arXiv:2509.09607v1 [astro-ph.GA] 11 Sep 2025

Discovery of Multiply Ionized Iron Emission
Powered by an Active Galactic Nucleus in a z ~ 7

Little Red Dot
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Abstract

Some of the most puzzling discoveries of NASA’s JWST in the early Universe
surround the surprising abundance of compact red sources, which show pecu-
liar continuum shapes and broad hydrogen spectral lines. These sources, dubbed
“Little Red Dots” or LRDs, have been the subject of intense inquiry in the lit-
erature. Any of the proposed explanations, from accreting super-massive black
holes ensconced in ultra-dense gas to extremely compact star-systems, has sig-
nificant implications for the earliest phases of galaxy evolution. Part of the
difficulty in concretely identifying the physical mechanisms that drive their rest
ultra-violet /optical spectral properties is the lack of bona fide signatures — either
star-formation or accreting super-massive black hole, that uniquely discrimi-
nate between competing interpretations. In this work, we report the discovery of
several spectral features that strongly favor the existence of an accreting super-
massive black hole in an LRD witnessed in the first 800 Myr of cosmic time,
including several rare iron transitions and a possible [Fevii] detections. Addition-
ally, we report on the properties of significant Balmer absorption and find that
the small widths and relative depths of the absorption feature suggest the source
of the absorber is at or beyond the outer edge of the broad-line region and does
it fully cover the accreting SMBH in the center of the system. The detection of
these iron features, coupled with the properties of the Balmer absorption, unveils
an alternative scenario for LRDs — one where there are direct sight-lines from
the accretion disk to gas on scales at (or beyond) the broad-line gas region.



1 Introduction

The surprising discovery of ”Little Red Dots” or LRDS, has launched the astronomical
community into debates surrounding their nature [1-13]. They are an abundant pop-
ulation of z > 4 sources with broadened hydrogen Balmer emission (> 1000 km s~ 1),
extreme compactness (< 100 pc), and peculiar “v-shaped” SEDs characterized by a
puzzling UV excess alongside red JWST/NIRCam colors (marr — mgqq > 1.5, [14]).
The most common interpretation is that these sources are actively accreting super-
massive black holes (hereafter referred to as active galactic nuclei; AGN) with their
morphological compactness ascribed to AGN emission originating within parsec scales
in the center of the galaxy. In addition to their morphology, almost every color-selected
LRD has at least one broadened Balmer line [6, 9, 13, 15], which is attributed to fast-
moving ionized gas (i.e., the broad line region) in close proximity to an accretion disk.
If indeed these sources are AGN, then there is a significant over-abundance and over-
massiveness of relatively unobscured growing black holes in the early Universe, with
some studies reporting several orders of magnitude difference between AGN abun-
dance predictions and/or the mass of their black holes with respect to local scaling
relations [13].

Despite bright compact cores and broadened line emission, LRDs lack the other
canonical multi-wavelength AGN signatures. Generally, LRDs are not detected in X-
rays [16-19], have overall red UV-to-optical colors with a puzzling blue excess [6, 9,
10, 12], fall short of predictions for their flux in the rest-frame near-to-mid infrared
[12, 20-22], and lack of detections of high-ionization emission lines [19, 23]. This has
led to numerous works studying how differences in both AGN properties and/or host
galaxy properties could explain why observations of these newly discovered sources lack
certain tell-tale signatures of super-massive black hole activity. Some recent studies
propose that there may be a variance in the dust properties (i.e temperatures, grain
sizes) as compared to canonical AGN, that could explain the lack of infrared emission
[24]. Some works suggest that different cloud properties close to the accretion disk
[25] or extreme accretion properties [17, 19, 26, 27] could explain the lack of X-ray
detection. Some works propose that extremely compact star formation could explain
these sources without the need for an AGN at all [12, 20, 23, 28, 29].

Deep JWST rest-frame optical spectra add a new puzzle — an apparent Balmer
break and deep Balmer absorption present in portions of the LRD population [2, 9, 30—
36]. Absorption features present in broadened Balmer emission lines are incredibly
rare in the general AGN population. Prior to JWST, Balmer absorption was pre-
dominantly found in sources classified as BAL QSOs or broad-absorption line quasars
[37, 38]. This subset of AGN is characterized by rest-frame UV absorption lines with
extreme line widths (> 2000 km s~!) [39]. While BAL QSOs can make up to 15%
of the total optically-selected QSO population, only 11 pre-JWST sources have been
identified with absorption components in their Balmer lines [40]. The explanation of
these absorption features is predominantly attributed to Ly« trapping due to a high
number density of n = 2 level hydrogen atoms. The observed rarity of sources exhibit-
ing these features was attributed to the difficulty in generating the significant optical
depths required for this extreme trapping [38, 41]. An important note is that BAL
QSOs with these features were found to have a significantly blue-shifted absorption



component (5000 — 10000 km s~! from systemic) [42], with only a couple of sources
with Balmer absorption troughs redshifted from the Balmer line center. This has led to
the interpretation of the origin of the absorber to be either a part of the extreme out-
flows that define BAL QSOs (in the case of blueshifted troughs) or hints of inflowing
gas that directly feeds the accretion disk (in the case of redshifted troughs).

With ongoing larger and deeper spectroscopic follow-up of LRDs, the population
of sources with Balmer absorption has become increasingly difficult to explain. With
no other apparent absorption features dominating the spectrum, multiple theories
centered on the necessity for the presence of significant dense gas, as was noted in
pre-JWST studies of Balmer absorption AGN systems. [43] proposed that the Balmer
emission and absorption are explained by circumnuclear dense gas, on scales in between
the broad and narrow line regions. This is similar to the explanation provided for the
peculiar z ~2 AGN, which detected clear absorption features in both Ha A6564 and
HS M\4863, along with other high gas density tracers such as HeI absorption [44], along
with a several other notable sources in the literature where this model was applied
z ~ 3 —9 [36, 45, 46]. Similarly, in [34], a similar solution was proposed ( “black
hole star”, BH*) where both the Balmer break and absorption features are due to
circumnuclear, extremely dense, turbulent, dust-free gas, but at much smaller scales
— within 40 AU of the accreting black hole.

In addition to broad Balmer emission, other features that are present in lower
redshift AGN but yet to be concretely observed in z > 5 JWST LRDs are higher-
ionization (> 50eV), collisionally-excited optical forbidden lines — also known as optical
coronal lines (CLs) since they were first seen in the Solar corona. The lines have
been used to corroborate the AGN nature of sources for several decades [47-51]. Due
to the very high (> 50eV’) ionization potential (IP) of the ions from which optical
CLs originate, production from even the most energetic stellar populations is unlikely,
and thus CL detection is typically considered a “smoking gun” of AGN activity. An
additional utility of CL line detection is due to the unique chemical conditions required
to produce them, and their proximity to the accretion disk which is believed to be
on scales just beyond the BLR [48]. Due to this, they can be excellent probes of the
gas properties between their location of emission and the growing central black hole.
An important note is that for most AGN, CLs are weak relative to other prominent
emission lines, such as nebular [O 111] AA4960,5008 or the narrow component of bright
hydrogen recombination lines such as HB and Ha. Furthermore, while detection of
high-ionization coronal line emission is strong evidence of AGN activity, non-detection
does not preclude the existence of an AGN. Notably, coronal lines were significantly
detected in pre-JWST studies of AGN, but there has not yet been a single robust
detection (> 30) of any coronal line in the peculiar JWST LRDs beyond z > 5. Thus,
we are left with several outstanding questions: are non-detections of coronal lines in
LRDs due to a lack of deep observations where the chemical conditions in the vicinity of
these AGN preclude significant CL emission? Are LRDs similar to previously-identified
AGN populations that frequently lack CL detections, or are LRDs simply not AGN
at all?

Answering this question requires deep, moderate spectral resolution rest-frame
optical spectroscopy of bright LRDs. The High-[Redshift+Ionization] Line Search



(THRILS; PIs T. Hutchison & R. Larson, GO-5507) program obtained deep, 8hr
JWST/NIRSpec spectroscopy in the G395M medium resolution (R~1000) grating
of a bright, high-redshift LRD in the EGS field. This source, THRILS 46403, was
previously found photometrically in the Cosmic Evolution Early Release Science
(CEERS; [52]) Survey JWST/NIRCam imaging and was identified as an LRD with
ID CEERS-10444 in [9]. It was spectroscopically targeted for the first time by the
Red Unknowns: Bright Infrared Extragalactic Survey (RUBIES, GO-4233, Pls: A.
de Graaff & G. Brammer; [46]) using both the low-resolution (R~100) and medium-
resolution (R~1000) F290LP/G395M grating with ID RUBIES_49140 [53]. In those
data, the source redshift is measured as z = 6.68, and exhibited a Balmer break [53] as
well as a bright, broad Ha emission line [9, 46]. The object was the brightest of their
targets, and similar observed Balmer absorption features in the Ha and H/3 lines were
noted for this source [9, 13, 53]. This source was also targeted by program GO-4287
(PIs: C. Mason & D. Stark) with the same F290LP/G395M filter yielding tentative
detections of typical AGN lines such as [FeviI|A5160, [Fevi]A5677, and a few [Fel1] lines
[54]. These datasets were each ~1 hour of exposure time and, with the surprising and
interesting spectral features, made this source an ideal target for deep spectroscopic
follow-up by the THRILS program.

2 Results

In the Methods section, we detail the full data reduction; we briefly summarize here.
We run the JWST pipeline using a few modifications, including identifying stuck closed
shutters and incorporating modified flat reference files. To extract the 1D spectrum
from the 2D, we then use an optimal extraction technique that weights the extraction
profile by the source spatial shape. The THRILS spectrum is shown in Figure 1.
This spectrum has a gap at 4.71-4.98 pm, due to the gap between the two NIRSpec
detectors; this gap covers a portion of the Ha line profile. To fill in this gap, we then
use the spectra from the RUBIES and GO-4287 programs, as described in the Methods
section. The continuum is well detected (~ 100), and we detect at least 12 (> 30)
emission lines. For this source, we measure a spectroscopic redshift of z = 6.68476,
which is aligned with previous measurements.

2.1 Strong Balmer Emission and Absorption

We measure three Balmer lines: Ha, HB, and H7y. The detailed line decomposition
procedure is reported in the Methods; in brief, we find complex line component fea-
tures within the Balmer lines. In summary, all detected Balmer lines contain evidence
of at least one broad component tracing gas at ~3000 km s—' via the FWHMs of the
respective features. The Balmer emission lines are significantly broad-line dominated
— with narrow components comprising only a marginal percentage of their total flux.
Though we note the HS and Ha complexes have strong central absorption compo-
nents, this yields a significant degeneracy in accurately decomposing the narrow line
components at their respective line centers. Figure 2 highlights the and respective
multicomponent fits to the three detected Balmer lines.
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Fig. 1 (top) Postage stamp cutouts of THRILS 46403 from CEERS NIRCam photometry [52,
55]. (middle) The 2D THRILS spectrum of THRILS_46403 (also known as CEERS-10444 or
RUBIES_49140) showing the positive signal in red and the four negative traces from our dither pat-
tern in dark blue. (bottom) Optimally extracted 1D spectrum of the source from the THRILS data
with three insets highlighting the 1. Hy and [O111]A4364 emission line region, including several [Feli]
features, 2. the detected [FeviI]A\5160 emission feature, and 3. the [NIIJA5756 tentative detection.

Broad Balmer Components

As mentioned, all three Balmer features require a significant broad component to
capture the entire flux of the line (Fig. 2 green dashed lines) with full width half
maximums (FWHM) of all three Balmer lines consistent with FWHM = 2909"_%} km
s7!. As is seen in THRILS 46403, the depth of these observations allows for recov-
ering both an Hv and an Hf broad component consistent with Ha. We note that
this is in contrast to what has been observed in many other shallower spectroscopic
LRD samples, where even with coverage of the Hf feature, it is only Ha that shows a
statistically-measurable broad component [6, 13, 15]. The fact that we see a consistent
broad ~ 3000 km s~! FWHM in all Balmer lines indicates that for sources similar to
THRILS_46403, one should be able to detect the full profile of broad emission when
observed with sufficient depth and resolution. This alone severely curtails a dust obscu-
ration only interpretation to explain the lack of obvious rest-UV AGN signatures in
conjunction with the significant rest optical reddening that which define LRDs.

Narrow Balmer Components

One of the most striking features of the Balmer lines are the presence of significant
absorption features. Unlike most Balmer—absorbed LRDs, the location of the absorp-
tion peak in both lines is within three spectral elements of the Balmer line center —
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Fig. 2 Multi-component fits to the three detected Balmer lines in THRILS_46403 from the THRILS
data. The broad component of each line is shown with a dashed green line. The narrow emission
feature is shown in red, with the narrow absorption component fit shown with a dotted red line. (left)
Fit to the H~y emission line as well as the [O11]A4364 line in dark purple, and nearby [Fell] lines in
light purple. (middle) Fit to the HB and [O111] doublet lines. The narrow emission and absorption
features are degenerate. (right) Fit to the Ha line showing the [N 11] doublet contribution in purple.
The narrow emission (red) and absorption (dotted red) slightly are degenerate due to the location of
the absorption trough being near the line center.

the HB absorption feature is slightly redshifted from the systemic by v, r¢ = 95.8557-18

and the Ha absorption feature is slightly blueshifted from the systemic by vors =
—55.90185. This leads to a slight degeneracy in disentangling the relative strength of
the narrow Balmer emission and absorption components for both Ha and HB. The
clearest narrow Balmer component is detected within Hy (See Figure 2, Left), and is
significantly weaker than the broadened component (F gy narrow / Fry broad ~ 0.04).
Due to the compounding difficulty of faint narrow freely fitting for the narrow com-
ponents of Ha and Hf, it is difficult to decompose a robust narrow component due
to significant narrow Balmer absorption present in both line complexes, and thus we
apply a prior on the amplitude of these respective narrow components from the Case
B recombination expectation via Hy (assuming 7, = 10 K and n, = 102 cm~3). An
important note is that the Balmer absorption components are truly narrow, with a
FWHM consistent with the [O 1] A5007 line (i.e., ~340 km s™1). In later sections, we
discuss the significance of the Balmer absorption being kinematically cold.

2.2 A Rich Array of Narrow Emission Features

In addition to the Balmer emission, we detect a series of common and uncommon emis-
sion features found in previous studies of high-z galaxies and/or AGN JWST obser-
vations. For example, we detect common strong emission lines like [O111]AA4960, 5008,
[Ne111]A3869, He IA5877, and the less common auroral [NII]A5756 and [O111]A4364. Fur-
thermore, we measure an extreme ratio between auroral [O111]A4364 to the narrow Hy
component — with the auroral line being a remarkable 11.5 times stronger. This rep-
resents one of the highest ever observed [O111]A\4364/H~ ratio. For context, we check
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Fig. 3 Temperature measurements and upperlimits for the Ot and N7 ions, respectively. The
high-ionization O temperature is significantly elevated above the NT temperature at all densities,
implying a strong gradient in temperature (and/or density) across the galaxy. Additionally, the
extreme O1 T temperatures seen at all but the highest densities imply an extremely powerful central
source. The black dotted line denotes the critical density of [FeVII].

the location of our source in the diagnostics presented in both [56] and [57], and find
it is 4 times above the current record holder, a z = 8.5 broad-line AGN [7].
Furthermore, the auroral emission lines detected here ([O111]A4364 and [NI1I]A5756)
are strongly temperature-dependent, enabling us to measure the electron temperature
of the nebular gas in the AGN host galaxy. The ions which produce these auroral
emission lines (O™ and N, respectively) also have significantly different ioniza-
tion potentials (35.12 eV and 14.53 eV needed for OT* and NT, respectively). The
temperatures measured by each of these auroral lines therefore trace different phys-
ical regions, with the O™ likely residing closer to the central ionizing source than
the N*. Unfortunately, the spectrum presented here does not detect any of the key
density-sensitive diagnostics that would enable a robust measurement of the electron
temperature — the low-ionization [SII]AA6716,6731 doublet (located right before the
long-wavelength cutoff of this spectrum) is not detected, while the [O11]AA3727,3729
doublet falls just blueward of the short-wavelength cutoff. The [S1I]AA6716,6731 dou-
blet has one of the lowest critical density of common optical lines — second only to
the [O II] doublet with log nepi; = 3.2 cm™2 and 3.6 cm ™ for 6716, 6731 respectively.
The [Ar1v]AMT711,4740 doublet, which similarly has lower critical densities — log n¢,.
= 4.4 cm~3, is within the wavelength coverage, but the marginal detection is not sig-
nificant enough to robustly measure a high-ionization density. We therefore calculate
the electron temperature across a broad range of densities, from 102 — 107 cm™3.
We find that the O™ temperature is significantly elevated relative to the N* tem-
perature, regardless of assumed electron density (Figure 3). There is therefore a strong
gradient in electron temperature between the high-ionization regions of the galaxy and
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the low-ionization regions at most of the densities probed here. Additionally, the O™+
temperature exceeds the hydrogen cooling limit for all but the highest densities con-
sidered here, further highlighting the need for a powerful source to produce such high
temperatures to overcome the efficiency of hydrogen cooling. Even the most extreme
stellar populations are unlikely to generate such temperatures, so this measurement
further supports the central ionizing source in this galaxy being an actively accreting
massive black hole.

We also check for the possibility of shocks in generating these extreme ratios
using the Allen and Fabian [58] precursor+shock models updated with the Gutkin
et al. [59] abundance scaling as provided in the Million Models Database [60]. The
[O111)A4364 /H~ ratio is insensitive to the pre-shock density, magnetic field, and shock
velocity parameters. The highest [O111]\4364/H~ ratios are achieved at roughly solar
metallicity, where log [O111]A\4364/H~ ~ —0.2. This is an order of magnitude below
the observed ratio and occurs in an enriched environment that is very unlikely to
exist in LRDs. However, both [O111]AM960, 5008/A4363 and [Fevi]A5160/Hg corre-
late with vspeck. The log [O11Tjratio reaches a peak value of 1.7 at vspoer = 2.65,
which also gives log [Fevi|]A5160/HB= —1.25. Thus, the observed emission line ratios
are underpredicted by approximately 0.3 dex and 1.0 dex, respectively. Shock excita-
tion alone cannot explain the observed emission, but a secondary role in excitation
remains plausible, given that AGN can create shock fronts.

Furthermore, we find significant evidence of permitted and forbidden iron emission
which we detail below. We contextualize these detections in section 3.

2.3 Iron Emission within the First Billion Years

Spectral lines of iron in z 2 7 LRDs have not been significantly detected before. Aside
from the need for deep JWST spectroscopic observations, whether iron abundances
would be significant enough at these early times was an open question. This is fur-
ther complicated by the fact that LRDs in general do not seem to be associated with
massive galaxy hosts, to indicate enough stellar evolution has occurred to build signif-
icant levels of iron. Aside from the potential for low iron abundance in early galaxies
limiting detectability for easily excitable iron transitions, some of the common iron
transitions detected in a wealth of galaxy types (e.g. [Fell]A1.26um) fall red-ward of
our observational capabilities at high-redshift with JWST NIRSpec. Iron possesses a
complex atomic structure with numerous possible transitions, resulting in a rich emis-
sion spectrum that produces multiple lines separated by very small wavelength ranges
(< 10 A). The type and even relative intensity of the transitions comprising the full
permitted and forbidden optical [Fell] spectrum significantly vary within the AGN
population [61, 62]. Even some of the most sophisticated spectral synthesis codes (e.g.,
Cloudy [63]) fail to fully reproduce the optical iron spectrum in local AGN [64].

The exact location within the AGN where optical Fe II lines form is often debated,
with some theories suggesting these lines originate at the surface of the accretion disk
[65], within the broad line region [66—69], or in an intermediate line region (ILR) at or
beyond the outermost part of the BLR [62]. Despite the development of several Fe II
templates in the literature, these models still fall short of fully explaining the observed
relative intensities of Fe II lines in AGNs, particularly the differences between UV and
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Fig. 4 Emission line fits to the [Fevi]A\5160 feature at a 4.50 significance and to the auroral
[N11JA5756 emission line with a 3.1c significance.

optical Fe II emission [70-73]. This has led to the usage of semi-empirical templates
that add observed lines that do not correspond with their predicted relative intensities,
such as the inclusion of empirically constructed line group “I Zw 1 Fe II line group” [62]
or "inconsistent lines” as defined in [9]. In particular, these groups also include a series
of forbidden transitions that are noted for their violation of parity rules: belonging to
the [4F], [6F], [7F], [19F] and [21F]. While they all arise in transitions between levels
of the same parity, certain multiplets violate other selection rules. An important note,
is that these lines require a critical density less than 107 - 10% cm ™3 [74].

In addition to these rare singly-ionized iron transitions, higher multiply-ionized
iron transitions also suffer from a critical lack of understanding regarding the phys-
ical conditions required for their emission [75, 76]. In particular, studies find a large
variance in CL detection within the broader AGN property parameter space (i.e. bolo-
metric luminosity, FWHM of Balmer lines, etc.). There is no clear correlation with
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AGN properties and the detection of a CL’s ionization potential, critical density or
line luminosity — even among the same ionization state [76, 77].

Despite the rarity of iron lines at higher-redshifts, we identify a rich array of for-
bidden and permitted iron emission — including for the first time, robust detections
of high TP lines like [Fevii]A5160. In THRILS-46403, we do not significantly detect
permitted iron, but instead some of these “inconsistent” forbidden iron lines — predom-
inately several TF(a4F - a4G) and [22F](a4F - a4G) series. These transitions have low
predicted relative intensities, and both with the prediction from selection rules and
observations of other AGN that contain these lines, we should have also seen a slew
of other permitted iron transitions [64, 78]. The peculiar transitions we do see require
their location from the continuum source to be less dense than the broad-line region
[64]. We also measure a moderately broadened 4.5¢ detection at 5160.3 A — which we
interpret as [FeviI]A5160, a high-ionization potential coronal line (IP = 99 eV). We
explore alternative identifications of the emission line at ~ 5160 A. The spectra of
AGN occasionally display emission from the Fe II (42) multiplet AAA4924, 5018, 5169
A [79], which can be unusually strong compared to other multiplets of Fe II for reasons
which are not entirely clear [e.g. 80]. The flux ratios of the triplet lines are relatively
poorly known since the 4924 and 5018 lines usually blend with HS and [O 111], respec-
tively. However, the 4924 A line is expected to be roughly of equal strength to the 5169
A line, and is not observed in our object. The rest-frame vacuum wavelength of the
Fe II (42) 5169 A line, 5170.46 A, is also a relatively poor match to the observations,
and would require a large outflow speed (> 400 km/s) which is highly inconsistent
with the other Fe II emission lines. As far as we are aware, no other emission lines
have been observed in the spectra of galaxies or AGN which would provide an alter-
native explanation. In the methods, we further discuss the line decomposition of this
emission feature, and investigate a possible rare forbidden [Fer1] (19F) transition that
has only been robustly detected in a handful of AGN at lower redshifts.

An intriguing factor in our [FeVII] detection is the fact we only significantly detect
the 5160A transition and not the more common 6088A transition. While there are
other observations that find 6088/5160 ratios seemingly at odds with their expected
value over a wide range of densities [48, 81], it has been difficult to conclusively pro-
vide a physical explanation. In [81], an epoch of NGC 4151 is observed where the
[FeVII]5160 is a factor of 2 greater than 6087. In this work, it is posited that the large
number of permitted [Fevi]A5160 lines in the far-UV can be pumped by the contin-
uum via Lya absorption in the case of high log U. Thus, when radiatively decaying,
an observation of enhanced flux will be added to lower [FeVII] levels, as is observed
in THRILS-46403.

3 A Direct Window to the Accretion Processes of an

LRD

The measured FWHM of the detected coronal [FeviI]A5160 emission line is
575.01755872 km s~1 — this places the gas in the intermediate region between the loca-
tion of the broadened gas (as traced by the Balmer lines) and the narrow line region
(as traced by [O111], [NeTt1], etc). The critical density of [Fevi]A5160 is ~ 10° cm™3,
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which is significantly below the high covering fraction, dense gas scenario inferred to
explain the Balmer break and/or absorption in LRDs [22, 34, 36, 82]. Detecting this
line suggests that there must be sightlines to the excited iron that are not obscured
— if photons from the accretion disk are photoionizing the iron emission. We note the
[FeviI]A5160 transition we detect is the third most brightest [Fevii] transition, with
the other two located at A5267 and A6088. The relative ratio between A5160 and A\6088
traces density, where the ratio between A5268/\6088 traces ionization parameter U.
At first glance, this would appear to be a low-ionization, low-density regime — in con-
trast with what we expect. The only indications in the literature of scenarios when
A5160 >> A5267, A6088 are in systems with evidence of significant continuum pump-
ing, which indicates a high log U (i.e., > 1) [81]. We note that there is no previous
observation that explains these puzzling ratios, but we note the estimated extreme
temperatures (> 10° K traced by the auroral [O111]A4364 line in shown in Figure 3
(left), corroborate a very high log U scenario. Intriguingly, [83] find evidence for the
bulk of the [OIlI}4363 emitting gas to be near or within the same location of the
[FeVII] emitting gas — near the dust sublimation radius — further highlighting the con-
nection between the extreme auroral emission and high IP iron emission. Thus, we
find the iron emiting region most likely originates near, but beyond the broad-line
region. Similarly, in [84], the location of the iron emitting region as traced by [Fell]in
their three candidate low-redshift LRDs are also interpreted to be on scales just out-
side the broad-line region. In summary, a picture begins to form where the accretion
disk must have direct sight-lines to gas outside the broad-line region to produce both
the detected coronal iron and larger auroral [O I11] ratios.

Furthermore, the absorption features measured in the Hoa and HQ line profiles also
provide direct constraints on the nature of the absorber — absorber needs to both
produce Balmer absorption while still allowing for high-excitation emission lines. We
first measure if the absorption features are saturated: in an unsaturated scenario,
we expect that the ratio of the equivalent widths (EWs) of the absorption features
should be similar to the ratio of the oscillator strengths of the Balmer lines [85] (i.e.,
fua/fug = 0.64/0.119 ~ 5.4). The ratio in this source is 4.3 £ 0.1, indicating par-
tial saturation is likely present in the system. Furthermore, the Ha absorption trough
depth is larger than the flux density of the continuum. These two properties in con-
junction strongly suggest that the absorber only partially covers the broad emitting
line region and continuum source.

As noted earlier, absorption from the n = 2 state of hydrogen requires a substantial
population in that shell. Recent works that have studied Balmer absorption in JWST
AGNs invoke extremely high densities as the mechanism responsible for populating the
n = 2 shell [32, 34, 36, 43]. An important note, is that several of these previous works
posit collisonal excitation as the sole mechanism, and thus assume a critical density
of neris = 102 em™3. Though as noted in [38], the densities required for collisional
mechanisms to only populate the n=2 level imply large 774, and, as 7ryq increases,
there is another effect which can significantly populate the n = 2 shell: Ly« trapping
[86]. At large Ly optical depths, intrinsically soft X-rays from the AGN can ionize
neutral hydrogen and produce Ly« via recombination. These photons will then be
re-absorbed proportionally to the Lya optical depth, and thus the n = 2 population
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for a given density and temperature will be increased. Thus, as noted in [38], Ly«
trapping eliminates the need for an absorber to exceed the critical density required
for collisional excitation. For Ly« trapping to occur, there still must be a significant
Compton-thin column of neutral hydrogen within low- or partially-ionized regions.
This requirement is due to low ionization being necessary to ensure a large amount
of neutral hydrogen is present. Additionally, the densities need to be high enough to
drive a significant enough Ly« optical depth such that Lya pumping is significant,
but still Compton-thin.

In previous observations of BAL QSOs, the absorber was interpreted to be on
distances intermediate between the dusty torus and the broad-emitting line region
[38, 87]. These scales are significant, for even with large SMBHs (i.e., log Mgy =
9), it would be unlikely that the velocity widths of the absorption troughs are sim-
ilar or larger than the broad-line region gas. This is precisely what we observe in
THRILS 46403 — where the FWHM of the absorption troughs is consistent with the
FWHM of [O 111]A5008.

The above constraints paint an alternative picture of LRDs with Balmer absorption.
Either dense Compton thin gas, or a small covering fraction dusty gas region, must
exist on scales larger than the broad-line region. Furthermore, the existence of iron in
our source also supports the presence of at least a small amount of dust such that, when
irradiated by the incident continuum emission from the accretion disk, the sublimated
dust grains release free iron. All together, we find the scenario that best describes this
source is a small region of dusty and/or dense gas with a smaller covering fraction
than that of the broad-line region.

4 Conclusion

In summary, we report the first discovery of several rare iron transitions, including a
possible [FeviI]A5160 detection, in the little red dot THRILS 46403 at z = 6.68476.
We also measure significant narrow Balmer absorption in both Ha and HB. The small
velocity widths of the absorber, in conjunction with the detected lines that require
direct, unobscured attenuation from the accretion disk, indicate that the source of the
absorber is on scales at (or beyond) the broad-line gas region and a covering fraction
that does not completely occlude the broad-line region.

5 Methods

5.1 Data Reduction

The THRILS data were reduced using the JWST Calibration Pipeline ver-
sion 1.17.1 ([88]; DOI:10.5281/zenodo.7429939), using calibration files from the
jwst_1350.pmap CRDS context. The standard pipeline was run with modifications
to some of the steps, which we list here. We used modified FFLAT reference
files as the current pipeline-produced files contain significant errors, which we
find to be unrealistic due to the choice of calibration star, and thus mask out
the FFLAT error array. Finally, we instruct the pipeline to treat all targets as
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point sources and use the default pathloss correction. This negatively affects any
sources that are spatially extended, which our target is not as seen in Figure
5. In We use the default flux calibration reference files for the CRDS context.

Fig. 5 Location of THRILS_46403 within the slit
of the THRILS MSA configuration.

Table 1 Balmer Complexes

Data from the RUBIES program for this
source were also processed using this
same method. The spectrum from GO-
4287 was taken directly from MAST,
which used the same version of the
pipeline and CRDS but with all the
default pipeline parameters. To obtain
1D spectra from each of these 2D spec-
tra, we then use an optimal extraction
[89], which was determined by collaps-
ing the spectrum in the spectral direc-
tion and fitting the spatial profile of
the source with a Gaussian. To remove
any bright artifacts, median filtering is
applied before collapsing the 2D spec-
trum.

Ha Region Vorr [km s71] L [erg s71] FWHM [km s~ !] EW [A] SNR
Broad -15.597121 43.61919-902 2909131 66387251 59
*Narrow -15.597121 41.90719-9¢ 342.6728 1271778 9.5
Absorption -55.9074-67 42.3370-63 33675, -34172% 26
[NI1]6549 > —407.07 < 41.50 - <513 -
[NI1]6589 > —407.07 < 41.99 - < 153.9 -
Hp Region Votr [km s71] L [erg s™1] FWHM [km s~ 1] EW [A] SNR
TBroad -15.597121 42.6719-907 2909131 1083.67185 12
*Narrow -15.591121 41.3119-9¢ 342,625 46.775°5 3.3
Absorption 95.85T 5775 41.7119-%° 354.573°5 -115.11129 5.2
H~ Region Vorr [km s 1] L [erg s—1] FWHM [km s~ 1] EW [A] SNR
Broad -15.597121 41.8810-98 2909712 183.2112-1 4
*Narrow -15.597 124 40.4179-0¢ 3426729 20.6135 3
*[Om]a364  -15.591121 41571992 342.6725 86.8757 6.5

The properties of emission and absorption lines in the three Balmer complexes in this work. For each
line, we include the velocity offset from the systemic redshift, the line luminosity, the FWHM of the
emission profile, the equivalent width of the line, and the relative S/N of the line component. The
Balmer complexes are simultaneously fit to reduce systematic effects in the fitting process. We tie
together various components within the line decomposition to reduce the number of free parameters
and mitigate degeneracies. The FWHM is tied together for each respective broad Balmer component
(identified with the f). The FWHM of each narrow emission component is tied to the [O 111]line
dispersion (identified with the x). The velocity offset of every line but [N11] and absorption are
anchored to the [O 11]velocity offset. The absorption components were set completely free.
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Table 2 Emission Lines

Iron vors [kms™!]  Llergs™!] FWHM [km s™1] EW [A] SNR
[Ferr|21F 4246 6.327753 40.9219-99 395.10125-67 29471525 3.1
[Few]21FA\4278" 6.321]%2 40.92795-09 381.34725°57 27667357 3.1
[Fer] TFA4288° 6.321]%2 40.9975-07 391.627255% 32.427%35 33
[Fer17TFA4415 6.327753 40.9819-99 389.08125-99 30.9515:5% 3.0
[Fevir]A5160 104.8613253  41.107319 575.0113872 27.2913-50 4.5
[Ferr] 19FA5263% 6.3211-3% 40.817929 392.0012:%3 14.1072:%9 3.3
[Fer] A5272¢ 6.3211-3% 40.7978 4% 383.99172:3¢ 13.167279 3.4
Nebular Emission  vess [kms™!] Llergs™!] FWHM [km s~1] EW [A] SNR
[Ne ] A3869 -13.73112L 41711992 342.672% 181.3279°%, 15
[O 111 A4960 -13.731 2L 420710002 342.672% 264.5125 18.4
[O 1] A5008 -13.7311 2L 425570002 342,625 791.817%S 55
[N A5756 -56.02125-3%  40.8970;L 342.61725 17.417599 3.1

The properties of various nebular emission lines found in this work, detected above 3o0. For each
line, we include the velocity offset from the systemic redshift, the line luminosity, the FWHM of the
emission profile, the equivalent width of the line, and the relative S/N of the line.

@ [Fell]19FA5263 and [FellI]A5272 are partially blended together.
b [Fell]21FA4278 and [Fell]7F\4288 are partially blended together.

Table 3 Tentative Lines at 2.5-30

Nebular Emission SNR
[NeIII]A3968 2.9
[Fell]21F \4245 2.8
HelIA4687 2.9
Nebular Absorption SNR
MgIbA5175 2.9

5.2 Filling the Chip Gap with Archival Spectra

As previously noted, the THRILS observations of THRILS_46403 have a detector chip
gap between 4.71-4.98 pm, which covers a portion of the blue side of the He line profile.
To fill in this gap, we use data from the RUBIES and GO-4287 programs, renormalized
to the THRILS continuum to account for the difference in total integration time
between both programs (~1 hr each) and the THRILS observations (8.4 hrs). The
left panel of Figure 6 shows the detector chip gap in the THRILS data, with the
renormalized RUBIES (red) and GO-4287 (blue) spectra overlaid. As we only need the
relative continuum changes from these shallower data, before combining we smooth
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Fig. 6 A zoom-in on the gap in the black THRILS spectrum, showing (left) the overlapping coverage
of the red RUBIES and blue GO-4287 spectra, normalized to the THRILS continuum; (middle) both
RUBIES and GO-4287 spectra smoothed using a 15-pixel window and flat filter; (right) the resulting
purple spectrum for to fill the gap in the THRILS data, using the weighted mean of the RUBIES and
GO-4287 data.

both 1 hr spectra using a flat filter with a broad filtering window (15 pixels ~ 0.4
um; see the middle panel of Figure 6). Finally, we coadd the RUBIES and GO-4287
spectra using a weighted mean (where the weights = 1 / uncertainty). We use this final
spectrum (purple) to fill the detector chip gap in the THRILS spectrum (right panel
of Figure 6). The relative difference between the errors of the gap spectrum (purple)
and the THRILS spectrum (black) is highlighted in a zoom-in on the left panel of
Figure 6, where the depths of both datasets primarily drive this difference.

5.3 Spectral Line Analysis

We fit the spectra using version 3 of the open-source Python 3 code Bayesian AGN
Decomposition Analysis for Spectra (BADASS; Sexton et al. [90]). In brief, BADASS
implements emcee [91] to obtain robust parameter fits and parameter uncertainties,
and utilizes a custom autocorrelation analysis to assess parameter convergence. The
spectrum was run for a maximum of 25,000 MCMC iterations, with the mean of
parameters converging around 20,000 iterations.

We first measure the absorption in H5 and Ha. While this absorption in both lines
is truly narrow (i.e., consistent with [O 111]), the central line location makes it difficult
to determine the narrow emission Balmer component independently for either line. We
first interpolated over the absorption and performed a two-Gaussian fit to the Balmer
lines. The broadened Balmer lines are then compared to test their consistency, which
they demonstrate within 300 km s~!. We then fix the broad Balmer line widths to the
Hg line as an anchor due to the combination of its S/N and lack of additional narrow
components outside of the expected narrow Balmer emission. We then fit the Balmer
features with 1) a broad Balmer component anchored to the FWHM measured above,
2) an absorption component with free velocity offset and FWHM parameters, and 3)
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a narrow emission component scaled to the expected value of the narrow H~ emission
assuming Case B recombination. In Hy, we also fit for the nebular [O 1] line, and
in Ha the two [N11] lines (see Figure 2). The final decomposition of all Balmer lines
is well converged, and the spread of the posteriors for the dispersion, amplitude, and
velocity offset of all parameters is within 10% of their respective values. We anchor
the velocity offsets of all non iron emission lines to the [O111], as well as, anchoring
all the velocity offsets of [Fell]to each other.

5.4 Accounting for the Possible Presence of Singly-Ionized Iron
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Fig. 7 The impact of including Fell into the fit of the 5160 feature: (left) Fit to the 5160 fea-
ture assuming it is fully ascribed to [FeVII] emission as well as the marginally detected Mglb
line in dark purple. The velocity dispersion of the [FeVII] was allowed to be free, and we find
FWHM:575.01JI§§‘AZ§A (middle) Fit to the 5160 feature assuming it is fully ascribed to [FelI]19F
emission (red line) as well as the marginally detected Mglb line in dark purple. The prior of the
velocity offset for [Fell]19F is fixed to the velocity offset of the other [Fell] transitions in the sample,
which are all voff ~18 km/s. The velocity dispersion is fixed to the other detected [Fell] which are
consistent with the FWHM of [O 111] (FWHM:342.6J_F§'_2 (right) Fit to the 5160 feature assuming it
is both narrow [FeVII] and [FelI]19F emission with dispersion fixed to the [O 111]dispersion.

We note there are over 300 permitted and forbidden [Fevil] lines found at lower
redshifts in the rest-optical, with most of these lines separated within 10 A of each
other. As shown in Figure 7, we simultaneously test the presence of the entirety of
these [Feli] lines, which include [Fer1]19F that is separated by 0.1 A from the location
of coronal [FeviI]A5160. We do not find a significant excess of [Fell]19F lines in the
entirety of this spectrum, nor any other [Fell] emission which is predicted and has
been observed to be much stronger and ubiquitous than the 19F series — including
other “inconsistent” [Fell] line species. Furthermore, we find that even with the forced
inclusion of these lines, an additional Gaussian component centered on the location of
the [FeviI]A5160 line is needed to recover the entirety of the detected emission.
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