
iron multiplets in the UV, the detection of the iron signatures
across the spectrum supports a scenario in which emission
lines throughout the spectrum arise from the BLR, photoion-
ized by the central BH (see also discussion in I. Labbe et al.
2024).

In cases like Bz5.3 with poor spectral resolution, there is
a current debate whether these features arises from the broad
emitting region or the narrower one, i.e. if these are broad
permitted emission lines (I. Labbe et al. 2024; J. Kovacevic-
Dojc¢inovié et al. 2025), or narrow forbidden ones (X. Lin
et al. 2025).

Following the first interpretation, in the optical we detect
two categories of Fe m emission lines. Fe m\4278 is classified
as an ‘inconsistent’ Fe1 line, while FenAh5165, Fen\5274
and Fe mA5335 as ‘consistent’ ones. The appearance of lines
that should be negligible based on their transition proba-
bilities, namely ‘inconsistent’ lines, has been recently stud-
ied and classified by J. Kovacevi¢-Dojcinovi¢ et al. (2025).
Based on the reported classification, Fe mi4278 belongs to
the P+ group of ‘inconsistent’ lines. These are thought to
arise either from lines from higher energy levels at similar
wavelengths overlapping with these weak lines or from the
same levels as consistent lines but amplified by unknown
atomic processes. The presence and strength of ‘inconsis-
tent” emission lines is known to increase for FWHME ; opt <
5000 km s~!. In the case of Bz5.3, the prism resolution lim-
its the measured FWHM to be < 1800 km s~! in the optical
and < 3000 km s~! in the UV, consistent with this trend. The
diversity in both intensity, and possibly widths, among the
consistent and inconsistent lines suggests that they originate
from regions with varying physical conditions and distances
from the BH, indicating a stratification of the Fe n emitting
regions, and thus of the BLR (J. Kovacevi¢-Dojcinovic et al.
2025).



The more stringent constraint on their line widths
(FWHME 1 opt < 1800 km s~!) favours the second interpre-
tation for the nature of the optical iron features. Indeed,
[Fen] have been recently detected and modeled in two lo-
cal LRDs by X. Lin et al. (2025). Based on the compari-
son with photoionization models and the FWHM of [Fe]
(~ 200 — 300 km s7!), they propose the [Fe u]-emitting re-
gion to lie right at the edge of the BLR, supporting the view
of a stratified inner region, and just outside the cool gas en-
velope. For Bz5.3 the presence of the cool-gas envelope can
be supported by the evidence of the Balmer break, given that
Balmer absorption features, if present, are not detectable at
the current resolution.

4.2. Dust attenuation and origin of UV continuum

According to the Grotrian diagram® for O1 (see e.g. Fig-
ure 3in S. A. Grandi 1980), the ROI of A1304/A8446 (ROIyv)
must be equal to unity, in principle only decreasing when
reddening is present. This is why the photon flux ratio be-
tween A1304 and 18446 has been used as reddening indi-
cator (e.g., R. J. Rudy et al. 1989; A. Laor et al. 1997,
A. Rodriguez-Ardila et al. 2002; Y. Matsuoka et al. 2005).
These works also suggest that the ROIyy can deviate from
unity’, down to 0.63 even in the absence of reddening. This
could be due to (i) Balmer continuum absorption of 21304
photons, or (ii) the production of A8446 by collisional exci-
tation, or (iii) by collisional de-excitation destroying 11304
photons (J. Kwan & J. H. Krolik 1981; S. A. Grandi 1980).
For Bz5.3, we estimated an ROIyy between 0.1 and 0.3 (see
Sect. 3.3) therefore, even if the A1304 is severely affected
by destruction mechanisms or the L8446 is pumped by colli-
sional excitation, these mechanisms are not sufficient to ex-
plain such a break of the one-to-one photon relation between
L8446 and L1304 (as also discussed in A. Rodriguez-Ardila
et al. 2002). Since we do observe a Balmer break in Bz5.3,
and since these features have been associated with dense gas
near AGN (K. Inayoshi & R. Maiolino 2025; X. Ji et al. 2025;
R. P. Naidu et al. 2025; A. de Graaff et al. 2025), a discussion
of Balmer-continuum absorption is warranted. Comparing
Bz5.3 to A2744-45924 (see Figure 1) reveals that our AGN
has a weaker break and steeper UV slope. This implies that
Balmer absorption near 21304 may not be dominant, since
the weak break compounds the decreasing bound-free cross
section blueward of the Balmer limit. Independent evidence
for weak neutral-gas absorption comes from the sharpness of
the Lya break in Bz5.3, suggesting that the UV photons prop-

4 A Grotrian diagram, or term diagram, shows the allowed electronic tran-
sitions between the energy levels of atoms. They can be used for one-
electron and multi-electron atoms.

5 Values of ROIyy = 1 and = 0.63 corresponds to intrinsic flux ratios of
6.5 and 4, respectively.
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agate through a path largely free of neutral hydrogen, which
would otherwise leave a spectral-absorption imprint, as seen
in the smooth Ly« break of A2744-45924. Thus, we favour
dust playing a major role in altering the observed O1 ratio.

We derive E(B — V) and the dust attenuation (Ay) con-
sidering the observed ROIyy derived in Sect. 3.3, both the
intrinsic ROlyy presented above, and assuming the Calzetti
law for the dust attenuation curve (D. Calzetti et al. 1996).
Results are reported in Table 2. Our findings points toward
relatively high values of dust attenuation in the BLR, ranging
from 0.4 to 1.0.

To assess the origin of the continuum under the O 121304
line, we use the range of derived dust attenuation to cor-
rect the observed UV g slope, fyy = —1.6 = 0.1. Assum-
ing Ay € [0.4,1.0], we obtain intrinsic UV beta slopes of
Buv.int = [-2.8, -2.0]. This is broadly consistent with a stan-
dard accretion disk (i.e. § = —2.3, see N. I. Shakura & R. A.
Sunyaev 1976), and towards the steepest end with extreme
star formation. Similar steep intrinsic UV slopes have been
recently found both in the local LRDs at z ~ 0.1 — 0.2 (X.
Lin et al. 2025), and in LRDs at z > 4 (see e.g. I. Labbe
et al. 2024; R. Tripodi et al. 2024). These works favor the
interpretation of the UV being dominated by AGN light, also
motivated by the high EW of the UV emission lines.

4.3. Insights from the Can transitions

Comparisons of the Can triplet with HB and Fen feature
strengths could better constrain BLR properties and geome-
try. However, such analysis is hindered by: (1) the limited
resolution of the prism, which prevents detailed modeling of
UV Fen emission; and (2) large uncertainties in de-reddened
line fluxes due to the variable dust attenuation inferred from
the O1A1304/M8446 ratio. Estimating attenuation from the
broad Balmer lines is even more uncertain due to blending
with nearby features (e.g., [O m]A5007, [O m]A4364, Fen) at
the current resolution.

The near-unity relative strengths of the Cam\8498,8542,8662
lines suggest they are optically thick (G. J. Ferland & S. E.
Persson 1989), consistent with the redshift in their centroids
(Figure 2), as expected from resonant scattering. Other
Camn lines—such as H, K, and the forbidden A7291 and
A7324 A —are typically absent in AGNs (G. J. Ferland
& S. E. Persson 1989) and are also undetected in Bz5.3.
The Camh8498,8542,8662/0 108446 flux ratio varies across
AGN:s but is generally near unity (minimum 0.35+0.19; G. J.
Ferland & S. E. Persson 1989); for Bz5.3, we find 0.61f8:{§,
consistent with this range.

4.4. Excitation mechanisms in the BLR

If Lyg fluorescence is the dominant excitation mechanism,
the O1 transitions at L1304, A8446, and A11287 should ap-
pear in a 1:1:1 photon flux ratio. However, this ratio can be



Table 2. E(B — V) and dust attenuation from the Ot lines

ROIyy jine = 1.0 ROIyy jn = 0.63
no Sin Sin no Sin Sin
EB-V)|0.16+0.04 | 0.24£0.04 | 0.10£0.04 | 0.19 +0.04
Ay 0.65+0.20 | 1.0+£0.20 | 0.42+0.20 | 0.80 +£0.20

Notes. The columns specify the assumptions made to compute the values of dust attenuation.

altered by three competing processes: recombination, colli-
sional excitation, and continuum fluorescence. The presence
or absence of auxiliary Or1 lines such as L7774 and A7990
provides diagnostic power to identify the dominant mecha-
nisms (see Sect. 1; S. A. Grandi 1980; H. Landt et al. 2008;
Y. Matsuoka et al. 2005, 2007, 2008).

LypB fluorescence and collisional excitation are the main
sources of O1A8446 emission in the BLR. S. A. Grandi
(1980) first identified the absence of a narrow O 1A8446 com-
ponent — supporting a BLR origin — and proposed Ly flu-
orescence as the dominant mechanism, later confirmed by the
I:1:1 lineratioin I Zw 1 (R.J. Rudy et al. 1989). Subsequent
studies showed collisional excitation is also significant (A.
Rodriguez-Ardila et al. 2002; H. Landt et al. 2008), while
continuum fluorescence plays a minor role. Photoionization
models by Y. Matsuoka et al. (2007) showed both mecha-
nisms operate efficiently in gas with ng ~ 10" cm™ and
log(U) ~ =2.5.

In Bz5.3, we clearly detect O 1A8446, Can\8498,8542,8662
triplet and we have upper limits on O1A7774 and O1A7990.
Consistent with a BLR origin, O 1A8446 exhibits broad emis-
sion (see Table 1), though it is several thousand km s~! nar-
rower than the broad Balmer lines—supporting the notion
of a stratified BLR. In agreement with the aforementioned
studies in local AGNs, for Bz5.3, Lyg fluorescence is the
main production mechanism of LILs based on the following
evidence. (1) The high equivalent width of O1A8446 can be
explained only in the presence of LyS pumping the produc-
tion of O1A8446 photons. Indeed, it has been shown that in
the presence of mechanisms hampering the LyS fluorescence
efficiency, e.g. turbulent gas, the EW of O1),8446 decreases
to < 10A (Y. Matsuoka et al. 2007; M. Bottorft et al. 2000).
(2) The weakness of the O 1A7774,,7990 emission lines com-
pared to O1A.8446. Indeed their flux ratios are expected to
be > 1 for pure recombination, while O1A7774,,.7990 are
just a few percents of O1A.8446 (< 10 — 20%) in case of a
combination of Lyg fluorescence and collisional excitation
(Y. Matsuoka et al. 2007).

Indeed, we also observe the presence of other competing
mechanisms given that the O1,1304/.8446 photon flux ra-
tio is much lower than unity. We can rule out recombina-
tion as a player in fostering the production of LILs, since
O1\7774/08446 < 0.23 (O107774/M8446 ~ 1.1 for recombi-
nation). Instead, this flux ratio is close to the expected one

for collisional excitation (0.3, see Y. Matsuoka et al. 2007).
In contrast, the O 10.7990/A8446 ratio of < 0.28 is rather un-
informative, since it is expected to be ~ 0.05 for continuum
fluorescence (S. A. Grandi 1980).

We can rule out continuum fluorescence given that
EW(O1),8446)= 24 + 2 A, while EW(O1\8446)< 1 A is ex-
pected (Y. Matsuoka et al. 2007). This high equivalent width
also supports the role of collisional excitation, which is more
effective for higher EW(O 1A8446) that implies higher densi-
ties (Y. Matsuoka et al. 2007).

The contribution from scattered light is also ruled out,
since we would expect much higher O1r1304/18446 ratio
than observed, roughly proportional to the scattered fraction.

The complexity of the BLR in LRD is highlighted by com-
paring the results for the EW(O1A8446) and ROI¢,, with
simple photo-ionization models. In particular, we use the
models provided in Y. Matsuoka et al. (2007), who per-
formed a similar analysis for QSOs at z < 1. The BLR
gas in their work was modeled to have a constant hydro-
gen density and exposed to the ionizing continuum radia-
tion with varying photon flux, @, connected to the ioniza-
tion parameter as U = ®/(nyc) where ¢ is the speed of light.
They performed calculations with (ny, U) sets in a range of
107 < ny < 10" ecm™, and 1075 < U < 10°, stepped by
0.5 dex. They have a BLR gas with Ny = 10?* cm™? and
vurb, = 0 km s™!, where Ny is the column density and vy is
the microturbulent velocity. We do not consider other mod-
els presented in their work with higher vy, values, since they
imply EW(O1).8446)< 10 A, in contrast with our observa-
tions. Therefore, based on their ‘standard’ model and the
observed EW(0O1A8446) and ROlI¢,, for Bz5.3, we find that
—4 <log(U) < -3.5, and nyy ~ 103 em™ (see Figure 7in Y.
Matsuoka et al. 2007). However, other models favour higher
densities and ionization to reproduce Fem emission in local
AGNSs (log(ny/cm™3) ~ 10 — 11, log(U) ~ —2.5, e.g. X. Lin
et al. 2025). A step forward would be to generate tailored
models to reproduce the observed complex stratification ob-
served in the BLR taking into account constraints from Fen
emission, which is however beyond the scope of this Letter
(see e.g., X. Lin et al. 2025; S. Panda et al. 2020; D. Dias
dos Santos et al. 2024).

5. SUMMARY AND CONCLUSIONS

In this work, we present a spectroscopic study of BLR
LIL diagnostics in Bz5.3, a z = 5.3 AGN host galaxy, based



on JWST/NIRCam and NIRSpec observations covering rest-
frame UV to optical wavelengths. Our main conclusions are
as follows:

e The detection of Fe i, A1304 bump, broad O1, and Can
triplet emission lines supports the presence of a BLR
and thus an AGN in Bz5.3, already suggested by evi-
dence of broad Balmer emission.

e We report the first detection of the 11304 bump at high
redshift, a key spectral signature of the BLR previ-
ously seen only in local AGN. This detection extend
the study of local diagnostics of the BLR physical con-
ditions to z > 5.

e While the iron features in Bz5.3 may arise from either
broad permitted or narrow forbidden transitions, the
diversity in line strengths and widths—along with their
consistency with recent models—supports the pres-
ence of physically distinct emitting regions. Regard-
less of the interpretation, the observed iron emission
points to a stratified BLR.

e Excitation diagnostics suggest that Ly fluorescence is
the primary mechanism powering the O1 lines, partic-
ularly O1A.8446, with collisional excitation also con-
tributing. Recombination and continuum fluorescence
are disfavored based on upper limits on O 107774 and
0117990, and the large equivalent width of O 118446
(24 £2 A).

e The photon flux ratio O 1A1304/18446 is significantly
below unity (0.1-0.3), pointing to substantial dust at-
tenuation within the BLR. We derive Ay ~ 0.4-1.0
based on these ratios. We disfavour bound-free ab-
sorption since the weak break compounds the decreas-
ing bound-free cross section blue-ward of the Balmer
limit.

e The Can triplet shows nearly equal line ratios, indicat-
ing optically thick conditions. This observation is con-
sistent with an observed redshift of the line centroid,
as expected from resonant scattering. The measured
Can/O 108446 flux ratio (~ 0.6) is consistent with low-
redshift AGNs, further supporting a BLR origin for
these lines.

e Comparison with photoionization models suggests that
the observed O1\8446 and ROI,, features in Bz5.3
are best reproduced by a low-ionization, high-density
BLR component, distinct from the conditions typically
required for iron emission. This apparent tension fur-
ther supports a stratified BLR structure, with multiple
gas phases coexisting under different physical condi-
tions—underscoring the need for tailored models to
capture this complexity.

9

A detailed study of the BLR through LIL diagnostics such
as Fer, Or1 and Cam, have usually been limited to the low-z
Universe (z < 1), mainly due to a combination of poor res-
olution and sensitivity. This is especially true for O 1A 1304,
which is usually faint and often blended with Lya emission
or hidden by Lye damping wings (see e.g., I. Labbe et al.
2024). Taken together, our findings provide a rare and de-
tailed glimpse into BLR conditions at early times in LRDs,
demonstrating the power of JWST spectroscopy in probing
AGN physics in the early Universe.

While extending this analysis to a large population of high-
redshift galaxies remains challenging — particularly for the
faint and blended O1A1304 bump — targeted, deep obser-
vation of carefully selected sources offers a promising path
forward for probing the structure and physics of the BLR in
the early Universe. In parallel, the recent discovery of local
LRD analogs provides a valuable laboratory for investigat-
ing BLR properties in greater detail. Tailored UV spectro-
scopic follow-up with instruments like HST/COS for local
LRDs and JWST/NIRSpec gratings for high-z ones will be
essential for bridging the gap between low- and high-redshift
LRDs, enabling a more complete picture of BLR excitation
mechanisms and evolution over cosmic time.

Data Avalability: all the JWST data used in this paper can
be found in MAST: 10.17909/2hxk-5h89.
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APPENDIX

A. GALFIT FIT

In the left panel of Figure 4, we show the results of the Gal £it modeling of Bz5.3 with a point source. We find strong residuals
in all filters except F410M and F444W, where the source is unresolved and fully consistent with a point source. Therefore, we
add an additional component for all the filters at 4 < 4 pm in the form of a Sérsic profile with varying index n and half-light
radius R,. As shown in the right panel of Figure 4, this setup produces goods results with few residuals.

B. DETAILS ON THE SPECTRAL FITTING PROCEDURE

Regarding the fit of the spectral features reported in Sect. 3.1, we explore the parameter space with a Markov chain Monte
Carlo MCMC) algorithm implemented in the EMCEE package, assuming uniform priors for slopes, normalizations, and FWHM
of the Gaussian. Priors on the FWHM of narrow lines are tight, taking into account the known varying resolution with wavelength
of the prism. We consider FWHM,;or € [0.8, 1.2] spectral resolution element, whose size vary with wavelength. The prior on
the peak wavelength is Gaussian, centered on Zsoyrce = 5.2907, and with o = 10/0\, corresponding to the best spectral resolution
achieved in the spectrum at the source’s redshift. We consider 10 walkers per parameter and 2500 trials, with a typical burn-in
phase of ~ 300 trials.

We compute the integrated line fluxes by integrating the best-fitting functions for each emission line, which are quoted as
the 50th percentile, and we derive the error from the 16th and 84th percentiles. Upper or lower limits are given at 30-. When
measuring line widths, an additional complication is given by the instrumental broadening effect by the detector line spread
function (LSF), which can be approximated as a Gaussian profile of a certain FWHM (P. Jakobsen et al. 2022). Therefore, we

report de-convolved FWHM computed via FWHMge. = \/FWHMng - FWHM%SF relation, where FWHM,,; and FWHM; sF are

the observed and instrumental FWHM (publicly available in the JWST website), respectively. We mention that LSF correction
are usually negligible for broad lines in the rest-frame optical regime, e.g. > 10 times wider than the FWHM sz. FWHM below
the spectral resolution of the instrument are not reported. We measure the EW of emission lines for each trial in the chain. Then,
we derive the best-fitting value from the 50™ percentile of the EW’s chain, and the error on EW from the 16" and 84" percentiles.

C. ALTERNATIVE Feu AND Mgu FIT

As shown in the bottom panel of Figure 3 and in Sect. 3.3, the template from M. Vestergaard & B. J. Wilkes (2001) are able to
reproduce the overall shape of the Fe 1 emission in 2200A < Arest S 260010%, however the flux ratios of the Fe 11 transitions assumed
in the template differ from the observed ones in Bz5.3. Therefore, to allow more flexibility in the model, we splitted the template
into two sections separated at Ay = 2700A, isolating the Mg i1 emission region from the rest of the Fe n pseudo-continuum. We
show the results in Figure 5. The fit is now much closer to the observed data at A < 27001&, as shown by the lower reduced Xz
value compared to the previous fit. This implies that a proper modeling of the Fe m emission would require higher resolution data
to better resolve the pseudo-continuum followed by templates with different assumptions for the gas conditions.
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