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Abstract

Deep observations with the James Webb Space Telescope (JWST) have revealed an emerging population of red
pointlike sources that could provide a link between the postulated supermassive black hole seeds and observed
quasars. In this work, we present a JWST/NIRSpec spectrum from the JWST Cycle 1 UNCOVER Treasury
survey of a massive accreting black hole at z = 8.50 displaying a clear broad-line component as inferred from the
Hp line with FWHM = 3439 4 413 km s~ ', typical of the broad-line region of an active galactrc nucleus (AGN).
The AGN nature of this object is further supported by high ionization, as inferred from emission lines, and a
point-source morphology. We compute a black hole mass of log,,(Mpn/My) = 8.17 = 0.42 and a bolometric
luminosity of Lyg ~ 6.6 x 10 erg s~'. These values imply that our object is accreting at ~40% of the
Eddington limit. Detailed modeling of the spectral energy distribution in the optical and near-infrared, together
with constraints from ALMA, indicate an upper limit on the stellar mass of log,,(Myx/My) < 8.7, which would
lead to an unprecedented ratio of black hole to host mass of at least ~30%. This is orders of magnitude higher
compared to the local QSOs but consistent with recent AGN studies at high redshift with JWST. This finding
suggests that a nonnegligible fraction of supermassive black holes either started out from massive seeds and/or
grew at a super-Eddington rate at high redshift. Given the predicted number densities of high-z faint AGN, future
NIRSpec observations of larger samples will allow us to further investigate galaxy—black hole coevolution in the
early Universe.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); High-redshift galaxies (734); Early
universe (435)

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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1. Introduction

Over the past few decades, observations have established a
sample of more than 200 bright active galactic nuclei (AGN) at
7> 6 powered by accretion onto massive black holes (BHs;
e.g., Fan et al. 2001; Kashikawa et al. 2015; Matsuoka et al.
2018). Lying well within the first billion years, many of these
BHs are massive (~10%'" M_; Bafiados et al. 2018; Inayoshi
et al. 2020), with the heaviest BH having a mass of about
1.6 x 10° only 700 million yr after the Big Bang (Wang et al.
2021). The presence of such supermassive black holes
(SMBHs) is extremely hard to reconcile with BH formation
and growth scenarios, since they require extremely massive
seeds (of ~1300 M) to form shortly after the Big Bang and
then continuously and rapidly accrete gas at the Eddington rate
(the physical limit at which outward radiation pressure balances
inward gravitational force). One possible solution to explain the
presence of such SMBHs lies in invoking super-Eddington
accretion rates (e.g., Haiman & Loeb 2001; Alexander &
Natarajan 2014) to drive the growth of low-mass BH seeds
(~100 M) formed from the first (metal-free Population III)
stars (Madau & Rees 2001). Another possible solution is to
start from massive seeds that include “nuclear clusters” of
10** M, from the collapse or coalescence of massive stars in
compact stellar clusters (Omukai et al. 2008; Schleicher et al.
2022) or even heavier “direct-collapse black hole” (DCBH)
seeds of >10° M., from the collapse of pristine gas in early
halos (Rees 1984; Loeb & Rasio 1994).

Observations with the James Webb Space Telescope (JWST)
have started to discover previously missing UV-faint AGN. These
have been identified through a combination of broad and high-
ionization lines (Furtak et al. 2023a; Goulding et al. 2023;
Harikane et al. 2023; Kocevski et al. 2023; Larson et al. 2023;
Maiolino et al. 2023a, 2023b; Ubler et al. 2023) or from color and
morphology (Barro et al. 2023; Matthee et al. 2023; Yang et al.
2023). In common across these selections are extremely red
rest-frame optical colors, a flat fy UV continuum, and a generally
very compact morphology. When spectra are available, broad
Balmer series lines, such as Ha or HS, are a telltale sign of
ongoing accretion. While these are UV-faint, they span a large
range of bolometric luminosities, Lo ~ 10%-10% erg s, and
BH masses, Mgy~ 10°~108 M., with some of them being
strongly dust-obscured, up to Ay~ 3 (Furtak et al. 2023a). In
addition, Labbé et al. (2023a, 2023b) recently presented a large
photometrically selected sample of AGN in the UNCOVER Cycle
I JWST program. These have been modeled with a composite
spectral energy distribution (SED) model, which consists of a
dust-reddened type I AGN plus an additional UV component
attributed to either the scattered light or star formation. The unique
findings present across all of these works are the high number
densities of reddened QSOs, suggesting than a nonnegligible
fraction of BH growth at these epochs is taking place behind a
thick veil of dust.

In this work, we report a secure detection of the broad-line
(BL) AGN emission at z = 8.50. The point source hosting the
AGN was first identified as one of the “little red dots” (Greene
et al. 2023; Labbé et al. 2023a) in the UNCOVER NIRCam
sample. Here we report the results from JWST/NIRSpec
Micro-Shutter Assembly (MSA) observations of this source in
the UNCOVER field (PIs: 1. Labbé, R. Bezanson; Bezanson
et al. 2022). The exquisite high signal-to-noise ratio (S/N)
NIRSpec spectrum allows us to resolve a multitude of
lines, including HBZ and [OTI] AM959, 5007, and clearly
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demonstrate the presence of the BL emission in HG. The [O 111]
AM959,5007 lines, however, only display narrow emission,
which, in conjunction with a nearly pointlike morphology and
the presence of highly ionized gas, provide strong evidence for
AGN activity in our source. Clear BL emission in H3 would
make our source the highest-redshift BL AGN with a secure
(S/N > 10) Balmer BL identification to date (see also Larson
et al. 2023).

Throughout this work, we assume a flat ACDM cosmology
with ., 0=0.3, Q5 0=0.7, and Hy=70km s~ ' Mpc~'and a
Chabrier (2003) initial mass function between 0.1 and 100 M.,
All magnitudes are expressed in the AB system (Oke 1974).

2. Observations and Data
2.1. NIRSpec Setup

Initially identified as a potential high-z AGN candidate via
broad- and medium-band NIRCam photometry (Labbé et al.
2023a, 2023b; Weaver et al. 2023), UNCOVER ID 204662 is
located at R.A. = 3°640408, decl. = —307386438. The target
was observed for a total of 2.7hr with the low-resolution
PRISM on 2023 July 31 as a part of the MSA follow-up
program of the UNCOVER JWST field A2744 (Bezanson et al.
2022). These observations employed a 2-POINT-WITH-
NIRCam-SIZE2 dither pattern and a three-shutter slitlet nod
pattern at an aperture angle of ~44°0. We show the positions
of these slits overlaid on a 2”0 cutout of our source in Figure 1.
For further details of the observational setup, see Bezanson
et al. (2022) and S. Price et al. (2023, in preparation).

2.2. PRISM Data Reduction and Calibration

The UNCOVER MSA spectra were reduced using MSAEXP
(v0.6.10; Brammer 2022), starting from the level 2 data
products obtained from MAST.*® The pipeline applies correc-
tions to the 1/f noise, identifies artifacts (e.g., “snowballs”) in
the calibrated files, and removes bias in individual exposures
by computing a simple median (e.g., see Rigby et al. 2023).
Additional parts of the JWST reduction pipeline are used to set
the slit WCS, perform slit-level flat-fielding, and compute the
path-loss corrections. Each of the 2D slits are then extracted
and drizzled onto a common pixel grid. The local background
subtraction is performed by using the shifted, stacked 2D
spectra. To obtain the final 1D spectrum, MSAEXP performs an
adaptive optimal extraction of the background-subtracted 2D
trace by fitting a Gaussian model where the center and width
are allowed to vary (e.g., Horne 1986); a similar procedure was
used in Goulding et al. (2023) and Wang et al. (2023).

It is important to note that the absolute normalization of the
spectrum can be affected by many factors, which include but
are not necessarily limited to path-loss correction, calibration
uncertainty,?® astrometric slit position uncertainty, location and
extent of the source within a slitlet, and source self-subtraction
when correcting for the local background effects. To account
for these potential calibration issues and determine a total slit-
loss correction, we perform an additional flux rescaling by
convolving the extracted 1D spectrum with all of the broad-/
medium-band NIRCam filters and compare our flux densities to

2 Corresponds to the MSA ID taken from internal UNCOVER catalog v2.2.1.
28 Available from https://doi.org/10.17909 /8k5¢c-xr27.

29 Can be of the order of 10%-20%; https: / /jwst-docs.stsci.edu /jwst-near-
infrared-spectrograph.


https://doi.org/10.17909/8k5c-xr27
https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph
https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph

THE ASTROPHYSICAL JOURNAL LETTERS, 957:L7 (11pp), 2023 November 1

Kokorev et al.

F115W:29.00+0.32 [

F150W:28.82+0.23 [

F200W:28.47+0.17[ [F277W:28.13+0.12|3

.
o

A ol ot ] P ek o3 AT Pl il Il

-

[ A T I

TTT T TTT]
.
o

A NS SR

]
RERANRRRANRANE |

F356W:27.41+0.06/1

F444W:26.20+0.03

»

F410M:26.65+0.05[

b Sl

III|'IllIllIII|

Y [pix]

| | 1 1 | LI ] LI B I | I LI B B | I T T T T I T T T I T T T T I T T T T I T T T T I T T I_
—_ - — SpecC
~. 2.0 o P 3
g F x 2 - err
2 B 3 N o © © ]

B = > © © ] o ~ -
< 1.5H a o © | S ¥ n | |le -
%) B > ~ R = =] it b
~ r — ~ == = ¥ 0 1
= B = = - == < = |l= .

- ] =) =R ) = = B
© 1.0 > S zz R e 20,2 ]
o - — 2 = a T T T A= = 1
f\ll B -
S 0.5F 3
N | ]

00 i i W 1l N Il T 1 L1 1 1 7| 1
0.7 1.0 1.5 2.0 2.5 3.0 3.5 5.0
Aobs [um]

Figure 1. Top: JWST/NIRCam 175 stamps and the RGB color image comprised of the F277W, F356W, and F444W bands. The MSA slitlet layout is highlighted in
white. An unambiguous pointlike morphology of ID 20466 can be observed in all filters. In each panel, we show the total magnitudes with 1o uncertainty, as
presented in the UNCOVER photometric catalog of Weaver et al. (2023). Middle: 2D MSA PRISM spectrum produced by MSAEXP. We optimally scaled the trace to
highlight all of the significant line detections. Bottom: collapsed 1D spectrum of our source. We show the data in black, while the uncertainty on the spectrum is in red.
Assuming the best-fit MSAEXP Zgpec = 8.502 £ 0.003, we show the positions of all of the prominent emission with significant (>30) detections as solid vertical lines.

Emission for which we only obtain an upper limit is shown with dashed lines.

the total photometry presented in Weaver et al. (2023). The
wavelength-dependent linear correction is then computed by
fitting a first-order polynomial. A complete description of the
data reduction and flux calibration will be presented in S. Price
et al. (2023, in preparation).

3. Data Analysis
3.1. Spectroscopic Redshift

In order to compute the spectroscopic redshift, we use
MSAEXP to fit sets of Gaussian continuum splines and emission
line templates to our spectrum. As an input parameter, we set
nsplines=11 and allow it to search for the minimal x> value
across the wide range of 0.1 > z > 20. As indicated in Figure 1,
a clear Lyman break and several emission lines are clearly
present in our spectrum, which results in an unambiguous
redshift of zg,ec =8.502 £0.003. This closely matches the
initial redshift estimate of zpho~ 9 obtained by fitting the
broad- and medium-band NIRCam data (Weaver et al. 2023)
with EAZY (Brammer et al. 2008).

For the analysis presented in this work, we used an updated
version (v1.1) of the Furtak et al. (2023b) analytic strong lens

model of the cluster. This new model includes one additional
multiple-image system in the northern substructure and, more
importantly, an additional spectroscopic redshift in the north-
western substructure from new VLT/MUSE observations of
the cluster (Bergamini et al. 2023). Together with our
secure Zg,ec for the source, we recover a magnification of
©n=133+0.02.

3.2. BL AGN Emission

The spectrum of our object presented in Figure 1 shows a
clear broad component present in the HF emission line when
contrasted with the narrower profiles of the adjacent [O 1]
AM959,5007 lines. To evaluate the potential significance of
this broad feature, we perform a combined Gaussian fit to the
entire line complex. For the two [O I1] lines, we only consider
a single narrow component, while the HG is fit with both
narrow and broad models. We allow the velocities of the
narrow and broad components to vary between 50 and 500 and
1000 and 5000 km s, respectively. In our fitting, we assume
that the width of the narrow component for all three lines is the
same and a fixed ratio [O1]s5p07/[O M]4950 =3 (Storey &
Zeippen 2000). In addition to that, we also model the local
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Figure 2. Top: best-fit narrow (blue) and broad (green) Gaussian line components fit to the Hg, [O 11I] AA4959, 5007 line complex. A dual fit to the H is necessary to
account for both the broad (FWHM ~ 3400 km s~ ') and narrow (FWHM ~ 200 km s ") components. The combined fit is shown as a dashed maroon line. The error
spectrum is shown as a dashed red line. Bottom left: zoom-in on the H/ line. Bottom right: fit to the blended H+y (red) and auroral [O III]4364 (blue) lines. As before, the

combined fit is shown as a dashed maroon line.

continuum with a first-order polynomial. We fix the redshift to
the one obtained from MSAEXP.

We initialize the fit by first creating a set of models on the
oversampled wavelength grid. To mimic the variable resolution
of the PRISM, we interpolate our model onto a variable step
grid while making sure that the total integrated flux is
preserved. Early NIRSpec/MSA results (de Graaff et al.
2023) have shown that the spectral resolution of a pointlike
source falling within a slitlet is higher compared to a uniformly
illuminated slit, sometimes up to a factor of 2. We therefore
conservatively increase the nominal spectral resolution by a
factor of 1.7. To take into account the effects of the line-spread
function, we additionally convolve our model with a Gaussian
of variable resolution (de Graaff et al. 2023; Isobe et al. 2023).
The best fit is then found via nonlinear least-squares x>
minimization.

From our fit, we securely confirm the presence of a distinct
broad component in HS with FWHM = 3439 +413kms .
We measure the width of the narrow component to be
203 + 154kms~ . In Figure 2, we show the best-fit model to

the entire line complex, with the narrow and broad components
highlighted in blue and green, respectively. The flux of the
broad component was measured to be ~2x higher than that of
the narrow component.

Emission lines in AGN are typically separated into permitted
(e.g., Lyman and Balmer series of hydrogen) and (semi)
forbidden lines (e.g., [O IIT]). The distinction between the two
classes is thought to arise from two physically distinct regions
around an actively accreting BH (see Osterbrock 1978; Vanden
Berk et al. 2001), the parsec-scale broad-line region (BLR), and
the kiloparsec-scale narrow-line region (NLR). We find
significant line broadening present in the H/S line, strongly
hinting that some of the H3 emission originates from the BLR
of a type 1 AGN. While broad emission line features can also
be an indicator of large-scale outflows, if such a scenario was
indeed the case, a similar broadening would be present in the
forbidden [O 1] lines (Amorin et al. 2012; Hogarth et al.
2020). We do not, however, find any evidence of that; on the
contrary, the measured width of the narrow component is too
low to be consistent with an outflow.
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3.3. Balmer Decrement

The ratio between observed fluxes of Balmer series lines can
be used to determine the dust extinction. For this purpose, we
will use the H3/H~ ratio. As shown in the bottom right panel
of Figure 1, the H~v line is blended with the [O ] 364.
However, we can use the prior information from the fit to the
HG+[O III]4959 5007 complex and fix the narrow line widths to
~203 km s~ '. Similarly to H{, the H~ line would also contain a
BLR component. However, the S/N of the broad component in
H~ is too low to reliably perform a double component fit. Due
to this, we assume that the primary contribution to the total Hy
flux is coming from the NLR and compute the Balmer
decrement by only considering the ratio between the narrow
component of the HS line and our derived H+y flux. In this case,
we ensure that both line fluxes are obtained by integrating
similar velocity ranges. From this calculation, we find
HB3/Hy = 3.2701.

To compute the Ay, we adopt the Small Magellanic Cloud
(SMC) reddening law (Gordon et al. 2003), which has been
found to match well the dust attenuation in high-z galaxies
(Capak et al. 2015; Reddy et al. 2015, 2018) and reddened
quasars (e.g., see Hopkins et al. 2004). Given Case B
recombination, the intrinsic ratio between the lines is
(HB/HY)inc=2.14 (Osterbrock 1989). We find that the
observed line ratio implies a high attenuation of Ay = 2.17]{.

3.4. Template Fitting

While it is likely that the contribution from the host galaxy to
the total flux is small, as indicated by the mostly point source—
like morphology of the source, obtaining an upper limit on the
M., can still yield some crucial clues regarding the nature of our
source. We follow the joint template fitting procedure described
in Labbé et al. (2023a), fixing the redshift at z,,c. = 8.502.
Briefly, the Labbé et al. method employs a custom fitting
procedure that combines dust-obscured stellar population
models from FSPS (Conroy et al. 2009) with empirical AGN
models based on composite optical /near-infrared spectra of
Sloan Digital Sky Survey (SDSS) quasars (Vanden Berk et al.
2001; Glikman et al. 2006). To fit the stellar population, we
utilize three independent FSPS models: dust-free and dust-
obscured star-forming components together with an old
quiescent component. A constant star formation history
(SFH) is assumed for the star-forming components, while the
quiescent part uses an exponentially declining SFH with
7=1Myr. These templates are reddened by Ay = 0-5 using a
Calzetti (2001) attenuation law and Ry = 3.1. The attenuated
AGN light is reemitted in the mid-to-far-infrared and modeled
with the CLUMPY torus models (Nenkova et al. 2008a, 2008b)
as included with FSPS. The far-infrared dust emission
associated with dust-obscured star formation is based on a set
of Draine et al. (2007) templates employed within FSPS.
NIRSpec observations are simulated using the published line-
spread function increased by a factor of 1.4 to account for the
fact that this is a point source. For a full description of the
fitting procedure, assumptions, and potential caveats, please
refer to Appendix A in Labbé et al. (2023a).

With these models, we fit the NIRCam spectroscopy, all
available NIRCam broad- and medium-band photometry, and
the point-source flux from Atacama Large Millimeter/sub-
millimeter Array (ALMA) Band 6 at 1.2 mm (Fujimoto et al.
2023a, 2023b) extracted using the NIRCam location as a prior.
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Table 1

Source Properties®
R.A. 3.640408
Decl. —30.386438
Zspec 8.502 £+ 0.003
Zphot” 90403
12 1.33 £ 0.02
Ay (HB/H) [mag] 2,14
Ay (continuum) [mag] ~1.9
log,((My/Mo) <8.7
FWHM ez [km s~'] 203 + 154
FWHMproaa [km s~'] 3439 + 413
log,((Mpu/Mc) (HPB) 8.17 + 0.42
log,,(Mpu/Ms) (Lsi00) 8.01 4 0.40
Ly [erg s™'] (6.6 £ 3.1) x 10%
Lya EW, [A] 240 + 30

Notes.
 Corrected for the lensing magnification.
® From the latest UNCOVER v3.0.1 catalog.

No flux is detected in ALMA to <70 pJy (20), which strongly
limits the contribution of massive star formation (see Labbé
et al. 2013).

Three types of model fits are performed: AGN-only, AGN
+stars, and stars-only. The AGN-only model fits a separate
unreddened blue and reddened AGN template. Two templates
are needed because of the remarkable dichotomy that the SEDs
of typical “little red dots” display, Where the SED at 1-2 yum
(1000— 1000 A rest) is blue (f)ox A ) Whlle the SED at
3-5 um (3100— 5200 A rest) is red (f) x O )

The best-fit blue component is only ~1% of the bolometric
luminosity of the red component, consistent with being
scattered AGN light. The absence of clearly detectable broad
UV lines (e.g., CIv, MgIl) is consistent with expectations from
the blue SDSS QSO template given the simulated NIRSpec
PRISM resolution and depth. The best-fit dust attenuation is
Ay~ 1.9 when converted from Calzetti (2001) to the SMC law
with Ry = 2.7, consistent with estimates based on the Balmer
decrement.

Next, joint AGN+stars fits are performed. These should
yield the most realistic constraint on the stellar mass from an
underlying host galaxy. From these joint fits, we derive an
upper limit on the stellar mass of log,,(Mx/M) < 8.3 based on
the 95th percentile of the posterior distribution of the mass of
the stellar components. The stellar mass is primarily con-
strained by the combination of red NIRCam colors and the
ALMA nondetection, which limits the amount of cold dust
emission. We also note that evolved stellar populations are not
seen in our spectrum due to the lack of a Balmer break. As
such, the red continuum will most likely correspond to the
dusty star formation, therefore allowing ALMA to further
constrain the shape of our SED (see Labbé et al. 2023a for
further details). To derive an upper limit on the stellar mass, we
assume that all emission originates from stars. For the stars-
only fit, we find log,,(Myx/M) < 8.7 based on the 95% of the
posterior on the total stellar mass. We adopt this as a
conservative upper limit on the M,. We list the stellar mass
alongside other properties in Table 1.

As an additional test, we hypothesize what could be the
maximum amount of M, present in this object if we assume a
more evolved stellar population and ignore the observed shape
of the SED. For this, we use a dust-free model based on the
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Table 2
Measured Line Fluxes

Line Arest (A) Flux (10~%° erg st em™?)
Lya 12154 414.1 =852
Mgl 2796.5, 2803.1 625+ 15.1
[O1] 3727.0, 3729.9 152+ 8.0
[Ne 111] 3869.9 622+ 154
[Ne 111] 3968.6 38.9+9.2
Hé 4102.9 122+ 6.5
H~ (narrow+broad) 4341.7 24.6 + 3.1
[O 1] 4364.4 83.0+7.2
Hg3 (narrow) 4862.7 78.6 5.9
HS (broad) 4862.7 232.6 £17.3
[O 1] 4959.5 136.7 £ 3.0
[O 1] 5007.2 4126 £11.3

exponentially declining SFH (7= 1 Myr) that formed 300 Myr
ago at z~ 15. This is then scaled directly to the depth of our
NIRCam images at the position of 20466 (Weaver et al. 2023).
The resulting limit is then log,,(Mx/Mg) < 9.3. We note,
however, that such a model is not consistent with the
photometry or the spectrum.

Finally, it is also possible to envision that the AGN can be
embedded within an extremely dusty galaxy that surrounds the
object and yet remains completely JWST-dark due to dust
obscuration and low surface brightness. The implications of
such dusty galaxies existing at high z were briefly explored in
Kokorev et al. (2023), who presented an overview of a highly
obscured (Ay ~ 4) galaxy at z = 2.58. By adapting the full UV-
to-submillimeter SED from Kokorev et al. and scaling it to our
ALMA photometry, we compute a stellar mass limit of
log,((Mx/My) < 9.5. This might be an overestimate because
the low redshift has a best-fit stellar age of 0.53 Gyr, implying
that all mass is formed at z = 50, which is not realistic. While
definitive evidence for a significant presence of dust in galaxies
only 500 Myr after the Big Bang is still lacking, deeper
NIRCam observations of lensed fields could assist in uncover-
ing the diffuse and dusty host galaxies surrounding red-
dened AGN.

3.5. Other Emission Lines

Beyond the lines discussed in earlier sections, our spectrum
reveals emissions from Ly, the MgIl doublet, and [NeIII]
AN3869, 3968. In this section, we outline the methods and
underlying assumptions employed to determine the final flux of
each line. All measured line fluxes can be found in Table 2.

The Ly« is fit with a single Gaussian model, where the
FWHM is allowed to vary. Using this fit, we extract both the
line intensity and the rest-frame equivalent width (EW,), with
the latter being measured at 240 + 30 A.

In our spectrum, we identify the Mg I AA2796, 2804 doublet
feature. It is expected that, similarly to Hf, this permitted
transition will contain both the narrow and broad components.
However, the spectral resolution of PRISM at the observed
wavelength of Mg II does not allow us to securely separate the
lines and perform a multiple-component fit. We therefore fit the
doublet with a single Gaussian model, where the FWHM is
allowed to vary.

The [NeIITI] AA3869, 3968 lines are nicely separated in our
spectrum, as seen in Figure 1. As discussed previously, the
emission from the forbidden lines is generally expected to arise
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from the NLR (Vanden Berk et al. 2001); as such, we fix the
FWHM of [Nelll] to be the same as that of [OII]
AA4959, 5007.

In addition to the detected lines, we also report a 30 upper
limit for the low-S/N (<3) [O1] AA3727, 3729 doublet
and Hé.

3.6. Size Measurement

As can be seen in Figure 1, the source is very compact and
just barely resolved in our imaging. We measure the effective
radius in all available JWST bands using GALFIT (Peng et al.
2002, 2010), accounting for the effect of the empirically
measured (Weaver et al. 2023) point-spread function (PSF).
The light is modeled with a Sérsic profile with the center,
brightness, effective radius, Sérsic index, and axis ratio as free
parameters. From the best fits, we find that the measured sizes
in the short-wavelength bands (F115W, FI50W, F200W) are
comparable to the ones at long wavelengths (F277W, F356W,
F410M, F444W) and range from 0”035 to 0704, which is
consistent with or even smaller than the FWHM of the
NIRCam PSF for those bands. The consistency of sizes across
all bands, coupled with a pure PSF fit being sufficient to
describe the light from 20466, provides further evidence of the
high degree of central concentration in our object. Finally, we
derive a physical effective radius of 165420 pc when
corrected for the lensing magnification.

4. Results
4.1. AGN Properties

Reverberation mapping of quasars has revealed a correlation
between the distance to the BLR in AGN and the width of the
Hp line (e.g., Kaspi et al. 2000; Greene & Ho 2005), which
allows for the BH mass to be estimated from single-epoch
measurements. Using the standard relations presented in
Greene & Ho (2005), we compute the BH mass (Mgy) from
both the luminosity and the width of the broad component of
the HB line and the rest-frame Lsjoo luminosity of the
continuum.

Using our best-fit models for lines and the continuum
and accounting for the effects of lensing and dust
obscuration, we find log,,(Mgung/M=) = 8.17 = 0.42 and
log,(Mgy, 5100/Mz) = 8.01 £ 0.40. The uncertainties in this
case are primarily dominated by the scatter (~0.3 dex) in the
virial relation used to derive the mass, rather than the errors on
the measurements themselves (e.g., see Kollmeier et al. 2006).
From the fact that both methods return a consistent result, we
can conclude that the rest-frame 5100 A luminosity of 20466 is
almost entirely dominated by the light from the AGN. This
allows us to further justify the assumptions made when
modeling the spectrum in Section 3.4. We adopt the Mgy
derived from the HQ line luminosity as our final result.

In addition to the mass, the broad Hf can be used to compute
the bolometric luminosity (Lyo) of the AGN. Typically, Ly, is
computed from the luminosity of Ha, which we lack. However,
we can assume a BL intrinsic ratio of Ha/H ~ 3.06 (Dong et al.
2008) and use it in conjunction with Ly, =3.06 x 130 X Lyg
(Richards et al. 2006; Stern & Laor 2012). Assuming that the
dust attenuation within the NLR and BLR are similar, we correct
the HB luminosity for dust attenuation and magnification effects,
thus obtaining Ly = (6.6 £3.1) X 10% erg s !, These results
suggest that our object is accreting at ~40% of the Eddington
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Figure 3. Derived Mpy and Ly, compared to the other high-z quasars. Our
source is shown as a red star. Two high-z AGN candidates, CEERS_1019 at
z = 8.7 (Larson et al. 2023) and GNz11 at z = 10.6 (Maiolino et al. 2023b), are
shown as an open diamond and circle, respectively. JWST-detected AGN at
z >4 are shown as blue squares (Harikane et al. 2023; Kocevski et al. 2023;
Maiolino et al. 2023a; Matthee et al. 2023). The cyan square shows the triply
lensed quasar from Furtak et al. (2023a). A massive, bright z = 7.07 QSO from
Matsuoka et al. (2019) is shown as an orange square. The dashed lines show
the bolometric luminosities with Eddington ratios of Lyo/Leqq = 0.01, 0.1,
and 1.0.

rate, with Lo /Legq ~ 0.4, suggesting a sub-Eddington accretion
scenario. All of the estimated parameters are presented in Table 1.
In Figure 3, we show the estimated Mgy and Ly for our
object. A mass exceeding 10® M, and luminosity brighter than
5 x 10* erg s~ indicate that our source is more massive and
luminous than the majority of quasars at the z~4-8 range
identified with JWST (Furtak et al. 2023a; Harikane et al. 2023;
Kocevski et al. 2023). The object presented in Larson et al.
(2023) at z ~ 8.7 is only ~20 Myr younger; however, it shows
an almost 1 dex difference in the derived BH mass. This
suggests that CEERS_1019 and 20466 might have followed
vastly different evolutionary scenarios. On the other hand, we
find a similar (within 10) mass and luminosity when compared
to the z = 7.07 quasar presented in Matsuoka et al. (2019).

4.2. Ionization Mechanisms

In this section, we briefly explore the ratios between the
measured emission lines to investigate the potential ionization
mechanisms in our source. We observe an unusually high ratio
between the auroral [OIl]4364 line and [O1l]s9y; (RO3) of
0.32. In Figure 4, we explore the typical “allowed” RO3 for a
range of electron temperatures 7, and densities n. from the
models presented in Nicholls et al. (2020) alongside our
observed and dust-corrected RO3. When compared to the
models, our object appears to be a significant outlier, regardless
of the adopted 7. and n. values. Extreme values of RO3 have
already been reported in recent JWST spectra; for example, a
z = 8.5 galaxy presented in Katz et al. (2023) shows an RO3 of
0.048 when corrected for dust. Elevated RO3s are not new and
have been discussed in the context of low-z Seyfert galaxies
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Figure 4. Electron temperature (T,) as a function of the [O Il]4364/[O IM]5007
(RO3) ratio. In black, we present models from Nicholls et al. (2020) for
different electron densities ranging from 1 to 10%; the dynamic range does not
allow us to distinguish between different lines, however. We show our
observed line ratio in maroon, as well as in blue after the dust correction. The
z = 8.5 source displaying extreme RO3 from Katz et al. (2023) is shown with a
dashed green line. The shaded regions show the 1o uncertainty. The extremely
high line ratio we find is indicative of AGN-dominated ionization.

(e.g., Koski & Osterbrock 1976; Osterbrock 1978; Ferland &
Netzer 1983; Dopita & Sutherland 1995; Nagao et al. 2001;
Baskin & Laor 2005; Binette et al. 2022). In fact, the
photoionization models of Baskin & Laor (2005) suggest that
it is possible to reach the required densities and temperatures to
produce extreme RO3s within the NLR around an AGN.

In addition, we can investigate our source in the context of
the often-utilized “OHNO” diagnostic, which compares the
[O IH]5007/Hﬁ and [Ne IH]3869/[O 11]3727,3729 ratios. This diag-
nostic has been used at low and high z to ascertain whether the
ionization is powered purely by star formation or by an AGN
(Backhaus et al. 2022; Cleri et al. 2022; Larson et al. 2023).
After dust correction, we find log;o([O II]s007/H/) ~ 0.68 and
a lower limit of log;o([Ne Il]3g70/[O1]) > 0.15. These line
ratios, while not as high as reported in other z>8 AGN
candidates (Larson et al. 2023), are still indicative of high
ionization in 20466.

4.3. Massive Accreting BH at z = 8.50

With all of the information in hand, we would like to remark
on the most probable nature of our source. The spectrum of
20466 shows a clear BL. component present in the H{ line.
With a confidence level of 13.40, we estimate the FWHM of
the broad profile to be ~3440 km s~ '. The adjacent [O 111] lines
are well fit with a much narrower Gaussian (~200km sfl),
ruling out potential outflows (e.g., see Chisholm et al. 2015).
This leads us to conclude that broad HG emission most likely
originates within a BLR of an AGN. Furthermore, we note the
high ionization present in our source, as indicated by the
extreme RO3 ratio, as well as the OHNO diagnostic. These
values are difficult to reconcile with photoionization by young
stars alone, highlighting the strong ionizing nature of this
source. Combining the above with the nearly pointlike source
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Figure 5. BH-to-stellar mass relation. The color coding is the same as in
Figure 3. The solid and dashed black lines show the best fits to the z = 0 AGN
samples from Reines & Volonteri (2015) and Greene et al. (2016), respectively.
The high-z trend from Pacucci et al. (2023) is shown as a dashed maroon line.
Only an upper limit on M, is available for our source and the triply lensed
quasar from Furtak et al. (2023a).

morphology observed across all NIRCam bands leads us to
conclude that 20466 is a massive and luminous type 1 AGN
observed just 580 Myr after the Big Bang.

5. Discussion and Conclusion
5.1. BH Formation Mechanisms

A significant unresolved question that remains to be
answered is how these SMBHs come to be. In Figure 5, we
present the Mgy versus an upper limit on the M, derived from
the template fitting, compared to the relations for QSOs at
z~0, JWST-detected AGN at z=4-5, and those recently
identified at high z. We find an extremely high ratio of BH-to-
host mass of at least ~30%, which is orders of magnitude
higher compared to the local QSOs, and also elevated when
compared to other massive AGN at high z. Predictions from
DCBH formation models suggest that this ratio can indeed be
high close to the seeding epoch (Natarajan 2011; Natarajan
et al. 2017) compared to the local values. Moreover, reaching a
high Mgy /M, from light seeds would require growing the Mgy
without also growing the galaxy mass, which does not seem
feasible. This gives us a first hint regarding the potential
formation and accretion mechanisms of our source.

We further explore this in Figure 6, which presents the Mgy
as a function of cosmic age for our AGN, alongside previous
measurements for high-z QSOs. It is possible to explain the
existence of these SMBHs via the super-Eddington accretion
rates (e.g., Haiman & Loeb 2001; Alexander & Natarajan 2014)
in low-mass BH seeds (~100 M) formed from Population III
stars (Madau & Rees 2001). Another possible solution is to
start from heavy DCBH seeds, ~10°~> M., from the collapse
of pristine gas in early halos (e.g., Rees 1984; Loeb &
Rasio 1994). In this work, we consider both options; starting
with low- (100 M) and high- (10* M_) mass seeds at z ~ 50,
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we explore the different accretion rates required to grow a BH
to 10® M, by z = 8.5. In Figure 6, we show that the observed
Mgy can be reproduced by continuous Eddington accretion—
driven growth in a DCBH seed at 10* M., with the Eddington-
limited stellar mass seed scenario being unlikely. Furthermore,
it would be difficult to explain a radical change in Mpy/M,
over these early times, which would naively mean that the high
BH-to-galaxy ratio that we find also favors heavy seeds.
Alternatively, simulations show that it is also possible to grow
an SMBH via super-Eddington accretion onto a stellar mass
seed (Jeon et al. 2012; Massonneau et al. 2023); however, the
feasibility of such extreme accretion modes is yet to be
conclusively determined.

Recent detection and NIRSpec observations of an X-ray
quasar at z = 10.07, UHZ-1 (Bogdan et al. 2023; Goulding
et al. 2023), find Mpy/M, ~ 5%-100%, comparable to the
ratio we derive in this work. MSA ID 20466 and UHZ-1 are
located in the same field, in a relatively small area, which
suggests that BHs that form from direct collapse could be more
common than previously thought, and some early overmassive
SMBHs may indeed originate from heavy seeds (Eilers et al.
2023; Natarajan et al. 2023; Pacucci et al. 2023; Stone et al.
2023).

However, we note that the elevated Mgy-to-host stellar mass
trends might not manifest when using the dynamical mass of
the galaxy instead. A recent work by Maiolino et al. (2023a)
finds little deviation between the Mgp—My, relation in z >4
BL AGN and that of local QSOs. This, in turn, might imply
that BH formation is more strongly connected with the mass
assembly itself, rather than star formation in the host galaxy.

5.2. Final Remarks

Using the NIRSpec/PRISM and NIRCam data from the
JWST UNCOVER survey, we present the discovery of an
actively accreting SMBH at z = 8.502 + 0.003. The spectrum
of our object shows an unambiguous (>100) BL component
present in the H73 line exhibiting an FWHM of ~3400km s ".
Although comparable velocities could potentially stem from
large-scale outflows, a corresponding broadening effect should
manifest in the adjacent [O l]4959 and [O I]5007 lines. We do
not, however, find any evidence that can support this. By
examining the RO3 and the OHNO line diagnostic, we find
values that are consistent with the high ionization present in the
source. These findings, compounded by nearly point-source
morphology, lead us to deduce that the underlying cause of the
extended BLR can only be attributed to AGN activity.

From the flux and FWHM of the HG, we compute a BH mass
of log (Mpu/M:) = 8.17 £ 0.42 and a luminosity of
Lo =6.6+3.1 erg s ', suggesting an accretion rate at
~40% of the Eddington limit. We also find that the Mpy
derived from the H@ is consistent with that computed from the
rest-frame 5100 A continuum within one standard deviation,
potentially indicating that the spectrum of this object is strongly
or almost entirely dominated by the AGN emission.

Finally, we explore multiple scenarios that can lead to the
presence of such a massive BH by z = 8.50. We find that the
BH mass cannot be reproduced by Eddington-limited accretion
from a stellar seed unless super-Eddington regimes can be
achieved. It is worth noting that this would require a gas-rich
disk providing material for accretion while remaining unaf-
fected by BH feedback. Even in our models that start at z = 50,
this SMBH would need to grow at sustained rates for
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Figure 6. BH mass vs. cosmic age. The red star shows the result presented in this work. The dark blue squares and violet diamonds show the results for z = 6-7 and
>7 QSOs, respectively, as presented in Inayoshi et al. (2020), Maiolino et al. (2023a), and Fan et al. (2023). A triply lensed z = 7 QSO from Furtak et al. (2023a) is
shown as a cyan square. A tentative Mpy range for UHZ-1 at z = 10.1 from Goulding et al. (2023) is shown as a blue circle. Two high-z AGN candidates, namely,
z = 8.7 AGN from CEERS (Larson et al. 2023) and GNz11 at z = 10.6 (Maiolino et al. 2023b), are shown as an open diamond and circle, respectively. Dashed lines
show analytical models of BH mass accretion at an Eddington rate starting from a stellar seed (maroon) and a DCBH model (black).

>400 Myr, all the while remaining in a super-Eddington
regime, which is beyond physically plausible scenarios. On the
other hand, such a mass can also be attained via Eddington
accretion—driven growth for DCBH (~104 M) seeds. A direct-
collapse model would then also be able to potentially explain
the extreme BH-to-host ratio of at least ~30% found in our
source.

While their formation pathways are still largely uncertain,
the high number of AGN detected with JWST at high z, given
the relatively small areas covered so far, implies that extremely
massive SMBHs are already in place at z > 7, just ~700 Myr
after the Big Bang (Wang et al. 2021; Furtak et al. 2023a;
Goulding et al. 2023; Greene et al. 2023; Larson et al. 2023;
Pacucci et al. 2023). The clue of high BH-to-stellar mass ratios
exceeding several tens of percent will allow us to place stronger
constraints on the sizes of the BH seeds and accretion modes
required to produce such massive objects (Bogdan et al. 2023;
Goulding et al. 2023). Interestingly, the Lya line is clearly
detected from 20466 despite its heavily dusty nature, and
20466 turns out to reside in a huge ionized bubble with a radius
of 7.6 proper Mpc (Fujimoto et al. 2023c). These results may
indicate that the recent abundant AGN population identified
with JWST provides a nonnegligible contribution of ionizing
flux to cosmic reionization. It is also possible that these AGN
are residing in galaxy overdensities, which may have reionized
the Universe earlier in their environments. The identification of
20466, along with similar massive quasars at high z, suggests
that we still lack a comprehensive understanding of AGN and

host galaxy coevolution in the early Universe, which we only
recently started exploring with JWST.
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