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Understanding the co-evolution between supermassive black holes
(SMBHs) and their host galaxies provides crucial insights into SMBH
formation and galaxy assembly in these cosmic ecosystems [1]. However,
measuring this co-evolution, as traced by the black hole mass - stellar
mass relation towards the early Universe, often suffers from significant
sample selection biases [2—6]. Samples selected based on the luminosity of
the SMIBH would preferentially find overly massive black holes relative
to their host stellar mass, missing the population of lower-mass SMBHs
that are underrepresented. Here we report the discovery of 13 moderate-
luminosity broad-line Active Galactic Nuclei from a/galaxy-based selection
of 52 massive galaxies at z ~ 3 — 5. The derived SMBH masses for these
AGNs yield a mean SMBH-to-stellar mass ratio of ~ 0.1%, consistent with
the local value [7]. There is limited evolution in this mean mass ratio
traced back to z ~ 6, indicating that a significant population of “normal”
SMBHs already existed within the first billion years of the Universe.
Combined with the previous sample of overmassive black holes, there
must be diverse pathways for SMBH formation in high-redshift galaxies.
Most of these galaxies are experiencing star formation quenching by the
observed epoch, suggesting the formation of massive quiescent galaxies
does not necessarily require an overly massive black hole, contrary to
some theoretical predictions [8-10].



Since the discovery of the tight correlation between SMBH mass and their host
galaxy properties (e.g., stellar velocity dispersion, bulge mass) in the local universe,
it has been suggested that the formation and evolution of galaxies and their central
SMBHs are closely coupled [1, 7]. However, the origin of SMBHs and the physi-
cal mechanisms responsible for establishing these scaling relations is far from clear
[11]. Theoretical models propose that AGN-driven outflows and jets inject substantial
energy and momentum into the interstellar medium, self-regulating BH feeding and
star formation, thereby fostering their coevolution [12]. Alternatively, the observed
scaling relations may arise from non-causal processes, where frequent galaxy merg-
ers and statistical averaging via the central limit theorem produce the observed local
correlations [13, 14].

Semi-analytic models and cosmological simulations incorporating various BH seed-
ing models, AGN and supernova feedback recipes, and merger histories predict
different evolutionary tracks for the SMBH mass - stellar mass (Mpy — M) rela-
tion, providing potential avenues to observationally constrain the seeding mechanisms
of SMBHs and disentangle their coevolution pathways with galaxies [8, 15-20]. The
launch of the James Webb Space Telescope (JWST) has transformed this field by
enabling the detection of stellar emission from Active Galactic Nuclei (AGNs) at z > 4
for the first time, a critical epoch where simulation predictions diverge most signifi-
cantly [8, 15]. Notably, high-redshift AGNs, spanning from relatively faint little dots
(LDs') in low-mass galaxies (M, < 1019 M), to the most luminous quasars in mas-
sive galaxies (M, 2 10'° M), have been consistently observed to lie above the mean
local Mpy — M, relation by more than ~ 1 dex (i.e., overmassive BHs) [3, 4, 22, 23].
These findings have been interpreted as evidence that SMBHs predominantly origi-
nated from heavy seeds via direct collapse BHs (Mgweq > 10° M), which initially
lacked a stellar component [24].

However, most of these high-redshift samples are selected based on AGN luminos-
ity, which would preferentially select more luminous and therefore more massive BHs
in the more abundant low-mass galaxies. This statistical bias, known as the Lauer
bias [25], could largely explain the elevated and flattened Mpp — M, relation at
early epochs [2, 6, 26]. Indeed, high-redshift shallow quasar surveys exclusively tar-
get AGN-dominated systems [27] thus overly massive BHs. On the other hand, deep
pencil-beam JWST surveys would still predominantly select overmassive AGNs in the
vastly more numerous low-mass galaxies [6], as high-mass galaxies with similar BH
masses and AGN luminosities (but lower Mpy/M,) at the same detection limit are
much rarer in these small fields.

To remedy for selection biases in previous overmassive AGN samples and search for
the potential presence of normal and undermassive BHs (defined as those located on
and below the mean local relation) at early cosmic times, we specifically search for faint
broad-emission-line (BL) AGNs in massive high-redshift galaxies from deep JWST
surveys, and measure the Mpp/M, ratio therein. The presence of broad emission
lines is a prerequisite for BH mass estimation [28, 29]. Here we report the identification
of 13 BLAGNSs at z > 3. Their BH masses and AGN luminosities are comparable to

1In this paper, LDs refer to high-redshift (z > 4) faint AGNs with compact host galaxies and overmassive
BHs discovered in deep JWST surveys [3, 4, 21].



overmassive LDs, but they are hosted in massive galaxies. While their stellar masses
are similar to those of quasars, their BH masses are up to ~ 3 orders of magnitude
lower (Fig. 1). The average Mpn/M, ratio (~ 0.1%) of these BLAGNS is consistent
with the local value [7], demonstrating that high-redshift SMBHs are not universally
overmassive to their stellar component, as inferred from previous biased samples [10].
Instead, a significant population of normal BHs has been overlooked.

Our AGN samples were identified through a systematic search for broad Ha emit-
ters among spectroscopically confirmed massive galaxies at z ~ 3 — 5 across six deep
JWST fields covered by the ASTRODEEP catalog [30]. The combined large survey
area (~ 0.2 degQ) was crucial for improving the statistics of rare massive galaxies
hosting normal BHs. Stellar masses were derived using prism spectroscopy from the
JWST Near Infrared Spectrograph (NIRSpec), combined with photometry from mul-
tiple Hubble Space Telescope (HST) and JWST Near-InfraRed Camera (NIRCam)
surveys (Methods). The rest-frame ~ 0.2 — 1.0 um coverage provided by NIRSpec
enables robust M, measurements through spectral energy distribution (SED) fitting
which accounts for AGN contamination (see Methods). Among the 92 massive galax-
ies with M, > 1010 Mg and z ~ 3 — 5 identified in ASTRODEEP, 52 were observed
with NIRSpec in medium-to-high resolution mode (R ~ 1000 — 5000) covering the Ha
line, which defines our parent galaxy sample for BLAGN identification. This approach
differs from selection techniques that require an AGN-dominated continuum (e.g.,
color-selected quasars; [5, 22, 23]), and thus remedies for the Lauer bias.

As detailed in Methods, BLAGNs were identified by detecting broad Ho emission
with a full-width-at-half-maximum (FWHM) exceeding 1000 km s~! through spec-
tral decomposition in the Ha + [N11] + [S1I] region. Additional model assessments
were performed to differentiate line broadening in the broad-line region (BLR) from
that caused by outflows. A total of 14 BLAGNs were identified from the 52 galaxies,
suggesting that AGN activity is prevalent in high-redshift massive galaxies. Extended
Fig. 2 presents the spectral decomposition results. The bolometric luminosities (Lpo1)
and BH masses of these AGNs were estimated using the single-epoch virial estima-
tor based on the width and extinction-corrected luminosity of the decomposed broad
Ha component [31, 32]. Extended Table 2 summarizes the derived stellar masses, BH
masses, bolometric luminosities, and emission line properties.

Among the 14 BLAGNs, 16713-CEERS with log Ly, ~ 45.9 erg s™! stands
out with an extremely broad Ha (FWHM ~ 9000 km s~!), corresponding to
log Mpn/Mg ~ 9.1 and Mg/ M, ~ 10%, resembling overmassive quasars at z ~ 6
[22, 23]. The remaining 13 sources exhibit moderate BH masses (log Mpu/Mg ~
6.6 — 8.1) and luminosities (log Lyo/erg s™! ~ 44.2 — 45.3), comparable to LDs at
slightly higher redshifts (z ~ 5). The prominent Balmer break, 4000 A break, stellar
absorption features, and/or red UV-optical continuum shape observed in the prism
spectroscopy for most galaxies (see Extended Fig. 1) indicate that the continuum
emission is not dominated by the BLAGN but a significant population of old, evolved
stars. The decomposed AGN flux fraction is typically fagn ~ 156% (Methods). This is
fundamentally different from LDs, which exhibit a blue, AGN-dominated UV-optical
continuum [3].
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Fig. 1 The distribution of high redshift AGNs in the Mgy — M, plane. The stars represent
the 13 faint BLAGNSs at z ~ 3 — 4 identified in this work. The circles denote z ~ 6 quasars from [5],
[22], and [23], while the triangles indicate faint LDs at z ~ 4 — 7 identified in the JADES and CEERS
surveys by [3] and [4]. Each data point is color-coded by the AGN luminosity. For comparison, the
local Mpy — M, relation from [7] based on their combined fit for all galaxy types is shown as the red
dashed line, with its intrinsic scatter (~ 0.81 dex) depicted as the red shaded region. The high-redshift
intrinsic Mpg — M relation, derived by correcting observational biases of LDs from [6], is shown as
the pink dash-dotted line. The literature samples are recalibrated using the [31] recipe for Ha-based
BH mass measurements and the [32] relation for Ha-based bolometric luminosity measurements, as
for our own sample.

Fig. 1 shows the distribution of the 13 relatively faint AGNs (excluding afore-
mentioned 16713-CEERS) in the Mgy — M, plane, color-coded by AGN luminosity.
They form a distinct locus centered on the local Mgy — M, relation [7] with
Mpu/M, ~ 0.1% on average, in contrast to LDs and quasars, which are signifi-
cantly elevated to the upper envelope of the local relation with Mpyg/ M, ~ 10%
[3, 4, 22, 23]. Although our sample, drawn from multiple NIRSpec surveys, is incom-
plete and non-uniform (see Methods), this comparison demonstrates clear selection
biases in previous samples caused by the finite AGN detection limit. Shallow and wide-
area quasar surveys, with a typical luminosity limit of Ly, > 10%6 erg s=! [22, 23],
fail to detect low-mass BHs in high-mass host galaxies due to their faintness. On the
other hand, deep pencil-beam JWST surveys can detect faint AGN luminosities to



Lol 2 10% erg s~ at z > 3, but the detected population will be dominated by LDs in
the more numerous low-mass host galaxies than high-mass galaxies due to the Lauer
bias?. In fact, the handful of LDs residing in high-mass (M, > 10'° M) galaxies from
previous samples follow the mean local Mpn/M, ratio (Fig. 1), as the JWST limit
is sufficient to detect normal-mass BHs at these high stellar masses.

With our dedicated sample selection, the statistics in the high-M,, low-Mpgy
regime are now robust. Notably, our sample aligns with the high-redshift mass relation
reported by [6], which used forward modeling to correct observational biases in the
LD sample and infer their intrinsic mass relation. Nevertheless, even lower-mass BHs
with fainter luminosities (Lpo < 10 erg s™1) and narrower line widths (FWHM <
1000 km s™1) may still be missed in our search.

The reconstructed star formation history (SFH) of the 13 faint AGN systems
derived using a delayed-7 model (star formation rate o t exp(—t/7)) is shown in Fig. 2
(see Methods for details and additional model tests). Thanks to the faintness of the
central AGN, we are able to obtain more accurate constraints on their host galaxy
properties compared to overmassive LDs and quasars. The stellar mass of most sys-
tems was assembled during an active star-forming period at z > 5, followed by a
significant decline in star-forming activity within the past ~ 1 Gyr. The quenching
nature of most galaxies in our sample is evident from their red spectral shape, which
resembles that of post-starburst galaxies and quiescent galaxies (Extended Fig. 1).
This aligns with recent findings that a significant population of massive galaxies at
these epochs was assembled very early and became quenched, with widespread AGN
activity likely playing a significant role [33-36].

It is unclear if the prevalence of quiescent galaxies among our BLAGNSs is due to
additional selection biases in the heterogeneous parent galaxy sample. Many JWST
NIRSpec observations, such as RUBIES [37] and JADES [38], prioritize red, bright, and
rare objects during shutter allocation. While the preference for red objects introduces
a bias against star-forming and AGN-dominated systems, such blue galaxies may still
dominate the bright population. Even if the parent galaxy sample is somewhat biased
towards the quiescent population, it offers a unique opportunity to search for normal-
mass or undermassive BHs at z > 3 — that is, faint AGNs contribute negligibly to
the continuum emission but dominate the line emission, which would otherwise be
outshined in luminous, massive star-forming galaxies.

Since most systems assembled the bulk of their stellar mass at z > 5, we can place
a strong constraint on the upper limit of their Mpy/M, ratios back to z = 5.7,
the mean redshift of current high-z LDs and quasars, to investigate the evolutionary
pathways of different populations within the first billion years of the Universe. This is
achieved by deriving the stellar mass decrement from the SFH while assuming the BH
mass remains constant over time. As shown in Fig. 2, changes in M, (~ 0.15 dex) and
Mg /M, are minimal for the ten objects with formation redshifts (defined as the
epoch when half of the stellar mass was formed) greater than z = 5.7. Given that the
BH mass must also decrease with increasing lookback time, this analysis suggests that
a significant population of normal-mass or even undermassive BHs, both following and

2This argument assumes a positive intrinsic Mpy — M, relation and a relatively mass-independent
Eddington ratio distribution.



below the mean local relation, were already in place within the first billion years of
the universe.

Several factors would complicate the direct detection of such low-mass objects in
the reionization era. At these epochs, the host galaxies are still actively forming stars,
with spectral shapes resemble those of blue AGNs [3, 39]. This similarity makes it
challenging to disentangle AGN and stellar components for robust stellar mass mea-
surements, especially considering that NIRSpec observations are limited to rest-frame
UV-optical emission at z > 6. Additionally, the outshining of young stars over old
stellar populations can lead to an underestimation of stellar mass [40, 41]. Starburst-
driven outflows can further hinder the identification of a BLR component, whose line
width is expected to be even narrower due to the decreasing BH mass. Nevertheless,
our reconstructed SFH suggests that such objects must be prevalent at z > 6 and are
yet to be discovered.

Importantly, the distinct BH mass and stellar mass ranges observed for LDs,
quasars, and our faint BLAGNs when back-traced to z ~ 6 suggest that diverse for-
mation channels and evolutionary pathways for SMBHs must be at work in the early
Universe. LDs and the most-luminous quasars likely originate from heavy seeds [24],
with overmassive BHs capable of rapidly quenching their compact host galaxies [42],
and potentially evolving into the cores of present-day elliptical galaxies [43]. In con-
trast, normal- and low-mass BHs in massive galaxies may have formed from lighter
seeds, whose subsequent growth was impeded until their hosts could accumulate suf-
ficient bulge mass to deepen the potential well to withhold the cold gas that would
otherwise be blown off by supernova feedback. This cold gas can then be transferred
into the nuclear region to feed the BH growth [7, 44, 45]. These diverse populations
imply that a combination of seeding mechanisms, feedback processes, and mergers,
rather than a single formation channel inferred from individual biased samples, has
shaped the relations bewteen SMBHs and galaxies as observed today.

Fig. 2 compares the offset of our sample from the local mass relation with predic-
tions from four cosmological simulations — ASTRID, TNG300, Horizon-AGN, EAGLE
— and the Dark Sage semi-analytic model, calibrated at log M, ~ 10.5 [8, 15, 46]. Lit-
erature LDs and quasar samples are also shown for comparison. Previous overmassive
quasar samples (log M, /Mg ~ 10.5 and Mpn /M, ~ 10%), which are significant out-
liers to the underlying BH populations, are in tension with all simulations. In contrast,
the missing normal BHs discovered in our study agree with most theoretical models
that predict a much slower Mpy /M, evolution over cosmic time. Our result clearly
demonstrates that selection biases can completely hide the intrinsic mass relation and
mislead theoretical models. However, given the complex target selection criteria of
our parent galaxy sample, we cannot robustly constrain the mean and scatter of the
mass relation or distinguish between model predictions. Future JWST spectroscopic
surveys with more uniform selection functions (e.g., [47]) will enable tighter and less
biased constraints on the evolution of the mass relation and provide further insights
into the physics of BH seeding and AGN feedback (e.g., [17]).

Despite producing a slowly-evolving mean Mpp/M, ratio, these state-of-the-art
cosmological simulations often struggle to reproduce the large population of high-
redshift massive quiescent galaxies found by JWST [9, 48]. These simulations often



redshift redshift redshift
3 4 5 7 912 3 4 5 7 912 3 4 5 7 912
70720 ' ' ' ' ' — 24735 ' ' ' ' ' 70911 ' ' ' ' '
103 F e 35439 4 103 Fem 27578 4 103 F— 63546 E
w— 81571 — 32092 w— 19400
7115 24748 — 7435
:‘ 13025
|
S 102F 4 102} 4 102} E
A {
= —_—
o
L o10tk { 10t} { 10t} E
100 L L L L 100 L L L \ 100 L L L L
2.0 1.5 1.0 0.5 0.0 2.0 1.5 1.0 0.5 0.0 2.0 1.5 1.0 0.5 0.0
time (Gyr) time (Gyr) time (Gyr)
4 T . . . . . .
ASTRID
Dark
3r TNG300 1
EAGLE
o 2t Horizon-AGN i
=
x
m
! T ]
=
> * T7
Q
<A Qmm e *—4 — o L S S S
_1b *_. T ]
- . . . . . . .
0 1 2 3 4 5 6 7
Redshift

Fig. 2 Tracing the evolution of the SMBH-to-stellar mass ratio for the 13 faint BLAGNSs.
Top: The reconstructed SFH of the 13 faint BLAGNSs using a delayed-7 model (Methods). Bottom:
The offset in BH mass relative to the mean local relation in [7] for the 13 faint BLAGNs at their
observed redshifts (stars). The upper limits of the back-traced offset at z = 5.7 (i.e., the mean
redshift of LDs and quasars) for the 10 faint AGNs with formation redshifts greater than 5.7 are
shown as red arrows, slightly shuffled in redshift for better visualization. The black arrows next to
the stars represent the back-traced evolution trajectory. The predicted offsets (16th — 84th percentile)
at log M, /Mg = 10.5 in five cosmological simulations and semi-analytic models [8, 15] are shown in
shaded bands. Literature quasar samples (pink circles with log My /Mg ~ 10.5; [5, 22, 23]) and faint
LDs (cyan triangles with log M, /Mg ~ 8.5; [3, 4]) are plotted for comparison.

require an overmassive black hole as an efficient driver of galaxy-wide star formation
quenching [8, 9]. However, the host galaxies experiencing star formation quenching in
our sample, which have Mpy < 108 Mg and Mpy/M, ~ 0.1%, are at odds with sev-
eral model assumptions and predictions regarding the prerequisite for AGN quenching.
For instance, in the ASTRID simulation, the kinetic feedback mode in low accretion
rate AGNs — primarily responsible for massive galaxy quenching by preventing gas
cooling in the circumgalactic medium — is activated only when Mpy/Mq > 1085 M,
at z < 2.3, whereas the thermal feedback mode implemented at z > 2.3 fails to effec-
tively quench massive galaxies [8, 46]. A similar trend is observed in IlustrisTNG,
where massive quenched galaxies at z ~ 3 exclusively host overmassive BHs with



log Mgy > 8.5 [9]. The analytic model proposed in [10] relates quenching to the
Mpu /M, ratio, yet its predicted quenching threshold for high-redshift massive galax-
ies (Mpu/M,y ~ 1%) is an order of magnitude higher than our observations, once we
substitute our mean Eddington ratio (Aggq ~ 0.1) in their model.

Our results thus suggest that additional quenching mechanisms, not relying on
overmassive BHs, are required to enable more efficient star formation quenching in sim-
ulations in order to reconcile with recent JWST observations of high-redshift massive
quiescent galaxies [9, 48]. This could involve more effective supernova feedback and
starburst-driven outflows than those currently implemented in cosmological simula-
tions [49], or more efficient AGN feedback in the low BH mass regime. After quenching,
stellar winds from old, evolved stars could become a major source of BH fueling. This
effective growth channel, along with merging with other galaxies hosting overmassive
BHs, may gradually establish the Mpp — M, relation for local ellipticals [1, 14, 50],
and could explain the prevalence of AGN activity in quiescent galaxies [36, 50]. Ulti-
mately, radio-mode feedback could be triggered in these fully grown massive BHs and
sustain long-term quiescence of the host. Future spatially resolved studies of the stel-
lar population, kinematics, outflows, radio activity, residual star formation and gas
reservoir in our sample will provide critical insights into their formation history and
inform upcoming high-resolution cosmological simulations.



Methods

Cosmological model

The cosmological parameters used in this paper are Hy = 70 km s~! Mpc™!,
0, = 0.3, and Q5 = 0.7. The Chabrier initial mass function (IMF) [51] is adopted to
estimate stellar masses to be consistent with the literature AGN samples shown in
Fig. 1. Magnitudes are given in the AB system.

Spectroscopic data

The spectroscopic data used to identify high-redshift massive galaxies and BLAGNs
are from the DAWN JWST Archive (DJA?). As of January 8, 2025, DJA reduced the
NIRSpec Microshutter Array (MSA) spectroscopy using the latest version of msaexp
[37, 52, 53] and publicly released the version 3 data* for 43 programs.

The detailed MSA data reduction procedures using msaexp are described in
[37, 53]. For the DJA data release v3, pipeline version 1.14.0 and calibration files
jwst_1225.pmap from the Calibration Reference Data System were used. In additional
to the standard JWST pipeline calibration steps, msaexp applies updated corrections
for MSA bar vignetting and improves sky background subtraction by differencing 2D
spectra from different nod positions. The cross-dispersion profile for each source is
fitted with curved 2D traces, accounting for spatial offset, width, and the wavelength-
dependent point spread function (PSF). The 2D profile is then rectified for optimally
weighted 1D spectral extraction using the algorithms in [54]. msaexp also applies a
path-loss correction by fitting the source with a Gaussian profile that considers its
position within the slit.

The absolute flux calibration accuracy of NIRSpec MSA spectroscopy is typically
at the ~ 10% — 20% level [37]. DJA also provides spectroscopic redshifts derived
using the template fitting methods implemented in msaexp. The redshifts are visually
inspected and graded for reliability, with a grade of 3 indicating a robust redshift.

Photometric data and slit loss correction

Although the flux calibration and path-loss correction have been significantly
improved in the JWST MSA reduction pipeline and msaexp, which should be sufficient
for compact sources, additional slit-loss corrections are required for extended sources
to obtain accurate stellar mass measurements. In this study, we calibrate the prism
spectroscopy for stellar mass measurements using the 16-band HST and JWST/NIR-
Cam photometry (0.44 pm to 4.44 pm) from the ASTRODEEP catalog [30]. The
photometric catalog covers six deep extra-galactic fields: Abell 2744, EGS, COSMOS,
UDS, GOODS-S, and GOODS-N, with a total area of ~ 0.2 deg?. The exact number
of available bands varies across fields, with a median of ~ 12 for our massive galaxy
sample, as detailed below.

3https://dawn-cph.github.io/dja/
4https://dawn-cph.github.io/dja/spectroscopy /nirspec/



Source detection in ASTRODEEP was performed with SExtractor on a weighted
stack of F356W and F444W images, achieving nearly 100% completeness at ~ 28 mag,
which is sufficiently deep for massive galaxies at the redshift range considered in this
study (z ~ 3 — 5). Aperture fluxes were extracted within diameters of 0.”2 to 5.”3
and corrected for galactic extinction. The elliptical isophote and Kron-like fluxes,
which approximate the total flux well [55], were measured in the detection band. The
aperture correction factor for this band was then scaled to other bands, assuming no
color gradient dependence. For each field, ASTRODEEP provides an optimal catalog,
where total fluxes are derived from colors measured in a preferred aperture based on
the objects’ segmentation map. We use these fluxes to calibrate our prism spectra.

For each object, we generate synthetic photometry by convolving the filter trans-
mission curve with the prism spectra in photometric bands with signal-to-noise ratio
(SNR) > 3 in ASTRODEEP. We then compute the flux ratio between the synthetic
and observed photometry and fit it as a function of wavelength using an n-th order
polynomial. By default, we set n = 3 in the fitting and adjust it between 0 and 5 as
needed. Higher-order fits are used for poor residuals, while lower-order fits are adopted
when fewer photometric bands are available for calibration. The fitting result is visu-
ally inspected to ensure that high-order fits do not introduce artificial changes to the
spectral shape. The derived calibration term is then applied to the prism data, yield-
ing fully flux-calibrated spectra. The median correction factor is 1.05, 1.13, 1.08, and
1.31 in F115W, F150W, F277W, and F444W | respectively.

The medium-to-high resolution NIRSpec spectroscopy used for BH mass mea-
surements is corrected only with the default msaexp slit-loss routine and not further
matched to the NIRCam photometry, which includes significant contributions from
the stellar component in massive galaxies. Since log Mpp o 0.47 log Ly [31], a 50%
flux loss from the central point source would only affect the derived BH mass by
~ 0.14 dex, which is much smaller than the uncertainty inherent in the BH mass
estimator (~ 0.4 dex; [29]).

Identifying massive galaxies with SED fitting

We begin with the spectroscopically confirmed galaxies in DJA to define the par-
ent sample of high-redshift massive galaxies for BLAGN identification. Galaxies are
selected at 3 < z < 5 with robust spectroscopic redshifts (grade 3), a median SNR > 10
for the prism spectra, no significant spectra gap, and must lie within the ASTRODEEP
fields for spectral calibration purpose. The upper redshift limit ensures rest-frame
near-infrared coverage by NIRSpec, which is essential for accurate stellar mass mea-
surements [56]. These criteria results in 399 galaxies from the following programs:
1180, 1181 (PI: D. Eisenstein; [38, 57]), 1199 (PL: M. Stiavelli; [58]), 1210, 1212, 1213,
1214, 1215, 1286 (PI: N. Luetzgendorf; [38]), 1211 (PI: K. Isaak; [59]), 1345 (PI: S.
Finkelstein; [60]), 2198 (PI: L. Barrufet; [61]), 2561 (PI: I. Labbe; [62]), 2565 (PI: K.
Glazebrook; [34]), 2750 (PI: P. Arrabal Haro; [63]), 2756 (PI: W. Chen), 2767 (PI: P.
Kelly; [64]), 3073 (PI: M. Castellano; [65]), 3215 (PI: D. Eisenstein; [66]), 4233 (PL:
A. de Graaff; [37]), 6541 (PL: E. Egami), 6585 (PI: D. Coulter). These programs are
designed to address a wide range of science goals, with additional filler targets included

10



in the slits for ancillary science. As a result, quantifying the sample selection function
is highly challenging.

We then measure their stellar masses using CIGALE, a multiwavelength SED fit-
ting code with flexible AGN templates to model the AGN continuum emission [67].
CIGALE employs SKIRTOR, a clumpy two-phase torus model based on the 3D radiative
transfer code SKIRT, to fit the direct, anisotropic accretion disk emission, described by
wavelength-dependent broken power laws, along with the re-rediated infrared emis-
sions from the surrounding clumpy torus. Additionally, it includes a separate dust
extinction curve (we adopt the SMC curve; [68]), independent of the torus and host
galaxy attenuation, to account for the polar dust component commonly observed in
AGNs [69].

Since our goal is to measure the stellar mass of BLAGNSs, we set the viewing angle
to 30°, representing a type 1 configuration where the line of sight does not intersect
the dusty torus, thus allowing a direct view of the BLR. In this configuration, the
extinction of the AGN continuum is dominated by the polar dust component, with
typical extinction up to Ay ~ 1 mag [70]. The strength of the AGN is controlled
by a normalization factor fagn, which represents the flux ratio of the dust-extincted
AGN flux to the total flux at 5100 A. The remaining AGN parameters, such as dust
emissivity and torus structure properties, are kept at their default values to avoid
strong degeneracy. While the stellar mass estimates for type 2 AGNs may be inaccurate
under this type 1 configuration, such objects will not enter our final BLAGN sample.

Due to potential contamination of the ASTRODEEP photometry by strong AGN
emission lines, which cannot be properly fitted by CIGALE’s nebular line model, we
mask emission lines in the calibrated prism spectra and extract continuum-only spectra
using a median filter. Synthetic photometry is then generated from the continuum
in 22 HSTH+JWST filters (F435W to F444W), effectively sampling the SED shape
for stellar population modeling. The BCO03 stellar population model [71], Chabrier
initial mass function [51], Calzetti extinction law [72], and the delayed SFH, which
best reproduces the stellar mass in CIGALE through extensive simulation tests [73], are
adopted. Galactic dust emission is negligible at Ajest < 1 pm and is not included in
our fitting.

Extended Table 1 summarizes the CIGALE parameters adopted in this study. In the
fitting, we set the additionalerror parameter to 15% to account for uncertainties
not captured by the flux errors in the spectroscopy and photometric catalogs. These
include wavelength-dependent color gradients and galaxy structure in aperture correc-
tions, continuum extraction using a median filter, and uncertainties in the polynomial
fit used to calibrate the prism spectra. We verified that varying this parameter has a
negligible impact on the derived stellar masses, although lower and higher values of
additionalerror lead to decreased and increased mass uncertainties, respectively.

This SED fitting procedure identifies 92 massive galaxies with M, > 10'° M.
Extended Fig. 1 demonstrates our SED decomposition method using the final sample
of 14 BLAGNSs as detailed below.

11
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Extended Fig. 1 Decomposing the continuum SED into AGN and galaxy components
for the final sample of 14 BLAGNSs. The blue curves represent the flux-calibrated prism spectra.
Emission lines were masked when generating the synthetic SEDs for CIGALE fitting. The red and gray
curves show the best-fit AGN and stellar templates derived using CIGALE, respectively. The purple
curve represents the resolution-matched stellar template in the medium-to-high resolution grating
used to identify each BLAGN (see Extended Table 2), generated by Bagpipes [74]. The orange dashed
curve represents the combined AGN and stellar models.

Spectral decomposition and broad-line AGN identification
Among the 92 massive galaxies, 52 objects have medium-to-high resolution spec-

troscopy obtained with the G235M, G235H, G395M, or/and G395H gratings covering
the Ha region. These objects constitute the parent galaxy sample for our BLAGN
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search. BLAGNs are identified by detecting a broad Ha component, after ruling out
an outflow origin [3, 4, 75]. We use 1mfit [76] for spectral decomposition and fitting
quality assessment, which applies the Levenberg-Marquardt optimization algorithm to
minimize the likelihood function. Since the data reduction pipeline typically underes-
timates the flux uncertainties, we compare the continuum scatter around the emission
lines to the median value of the error spectrum in the same wavelength range. The
error spectrum is then rescaled by their ratio.

The spectral fitting is restricted to 41 objects with SNR (Ha 4 [N11]) > 20 and
starts with the default Model A, which consists of three Gaussian profiles for the
[N11] doublets and Ha. The flux ratio of [N11] A6549 and [N11] A6585 is fixed at the
theoretical value of 1:2.9. The [S1] A6718 and [S1I] A6732 doublets are fitted simul-
taneously to facilitate decomposition of Ha and [N11] if detected with SNR > 5,
allowing a free flux ratio. All narrow lines are forced to have the same width and
velocity offset. A broad Gaussian component, centered on the narrow Ha line, is then
added to represent the broad Ha component (Ha p; Model B). The Bayesian Infor-
mation Criterion (BIC), defined as BIC = x? + k In(n), where k is the number of
free parameters and n is the number of data points, is used to evaluate the signifi-
cance of the broad component under assumptions of Gaussian uncertainties. Detection
of the broad component is deemed significant if FWHM (broad) > 1000 km s~!,
FWHM (broad) > 2 x FWHM (narrow), and the fit improves by ABIC (A — B) > 10
[77].

However, the broad component is not necessarily related to the BLR, as it could
arise from the superposition of the three outflow components associated with the
narrow Hoa and [N 11] lines, although such cases are rare in recent JWST study of high-
redshift AGNs [75]. To address this, an additional procedure is applied to sources with
a detected broad Ha component in the previous step. We first examine the [S11] and
[O 111] AN4959, 5007 lines if either is detected with SNR > 5. If an outflow component
is identified in either line, evidenced by ABIC > 10 when an additional Gaussian
component improves the fit, a corresponding outflow component is included in the
joint fit of all narrow lines around Hoa (Model C). The width, velocity offset, and
relative flux ratio of the outflow component to the narrow core component are forced
to be identical and cannot exceed those of [O111], as outflow features are typically
much weaker in He, [N11] and [S1] [78]. The presence of a BLR is then evaluated
by adding a broad Ha component centered on the narrow Ha line (Model D), with
ABIC (C — D) > 10 required for detection. If no outflow component is detected in
[S11] or [O111], the presence of a BLR is claimed. In cases where [O111] and [S1I] are
undetected or not covered, Model B with few parameters is preferred over Model C
if it yields a lower BIC value, indicating no evidence for outflows and supporting the
BLR interpretation [75].

Each line is convolved with the line spread function (LSF) in the fitting. The LSF
provided by JDOX is valid only for uniformly illuminated sources, which significantly
underestimates the actual spectral resolution [3, 79]. Therefore, we use msafit to
model the LSF, which measures the realistic spectral resolution by forward modeling
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the light trajectory on the JWST detector for a given source position [79]. As a ref-
erence, the typical resolution for the Ha line in the G235M, G235H, G395M, G395H
gratings is 150 km s™!, 50 km s~!, 200 km s~!, and 80 km s!, respectively.

The continuum model is adopted from SED fitting, which accounts for the impact
of Balmer absorption on the observed emission line profile, significant in many massive
galaxies. Since the SED model produced by CIGALE has low spectral resolution, we
use Bagpipes [74] to generate the stellar continuum at a resolution matched to the
NIRSpec gratings. The best-fit stellar parameters from CIGALE and the LSF obtained
using msafit are provided as inputs to the model_galaxy module in Bagpipes. The
resulting resolution-matched stellar template is scaled by ~ 1.07 to account for the
Kroupa-to-Chabrier IMF conversion between Bagpipes and CIGALE with negligible
differences in the detailed spectral features. It is then combined with the featureless
AGN continuum from CIGALE to form the continuum model used in spectra fitting,
as shown in Extended Fig. 1. The center of the Balmer absorption line is tied to the
narrow Ha line, with its normalization fixed to the median value of the line-free region
around Ha. The narrow line centers are allowed to vary by < 1 A relative to the
redshift reported by DJA. When multiple spectra with different instrument settings
from various programs are available for the same object, we report the result with the
highest ABIC.

This spectral fitting procedure identifies 16 BLAGNs with SNR(Ha ) > 5. We
then visually inspected their spectral and SED fitting results, along with images,
to select the final BLAGN sample for studying the Mgy — M, relation. The total
flux used to calibrate the prism spectrum of 13025-JADES-GS was contaminated
by nearby companions not successfully deblended by ASTRODEEP. We recalibrated
the spectrum using PSF-matched photometry within a 0.”5-diameter aperture, which
captures most of the emission from the BLAGN, and repeated the SED fitting. The
updated stellar mass is ~ 0.3 dex lower but remains consistent with a massive galaxy
(log M, /Mg ~ 10.34). Additionally, we excluded two objects due to uncertain stellar
mass estimates. Specifically, 106980-PRIMER-UDS exhibits a peculiar SED shape
that cannot be fitted by our SED models, resulting in highly uncertain stellar mass
estimates. 55620-PRIMER-UDS shows a characteristic V-shaped SED of little red dots
[80]. The origin of this shape remains debated, with different interpretations (e.g.,
scattered AGN light or a combination of a blue galaxy and a reddened AGN) leading
to orders of magnitude differences in the derived stellar mass [81]. Consequently, our
final sample contains 14 BLAGNs hosted in “normal” massive galaxies, providing a
lower limit of ~ 27% (14/52) for the fraction of BLAGNS in our massive galaxy sample.

Extended Fig. 2 presents the best-fit spectral decomposition results for these 14
BLAGNSs. In addition to the broad and blueshifted outflow components detected
in the [Om1] spectra of 16713-CEERS, 27578-JADES-GS, and 24748-JADES-GS,
which were included when fitting their Ha and [N11] lines, a broad and symmetric
BLR Ha component is required to properly fit the residual emission both blueward
of [N11] A6549 and redward of [N11] A6585 in all three objects. For comparison, the
outflow-only model for these objects is displayed in Extended Fig. 3. The inclusion
of the BLR Ha component significantly improves the fit by ABIC > 200 (Extended
Table 2). For the remaining 11 objects, the outflow component is undetected in
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[O1m] or [S11] for 9 objects, supporting the BLR interpretation. For the other 2
objects (81571-PRIMER-UDS and 63546-JADES-GS), where [O111] and [S11] are not
detected or covered, the BLR origin for broad He is favored over outflows based on
their lower BIC values.
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Extended Fig. 2 Medium- and high-resolution spectra of the 14 BLAGNSs identified
in this work. The blue solid curve and shaded region represent the observed spectrum and flux
uncertainties after subtracting the best-fit stellar continuum (orange dashed curve). The black solid
curve represents the combined emission line model from a multi-component Gaussian fit. The purple
dash-dotted curve represents the narrow [N11] and [S11] lines. The cyan and red dashed curves show
the narrow and BLR Hea lines. The green dashed curve displays the outflow component.

16



4| 16713 CEERS wHa 175 27578 JADES-GS 80| 24748_JADES-GS

~~ Outflow [Nl 6585
Model
100

Ha
NI 6549
low (NIl 6585

Fr (1072 ergs™t cm~2 A7)
Fa (10722 erg s~ cm~2 A1)
Fy(107% ergs™t cm~2 A1)

—= 0.0 Hipbre® " -
6600 6700 6500 6600 6700 6500 6600
Wavelength (A) Wavelength (A) Wavelength (A)

Extended Fig. 3 Outflow-only fitting results for 16713-CEERS, 27578-JADES-GS, and
24748-JADES-GS with a detected outflow component. The meaning of each component is
the same as in Extended Fig. 2. In all cases, the outflow-only model produces poorer fits (BIC values
higher by > 200) both blueward of [N 11] A6549 and redward of [N 11] A6585 compared to models that
include the BLR Ha component, as shown in Extended Fig. 2.

Black hole mass and bolometric luminosity of AGNs

The BH masses in AGNs can be determined by analyzing the motion of gas in
the BLR, which is governed by the BH’s gravitational potential. Empirical relations
were established between the width and luminosity of the broad line and the size and
velocity of the BLR, enabling BH mass estimates using the so-called single-epoch virial
estimator [28, 29]. Although the virial estimator is calibrated on a small sample of
local reverberation mapped AGNs, and its applicability to the high-redshift universe
is uncertain, it is the only consistent approach for measuring BH masses in our AGNs
and other overmassive AGN samples in the literature.

In this work, we adopt the Ha-based virial estimator from [31] to be consistent
with most studies®:

My Lya FWHM
— 6.57+047log [ —1 ) 4+ 2.06log [ ——— |, (1
o) 0-57+0.47log 1042 erg s~ 1 + & | 1000 km s (1)

where Ly, and FWHM represent the luminosity and line width of the broad Ha
component, respectively. The Ha luminosity is corrected for dust extinction using the
Ay of the polar dust component derived by CIGALE. Our BLAGNs typically have
Ay ~ 0.5 mag, consistent with that of LDs [3]. Since none of our BLAGNs are in
the ABELL2744 field, no correction for the cluster magnification effect is needed.
The intrinsic scatter of the Ha-based BH mass estimator is ~ 0.35 dex [29]. The BH
mass uncertainties are computed as the quadratic sum of the intrinsic scatter and
the statistical uncertainty propagated from the line width and flux measurements in
spectral fitting. An additional systematic uncertainty arises from the specific choice
of the virial estimator, which is not included in the reported BH mass uncertainties.
For reference, adopting the latest recipe from [82] and that from [32] results in even
lower BH masses by ~ 0.17 and ~ 0.27 dex, respectively.

The AGN bolometric luminosity is derived from the correlation between the broad
Ha luminosity and the continuum luminosity at 5100 A, following the relation in [32)]

5The BH masses of literature AGN samples used in this work were recalibrated using the same broad Ha
based recipe adopted here, if a different one was used in the original paper.
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and assuming a continuum bolometric conversion factor of 9.26 [83]. The Lyq — L5100
relation has an intrinsic scatter of ~ 0.2 dex, which is added in quadrature to the
uncertainty in the derived L. Additionally, Ly, can be directly estimated from
the 5100 A luminosity using the decomposed AGN continuum derived from CIGALE,
corrected for extinction effects caused by polar dust. The comparison between the two
measurements in Extended Fig. 4 demonstrates their consistency, with no systematic
offset and within the scatter (~ 0.3 dex) observed for ~ 24,000 SDSS quasars at
z < 0.58 that have Ha coverage [84]. This consistency effectively validates our spectral
and SED decomposition results, where the reddening from the polar dust is the only
free parameter controlling the shape of the AGN continuum.
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Extended Fig. 4 Comparison of AGN bolometric luminosities estimated from the
decomposed AGN 5100 A continuum luminosity in CIGALE and from the broad Ha lumi-
nosity using the Ly, — L5100 relation in [32], assuming a continuum bolometric conversion factor
of 9.26 [83]. Both luminosities are corrected for extinction using the Ay of the polar dust component.
Each data point is color-coded by the AGN fraction at rest-frame 5100 A. The solid black line and
the blue shaded region represent the 1:1 relation and its & 0.3 dex offset.

Extended Table 2 summarizes the derived SMBH and stellar properties of the
14 BLAGNs. Two objects were previously reported as BLAGNs in the literature.
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[75] reported a BH mass of log Mpn/Mg ~ 7.65 for 70720-CEERS (named as
RUBIES-UDS-58237 in their paper), which is in good agreement with our result
(log Mpu /Mg ~ 7.53). Similarly, 7115-JADES-GN was studied in detail by [85],
where the reported values of log Mpn/Mg ~ 7.31 and log M, /Mg ~ 10.63 are
consistent with ours (log Mpu/Mg ~ 7.61, log M, /Mg ~ 10.44).

Physical properties of faint broad-line AGNs

The measured BH and stellar masses in Extended Table 2 show that, except for
16713-CEERS, the most luminous BLAGN identified in this work with Mgy /M, ~
10%, the remaining 13 faint BLAGNs have an average Mpn /M, of ~ 0.1%, consis-
tent with the local value [7]. The decomposed stellar continuum for most faint AGNs
(except 27578-JADES-GS) exhibits a characteristic shape typical of post-starburst
galaxies and quiescent galaxies (Extended Fig. 1). As a sanity check, we verified that
adding a recent burst or allowing abrupt quenching of recent star formation using
the sfhdelayedbq module in CIGALE, or adding a nebular line model without mask-
ing emission lines in the fitting when generating the synthetic SEDs, has a negligible
impact on the SED decomposition result and the derived stellar masses (AM, < 0.1
dex). Even with a burst component, the strong continuum emission blueward of the
Balmer break in 7435-PRIMER-UDS is still primarily attributed to the AGN compo-
nent in the CIGALE fitting, although there may be a low level of residual star formation.
Therefore, the identification of normal and undermassive BHs and their declining SFH
are robust against choices of SED models. The low Mpy /M, ratio also holds for the
eight most reliable BLAGNs with SNR(Ha ;) > 10 and ABIC > 20 (Extended Table
2).

The bolometric luminosities and BH masses of our AGNs are comparable to those
of LDs. However, as shown in Extended Table 2, our narrow [N11] A6585/Ha ratios
are ~ 25 times higher [3, 4], suggesting that these AGNs reside in massive, chemi-
cally enriched galaxies. The quenching nature of most objects and their high [N 11]/Ha
ratio (~ 0.8 on average) further support the presence of AGNs, as the contribution
from ongoing star formation to the emission lines is minimal, although the role of
shock heating remains uncertain [3, 86]. These high-redshift analogs of local, chemi-
cally enriched AGNs with Mg/ M, ~ 0.1% represent the long-sought “normal” BH
population in the distant Universe.
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