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ABSTRACT

JWST has identified a large population of faint, broad-line active galactic nuclei (AGN) in the early
universe that are powered by black holes (BHs) that often appear overmassive relative to their host
galaxies. In this study, we examine the relationship between BH mass and galaxy stellar mass at
3 < z < 7 using a sample of 70 broad-line AGN identified using NIRSpec/G395M spectroscopy from
the CEERS, JADES, and RUBIES surveys. Roughly half (43%) of our sample appear heavily reddened
and are classified as little red dots (LRDs). We estimate BH masses (Mpp) using single-epoch virial
techniques, while host stellar masses (M,) are inferred using a combination of two-dimensional surface
brightness profile fitting and spectral energy distribution modeling. We find that a majority of our
sources (50/70) have Mgy /M, ratios that are 1-2 dex higher than that observed in AGN locally. Using
a forward-modeling Bayesian framework that accounts for uncertainties, intrinsic scatter, and selection
effects, we infer a Mpy—M, relationship that is > 30 above the relationship measured for local broad-
line AGN. We derive an intrinsic scatter in this relationship of 0.9 dex, which does not vary over the
redshift range of our sample. We also find that the Mgy /M, ratio increases by 2.3 dex from z = 3.5
and z = 6.5 with a confidence level of > 30. We attribute this trend with the increasing fraction
of LRDs in our sample at z > 4 as their host masses are ~ 1 dex lower than the non-LRD AGN in
our sample. These results support a picture in which the BHs powering JWST’s broad-line AGN are
genuinely overmassive and become increasingly so with redshift. We discuss the implications of our
findings on early BH growth relative to that of their host galaxies and the constraints it places on BH

seeding models.
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1. INTRODUCTION

Studies over the past three decades have found
that supermassive black holes (SMBHs) are univer-
sally found at the centers of massive galaxies and
that their growth is connected to that of their hosts.
The latter is evidenced by scaling relations between
the mass of the central black hole (BH) and a va-
riety of galaxy properties, such as their velocity
dispersion and bulge mass (Kormendy & Richstone
1995; Magorrian et al. 1998; Gebhardt et al. 2000;
Ferrarese & Merritt  2000; McConnell & Ma  2013;
Kormendy & Ho 2013; Sun et al. 2015), as well as
similarities between the cosmic star formation rate
density and the BH accretion rate density with
redshift  (Boyle & Terlevich  1998; Heckman et al.
2004; Silverman et al. 2009; Madau & Dickinson 2014;

Aird et al. 2015). How and when the scaling relation-
ships observed in the local universe are put in place and
whether they evolve with redshift are still very much
open questions.

In recent years, JWST has provided an ex-
traordinary view of BHs in the early wuniverse
by pushing the BH horizon to higher redshifts
(z = 9 — 11; Maiolino et al. 2024; Bogdén et al.
2024; Napolitano et al. 2025; Taylor et al. 2025a) and
lower masses (10° < Mg < 10% Onoue et al.
2023; Kocevski et al. 2023a; Harikane et al. 2023;
Matthee et al. 2023; Maiolino et al. 2023) than pre-
viously possible.  These lower-mass BHs, in par-
ticular, are more representative of the underlying
BH population than bright quasars and are poten-
tially the key to constraining models of BH seed-
ing (Pacucci et al. 2017; Pacucci & Loeb 2019; Li et al.
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2023; Fragione & Pacucci 2023) and the early co-
evolution of galaxies and BHs (Yung et al. 2021;
Habouzit et al. 2022; Inayoshi et al. 2022; Pacucci et al.
2023).

Roughly a third of the broad-line AGN identi-
fied with JWST appear heavily reddened in the
rest-frame optical, yet have relatively blue colors in
the rest-frame ultraviolet (UV) (Kocevski et al. 2023a,;
Harikane et al. 2023; Furtak et al. 2024; Matthee et al.
2023; Greene et al. 2023; Killi et al. 2023; Hviding et al.
2025). Sources with this “v-shaped”, red plus blue
spectral energy distribution (SED) have come to be
known as “little red dots” (LRDs) in the literature
(Matthee et al. 2023). LRDs are now thought to
be a previously-unknown population of gas-enshrouded
AGN (Inayoshi & Maiolino 2025; Naidu et al. 2025;
Taylor et al. 2025a) that are ubiquitous at high red-
shifts, but whose number density declines rapidly be-
low z ~ 4 (Kocevskietal. 2025; Ma et al. 2025;
Zhuang et al. 2025; Bisigello et al. 2025).

A key property of the broad-line AGN identified
with JWST at high redshifts, including the LRDs,
is an elevated BH to galaxy stellar mass ratio. Sev-
eral studies have reported BH masses that are 1-
10% of their host masses (Kocevskiet al. 2023a;
Harikane et al. 2023; Ubler et al. 2023a; Furtak et al.
2024; Maiolino et al.  2023; Kokorev et al.  2023;
Yue et al. 2024; Kocevski et al. 2025; Juodzbalis et al.
2025a), which is higher than the 0.1% commonly found
in local AGN (see, e.g., Reines & Volonteri 2015). In
some exceptional cases, the BH mass is estimated to be
even higher than the galaxy stellar mass; for instance,
Juodzbalis et al. 2025b reports the detection of a LRD
at z = 7 with MBH/M* > 2.

There is significant debate in the literature as to
whether these findings signal an evolution of the Mgy —
M, relationship towards overmassive BHs at higher
redshifts (Pacucci et al. 2023; Pacucci & Loeb 2024;
Durodola et al. 2025) or if these sources are simply the
massive, biased tail of a larger population of AGN that
lie below the detection threshold of JWST (Sun et al.
2024; Li et al. 2025a; Silverman et al. 2025, Brooks et
al., in preparation).

Several models have pointed out that the Mpyg —
M, relationship should evolve with redshift based
on gas availability or self-regulation arguments
(Wyithe & Loeb 2003; Caplar et al. 2018; Yang et al.
2017; Inayoshi & Ichikawa 2024; Pacucci & Loeb 2025);
however, observational studies out to z ~ 3 have pro-
duced mixed results (e.g., Peng et al. 2006; Jahnke et al.
2009; Decarli et al. 2010; Suh et al. 2020; Tanaka et al.
2025). Furthermore, there is no consensus from cos-

mological simulations as to whether the Mpu/M, ra-
tio is higher or lower at higher redshifts compared
to the local Universe, however most fail to reproduce
the overmassive BH population observed with JWST
(Habouzit et al. 2022). There is also the possibility
that the scatter of the high-redshift relationship is
higher than that observed locally due to the effects
of merger-averaging, which reduces the intrinsic scat-
ter at lower redshifts (Peng 2007; Hirschmann 2011;
Jahnke & Maccio 2011a).

In this paper, we make use of the largest sample of
JWST-identified broad-line AGN yet compiled in the
redshift range 3 < z < 7 to statistically investigate
the nature of the Mpy — M, relationship in the early
universe and its potential evolution with redshift. We
make use of a forward-modeling Bayesian framework
that accounts for selection biases to infer the intrinsic
Mpy — M, relationship at these redshifts (Pacucci et al.
2023).

We present our analysis as follows. In Section 2, we
describe the JWST imaging and spectroscopic data used
for this study, while Section 3 describes our sample se-
lection and the properties of the broad-line AGN used
in this work. Section 4 describes the methodology used
to measure our BH and galaxy stellar masses, as well
as the forward modeling approach used in determin-
ing the intrinsic My — M, scaling relationship. We
present our results in Section 5 and discuss the impli-
cations of our findings in Section 6. Throughout this
paper we use the following cosmological parameters:
Hy =70 km s~ Mpc™%; Qor, O, O = 1,0.7,0.3.

2. DATA DESCRIPTION & REDUCTION
2.1. NIRCam Imaging

In this study, we make use of JWST NIRCam imag-
ing from the Cosmic Evolution Early Release Sci-
ence Survey (CEERS; Finkelstein et al. (2025a)), the
JWST Advanced Deep Extragalactic Survey (JADES;
Eisenstein et al. (2023)), and the Public Release
IMaging for Extragalactic Research survey (PRIMER
Dunlop et al. 2021). For the JADES survey, we make
use of the public NIRCam mosaics made available as
part of the JADES second data release!. The CEERS
and PRIMER NIRCam data were processed using the
JWST Calibration Pipeline® (versions 1.8.5 and 1.10.2,
respectively) with custom modifications described in
Finkelstein et al. (2025a) and Bagley et al. (2022). The
resulting images were registered to the same World Co-

I https://archive.stsci.edu/hlsp/jades
2 http://jwst-pipeline.readthedocs.io/en/latest/
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ordinate System reference frame (based on Gaia DR1.2;
Gaia Collaboration et al. 2016) and combined into a sin-
gle mosaic for each field using the drizzle algorithm with
an inverse variance map weighting (Fruchter & Hook
2002; Casertano et al. 2000) via the Resample step in
the pipeline. The final mosaics in all fields have pixel
scales of 0”703 /pixel.

Source detection and photometry on the NIRCam
mosaics were computed on PSF-matched images us-
ing SExtractor (Bertin & Arnouts 1996) version 2.25.0
in two-image mode, with an inverse-variance weighted
combination of the PSF-matched F277W and F356W
images as the detection image. Photometry was mea-
sured in all of the available NIRCam bands in each
field, as well as the F606W and F814W HST bands
using public data from the CANDELS and 3D-HST
surveys (Grogin et al. 2011; Koekemoer et al. 2011;
Brammer et al. 2012; Momcheva et al. 2016). Two runs
of SExtractor were conducted in a hot+cold setup sim-
ilar to the process described in Galametz et al. (2013).
Sources are first selected with conservative (cold) detec-
tion parameters, designed not to split up large, bright
galaxies, followed by a more aggressive (hot) run, which
is performed to identify fainter objects. Objects from
the hot catalog that fall outside the segmentation map
from the cold run are added to the final photometry cat-
alog. Our analysis of the NIRCam imaging data is simi-
lar to that described in Finkelstein et al. (2024); hence,
we refer the reader there for additional details.

2.2. NIRSpec Spectroscopy

The NIRSpec observations used in this study consist
of data from the Cycle 1 CEERS survey (JWST ERS
#1345, PI Finkelstein Finkelstein et al. 2025b; the Cy-
cle 2 RUBIES survey (JWST GO #4233, PIs de Graaff
and Brammer, de Graaff et al. 2025); and the Cycle 1
JADES survey (Eisenstein et al. 2023). The CEERS
data consists of six MSA pointings in the EGS field,
while the RUBIES data consists of six MSA pointings
in EGS and 12 pointings in the UKIDSS Ultra Deep
Survey (UDS) field. For this study, we only make use of
NIRSpec observations taken with the G395M/F290LP
R ~ 1000 grating/filter pair.

The CEERS observations used a three-nod dither pat-
tern and the NRSIRS2 readout mode with 14 groups per
nod, resulting in a total exposure time of 3107 s. The
RUBIES observations used a three-nod dither pattern
with the NRSIRS2RAPID readout mode with 65 groups
per nod, resulting in a total exposure time of 2889 s. The
details of the JADES observations, which used multiple
configurations, can be found in Bunker et al. (2023) and
Maiolino et al. (2023).

For the JADES spectroscopic data, we made use of the
reduced 1D spectra made available as part of the JADES
third data release. The CEERS and RUBIES data
were independently reduced as described in Taylor et al.
(2025b) using version 1.13.4 of the JWST Science Cal-
ibration Pipeline with the Calibration Reference Data
System (CRDS) mapping 1215, starting from the Level 1
uncalibrated data products (“_uncal.fits” files) available
on MAST. Custom parameters were used for the jump
step at the detector-level calibration for a better treat-
ment of the “snowballs”? produced by high-energy cos-
mic ray events, and a nodded background subtraction
was adopted.

The reduced two-dimensional (2D) spectra (“s2d”)
have a rectified trace with a flat slope. To best optimize
the extraction of one-dimensional (1D) spectra from the
2D spectra, we perform a weighted extraction based on
the methodology of Horne (1986). Briefly, for a given
spectrum, we take the median of the 2D spectrum along
the spectral direction to produce a spatial profile for the
source. We then identify the central peak of this profile,
which corresponds to the source’s spectral trace. We
then set all pixels in the spatial profile that are not a
part of this central feature to zero and normalize the
area under this masked spatial profile to one. We then
use the normalized profile as the variable P in Table 1 of
Horne (1986) and follow the prescription given therein
to extract an optimized 1D spectrum.

3. SAMPLE DESCRIPTION

For this study, we make use of 70 broad-line AGN at
3 < z < 7 that were previously identified with NIRSpec
by five studies: Kocevski et al. (2023a), Harikane et al.
(2023), Maiolino et al. (2023), Kocevski et al. (2025),
and Taylor et al. (2025b). The coordinates and redshifts
of these AGN are listed in Table 1. Five sources reported
in Kocevski et al. (2023a) and Harikane et al. (2023)
were identified using the CEERS dataset, eight sources
from Maiolino et al. (2023) were found in the JADES
dataset, and the remaining 57 sources were found using
the RUBIES dataset.

The redshift distribution of our broad-line AGN sam-
ple is shown in Figure 1. Roughly 43% (30 sources) of
our sample appear heavily reddened and are classified as
LRDs, based on the criteria developed in Kocevski et al.
(2025); i.e., they have a compact morphology and a “v-
shaped” SED such that they are red in the rest-optical
and blue in the rest-UV.

3 https://jwst-docs.stsci.edu/data-artifacts-and- features /snowballs-and-shov
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Table 1. Properties of Our Sample of Broad-line AGN

ID RA Dec Zspec FHa,broad FWHMHa,broad log (MBH/M@) log (M*/M@) LRD
(J2000) (J2000) (10718 erg s7! cm™2) (km s™1)

Kocevski et al. (2023)

CEERS 746 214.809142 52.868484 5.624 4.52+0.45 1800200 7.19%51% 7.9940.37 1

CEERS 2782 214.823453 52.830281 5.241 5.6240.72 2060290 7.3215 1% < 9.53 0
Harikane et al. (2023)

CEERS 397 214.836197  52.882693  6.000 4.27 +0.39 20914158 7.3470-08 9.21 +0.33 0

CEERS 672 214.889677 52.832977  5.666 2.76+0.24 1504+193 6.9370-1% 8.33+0.24 1

CEERS 1236 215.145208  52.967279  4.484 2.38+0.24 2959+0.24 7.39701% 9.04+0.24 0
Maiolino et al. (2023)

JADES-GN 954 189.15197  62.25964  6.760 1.7340.07 1911+126 7.6070:07 8.92+0.76 1

JADES-GN 1093 189.17974  62.22463  5.595 1.2740.30 15914252 6.8110-29 7.8240.32 1

JADES-GS 8083 53.13284  -27.80186 4.648 3.35+0.21 1750130 7.0170:08 8.50+0.24 0

JADES-GN 11836 180.22059  62.26368  4.409 4.09+0.35 1518+171 6.9070:1% 8.54+0.72 0

JADES-GN 20621  180.12252  62.29285  4.681 3.36+0.40 1670£475 6.977035 < 9.08 0

JADES-GN 61888  180.16802  62.21701  5.875 3.31+0.25 1320£133 6.861 019 8.24+0.32 1

JADES-GN 62309  180.24898  62.21835  5.172 1.2240.24 986.8+144 6.347015 8.34+0.31 0

JADES-GN 77652 180.29323  62.199  5.229 3.59+0.47 922.4+204 6.5170-22 8.04+0.89 0

Kocevski et al. (2025)
RUBIES-EGS 37124 214.99098  52.916523 5.684 9.00+0.37 1520£115 7.187007 8.42+0.37 1
RUBIES-EGS 42046  214.79537  52.788848 5.280 1.9740.01 3300460.0 8.4710-02 8.96+0.46 1
RUBIES-EGS 42232  214.88680  52.855376  4.955 3.76+0.06 1850£50.0 7.5810-0% 8.71+0.46 1
RUBIES-EGS 49140  214.89225  52.877406 6.687 4.54+0.47 5420370 8.727058 9.0140.35 1
RUBIES-EGS 55604  214.98304  52.956006 6.986 1.88+0.11 41804480 8.55701% 9.0540.52 1
RUBIES-EGS 60935  214.92338  52.925588 5.288 1.93+0.03 1670+60.0 7.3975:0% 8.4940.29 1
RUBIES-EGS 61496  214.97245  52.962196  5.079 2.3140.17 1800300 7.001515 8.6840.46 1
RUBIES-EGS 926125  215.13706  52.988557  5.286 4.48+0.13 1690+70.0 7.10+0.04 8.3240.36 1
RUBIES-EGS 927271  215.07826  52.948504 6.786 9.60+1.9 14104200 6.747015 8.70+0.36 1
RUBIES-UDS 40579  34.244190  -5.245834  3.103 1.49:£0.08 2700130 8.297052 8.0940.51 1
RUBIES-UDS 50716 ~ 34.313132  -5.226765  6.17 1.8340.27 22804220 7.267019 8.16+0.43 1
RUBIES-UDS 59971  34.260537  -5.209120  5.365 1.1240.18 1540280 6.7470-28 8.61+0.48 1
RUBIES-UDS 63166  34.312143  -5.202546  6.518 3.08+0.50 22004400 7.3610°33 < 9.92 0
Taylor et al. (2025)

RUBIES-EGS 920 214.052344 52.884268 3.616 1.1340.076 831.7+196 6.2170:23 8.86+0.19 0
RUBIES-EGS 6411 215109185 52.939770  4.880 1.1540.14 1118+132 6.417013 8.45+0.26 0
RUBIES-EGS 13872  215.132933 52.970705 5.261 1.1840.32 1510£165 6.727012 8.14+0.49 0
RUBIES-EGS 15825  215.079264 52.934252  3.666 64.8+2.4 33434179 8.08170:0% <104 0
RUBIES-EGS 19174  214.860840 52.784773 3.774 8.15+2.0 672.588£79.4 6.2370-12 10.840.73 0
RUBIES-EGS 28812  214.924149  52.849050  4.223 9.36+0.20 2191463.0 7.37170:08 9.01+0.43 1
RUBIES-EGS 20489  215.022071  52.920786  4.543 24.4+1.0 20914161 7.5610 08 8.65+0.39 1
RUBIES-EGS 34978  214.861690 52.818438 3.772 19.84+1.2 1357+77.6 7.047008 9.81+0.19 0
RUBIES-EGS 37032  214.849388 52.811824 3.850 11.940.58 1969+167 7.2870-08 8.67+0.33 1
RUBIES-EGS 46985  214.805654 52.809497  4.963 6.8140.33 1389+151 6.987010 9.0440.70 0
RUBIES-EGS 50052  214.823454 52.830277  5.240 14.4+0.27 2092+60.3 7.52+5:03 8.2840.36 0
RUBIES-EGS 50522  214.855980 52.854661 3.614 1.09£0.03 15154424 6.537027 10.3£0.12 0
RUBIES-EGS 50812  214.845487 52.848281 3.519 1.13£0.076 1850266 7171513 8.2240.38 1
RUBIES-EGS 58237  214.850571 52.866030 3.651 7.66+0.27 2002+46.9 7.651003 < 10.9 0

NoTE—AIl line widths are reported after correcting for instrument broadening. The relationship of Reines et al. (2013) used to
derived our BH masses has a scatter of ~ 0.5 dex, which will dominate over our measurement uncertainties.
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Table 1. Properties of Our Sample of Broad-line AGN (continued)
ID RA Dec Zspec FHa,broad FWHMHQ)bmad log (MBH/M@) log (M*/M@) LRD
(J2000) (J2000) (10718 erg s7! cm™2) (km s~ 1)
Taylor et al. 2025

RUBIES-UDS 5496  34.405872  -5.312051  3.655 7.1440.98 1810+407 7.0819-21 9.9440.31 0
RUBIES-UDS 8895  34.363041 -5.306108  3.982 19.241.3 1517+57.9 7.1615:02 11.0+£0.08 0
RUBIES-UDS 10036  34.381671  -5.303742  3.806 10.9+0.54 1205+64.5 6.8279:96 < 9.65 0
RUBIES-UDS 11721  34.411039  -5.300780  3.978 1.65+0-23 1689+110 6.7615:98 9.8240.31 0
RUBIES-UDS 18302  34.233628  -5.283850  3.698 2.7340.31 14824260 6.7119:17 10.4+£0.76 0
RUBIES-UDS 19484  34.232426  -5.280654  4.656 1.21+0.16 1288+229 6.5370-27 < 9.80 0
RUBIES-UDS 19521  34.383672  -5.287732  5.669 2.8240.30 16824211 7.031913 8.1440.92 1
RUBIES-UDS 21944  34.469218  -5.283563  3.526 7.4940.79 1739+161 7.03+0:01 10.3+0.23 0
RUBIES-UDS 22304  34.399170  -5.283007  3.906 2.73+7.4 747.44+89.2 6.1227:8:}2 8.48+0.20 0
RUBIES-UDS 29813  34.453355  -5.270717  5.440 8.15+0.36 2329£168 7.527:8:8; 8.29+0.35 1
RUBIES-UDS 30969  34.296356  -5.268672  4.000 11.8+1.2 1018+44.5 6.71f8:82 9.73+0.23 0
RUBIES-UDS 35974  34.331644  -5.260593  4.367 5.76£0.68 11014141 6.67f8:%g 10.1£0.16 0
RUBIES-UDS 46885  34.291666  -5.233788  3.730 7.83+0.51 781.0£26.9 6.35f8:§é 7.97+0.25 0
RUBIES-UDS 48507  34.284578  -5.230702  4.468 4.69£0.38 765.56+37.3 6.32f8:82 7.87£0.52 0
RUBIES-UDS 61627  34.238394  -5.205775  3.654 3.06+£0.57 1586+114 6.79f8:%(1) 10.5£0.41 0
RUBIES-UDS 63139  34.230848  -5.202607  4.435 2.06+£0.30 12404105 6.58f8:%(1) 8.00+0.62 0
RUBIES-UDS 119957 34.268908 -5.176722  4.149 8.61+0.28 1908+94.0 7.22f8:8§ 8.07£0.45 1
RUBIES-UDS 139709 34.296002 -5.149895  5.685 36.7£1.5 2366138 7.86f8:82 8.65+0.41 1
RUBIES-UDS 143683 34.316389  -5.144678  4.226 3.90+0.28 13514203 6.76f8:%é 8.74+0.85 0
RUBIES-UDS 146995 34.331043  -5.139963  3.732 25.241.5 1403487.0 7127097 < 10.8 0
RUBIES-UDS 147411 34.360718  -5.139081  3.966 4.16£0.31 1667+£298 6.93f8:%8 < 8.78 0
RUBIES-UDS 150323 34.417822 -5.5287732 3.618 9.2040.32 18044109 7.1219-5¢ 8.9440.54 1
RUBIES-UDS 153207 34.493112  -5.130999  3.597 177+43.6 1287+27.8 7.42+9:02 10.2+0.25 0
RUBIES-UDS 155916 34.317031  -5.127611  4.098 2.4640.20 1595+154 6.801910 10.7+0.58 0
RUBIES-UDS 172350 34.368951  -5.103941  5.580 32.040.71 1884471.7 7.6310:54 8.2340.47 1
RUBIES-UDS 174752  34.205808  -5.100500  6.039 4.39+0.25 1496+110 7.18+6-06 8.9440.64 0
RUBIES-UDS 182791 34.213813  -5.087050  4.718 31.440.41 29364203 7.93+9-02 9.0040.58 1
RUBIES-UDS 807469 34.376139  -5.310366  6.778 4.1440.49 16674197 7.191912 8.3440.53 1
RUBIES-UDS 970351  34.261900 -5.105205  5.282 5.5740.36 17314251 7.1615:13 < 9.95 0

NoTE—AIl line widths are reported after correcting for instrument broadening. The relationship of Reines et al. (2013) used to
derived our BH masses has a scatter of ~ 0.5 dex, which will dominate over our measurement uncertainties.
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Figure 1. The redshift distribution of the broad-line AGN
used in this study. The top panel shows the distribution of
our entire sample, while the bottom and middle panels show
the distribution for sources that are and are not classified as
LRDs based on the criteria of Kocevski et al. (2025). The
redshift distribution of the non-LRDs peaks at z < 4, while
that of the LRDs peaks at z > 5.

While both LRD and non-LRD sources are found over
the entire redshift range probed by our sample, their
redshift distributions skew in different directions. The
LRDs are preferentially found at higher redshifts: 4 are
located at z < 4 compared to 27 at z > 4. On the other
hand, the redshift distribution of the non-LRDs peaks
at lower redshifts: 19 are located at z < 4 and 20 at
z > 4. We discuss how this redshift distribution might
impact our findings in §6.

Finally, the bolometric luminosities, Lgo, of the sam-
ple are shown in Figure 2. Here we derive Lp, from
the broad He line luminosity (Lue) as measured in Sec-
tion 4.1 using the Lyo-Lpo) relation from Stern & Laor
(2012). The bolometric luminosities range from 10?3 to
1046 erg s—!, with a median luminosity of 1.7 x 10** erg
s~!'. The median luminosity of the LRDs in our sam-
ple is 2.1 x 10* erg s—!, while that of the non-LRDs is
1.2 x 10** erg s~ 1.
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Figure 2. Bolometric luminosity versus redshift for the

broad-line AGN used in this study. The red (blue) points
denote sources that are (are not) classified as LRDs based
on the criteria of Kocevski et al. (2025).

4. METHODOLOGY

In this Section, we detail the methodologies used for
the measurement of the BH mass (Sec. 4.1), the mor-
phology of the hosts (Sec. 4.2), and the measurement
of the stellar mass (Sec. 4.3). We conclude with a sum-
mary description of the methodology used to infer the
relation between Mpy and M, as a function of redshift
(Sec. 4.4).

4.1. Black Hole Mass Measurements

We estimate the virial BH masses of our AGN sam-
ple assuming that their broadened emission lines trace
the kinematics of gas in the broad-line region (see, e.g.,
Greene & Ho 2005). We measure line fluxes and widths
in the available NIRSpec G395M/F290LP spectra us-
ing a Levenberg-Marquardt least-squares method im-
plemented by the mpfit IDL code® as described in
Kocevski et al. (2023a). We simultaneously fit multi-
ple Gaussians for features in the Balmer and Paschen
line regions, depending on the redshift of the source.
To account for broad components, we fit lines with two
Gaussians: one narrow with width < 350 km s~! and
one broad with width > 350 km s~!. The line cen-
ters, widths, and fluxes are all free parameters and the
broad and narrow components can be kinematically off-
set from each other. When fitting Ha we also include
additional Gaussian components for the [N 11] AN6550,
6585 doublet. While the Har and [N 11] A6585 lines are
separated by roughly three times the resolution limit,

4 https://pages.physics.wisc.edu/~craigm /idl/fitting.html
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the lines will blend together in the presence of a suffi-
ciently broad Ha component. We account for this by
constraining the line widths and relative line centers of
the [N 11] doublet to that of narrow Ha. Four sources
in our sample also show blue-shifted absorption in their
Balmer and Paschen lines similar to the ones reported in
Matthee et al. (2023) and Kocevski et al. (2025). To ac-
count for this, we add an additional absorption compo-
nent to our fits of these sources. We find the absorption
features have a full-width at half maximum (FWHM) in
the range 250-500 km s~ .

Examples of our line fits for sources over the full range
of redshifts probed by our sample are shown in Figure 3.
The broad-line widths and line fluxes that we measure
are listed in Table 1. Uncertainties on our line measure-
ments are derived using a Monte Carlo approach. For
each spectral element, we perform 1000 random draws
from a Gaussian distribution whose mean is set to the
measured flux at that wavelength and whose standard
deviation is set to the error in that measurement. Our
line fitting is then repeated on all 1000 mock spectra,
and standard deviations are calculated from the result-
ing distributions.

To calculate BH masses, we follow the methodology of
Taylor et al. (2025b) and make use of the single-epoch
scaling relationship presented in Reines et al. (2013):

Mgy = 3.7x10°
i % ( 103 km g1

1042 erg s—!

Here Ly, and FWHMy,, are the luminosity and FWHM
of the broad Ha line. For RUBIES-EGS 55604 and
RUBIES-UDS 40579, where He is not visible, we make
use of the HB and P¢ line widths and luminosities, re-
spectively, assuming a HB-Ha line ratio of 2.86 and a
Pé-Ha line ratio of 46.7, consistent with Case B re-
combination. The Reines et al. (2013) relationship has
an uncertainty of roughly 0.5 dex (Reines & Volonteri
2015) which will dominate over our measurement un-
certainties. However, since the Reines et al. (2013) re-
lationship was derived for AGN at z < 0.06, these un-
certainties may increase further by applying it to higher
redshift sources.

We note that, in calculating our BH masses, we do
not correct our line luminosities for dust attenuation.
There has been considerable debate in the literature as
to whether LRDs are as dust-obscured as their red col-
ors suggest. Instead, it has been proposed that they are
enshrouded in dense gas clouds (Inayoshi & Maiolino
2025; Naidu et al. 2025; Taylor et al. 2025a), which
would help explain their general lack of hot dust emis-
sion in the near and mid infrared (Williams et al.
2023; Pérez-Gonzdalez et al. 2024; Akins et al. 2024;

Table 3. GRAHSP modules and their parameters.

Parameter

Prior

Galaxy components:

stellar_mass

[sfhdelayed]

tau_main

age
sfr A

[bc03]
imf
metallicity

separation_age

[nebular]
logU
f_esc
f_dust

lines_width

[galdale]
alpha

log-uniform between 10% and 10'° Mg

50, 100, 200, 500, 1000, 3000,
5000, 7000, 10000 Myr
50 to 10000 Myr in 20 log-uniform steps
1

1 (Chabrier)
0.02 (solar)
10 Myr

-2.0
0.0
0.0

300 km/s

0.75 to 2.75 in 32 uniform steps

AGN components

L N 0.47 FWHM N 2.06
) () v

[activate]
L_AGN

[activatelines]
AFell

Alines
linewidth

[activategtorus]
fcov

Si

COOLlam
COOLwidth
HOTfcov

HOTlam
HOTwidth

[activatepl]
uvslope
plslope
plbendloc
plbendwidth

[biattenuation]
E(B-M
E(B-V)_AGN

log-uniform between 10%® and 10°° erg/s

0.6 to 32 in 10 log-uniform steps
0.3, 0.5, 0.7, 1, 1.5, 2, 4, 10, 20
10000 km/s

0.05 to 0.95 in 18 uniform steps
-4 to 4+4 in 40 uniform steps
10 to 30 in 20 uniform steps

0.2 to 0.65 in 10 uniform steps
0.04, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0
1.2, 1.4, 1.6, 2.0, 2.5, 3, 5, 10

1 to 5.5 in 450 uniform steps of 0.01
0.2 to 0.65 in 10 uniform steps

0
-2.7 to -1 in 170 uniform steps
50. 80. 90. 100. 120. 150. nm
0.1 to 10 in 10 log-uniform steps

0.01 to 10 in 80 log-uniform steps
0.01 to 10 in 80 log-uniform steps
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Figure 3. Examples of our broad-line fits to the NIRSpec G395M spectra of six sources in our sample from the CEERS,
JADES, and RUBIES datasets. Green lines show the best-fit Gaussian for the narrow emission line component, blue lines show
the best-fit broad component, purple lines show our best-fit absorption components, and red lines show the best overall (narrow
plus broad) fit to the observed emission line (black line and shaded area). The FWHM of the broad component, corrected for
instrument broadening, is shown in the upper left of each panel.

Leung et al. 2024). Given this uncertainty and the fact
that LRDs comprise a significant portion of our sample,
we have opted not to correct their line luminosities for
dust extinction. If our broad-line AGN have significant
dust attenuation (Ay > 2), our reported BH masses may
be underestimated, such that the BHs would be even
more overmassive. However, Taylor et al. (2025b) note
that the effect of reddening on BH masses computed
this way is likely small (~0.19 dex) compared to the
~0.5 dex uncertainty from using the locally-calibrated
prescription from Reines et al. (2013).

4.2. Host Galaxy Morphologies

We assess the underlying morphology of the AGN host
galaxies using two-dimensional surface brightness profile
fitting with the GALFIT software (Peng et al. 2002). We
carry out these fits in the NIRCam F115W, F150W,
F200W, F277W, F356W, and F444W imaging (at their
native resolution) to determine if an extended host com-
ponent is visible and use this knowledge to help inform
our SED fitting. For these fits, we provide GALFIT with
empirical PSFs constructed from the NIRCam imaging
in each field and noise images that account for both the
intrinsic image noise (e.g., background noise and readout
noise) as well as added Poisson noise due to the objects
themselves. We fit each source with a single point source
component in each band and examine the residual im-
age for underlying light from the host galaxy. When ex-

tended emission is visible, additional Sérsic components
are added to help minimize the flux in our residual im-
ages. All neighboring objects down to three magnitudes
fainter than the primary source in the fitting band are
fit simultaneously using single Sérsic profiles.

Examples of our GALFIT analysis in the F200W filter
for two point-like and two extended sources are shown
in Figure 4. The second column from the left shows the
residual image after subtracting off a point-source only
model, which can help reveal if any extended component
is present, while the last column on the right shows the
residual image after subtracting our full, best-fit model.

Roughly half (52.9%) of our sample appears point-
like and is best-fit with a point-source only model. The
LRDs in our sample are more likely to have a point-
like morphology compared to the non-LRD sources.
Roughly 87% of the LRDs show no extended emission
when fit with a point-source only model. On the other
hand, extended host emission is visible for 74% of the
non-LRDs.

Although the compact size of LRDs is one of their key
characteristics, we find four LRDs in our sample that
show signs of a spatially extended host galaxy. These are
JADES-GN-954, RUBIES-UDS-40579, RUBIES-EGS-
49140, and RUBIES-EGS-50812. Our Galfit model fit
for RUBIES-UDS-40579 at z=3.103 is shown in Figure 4.
In all four cases, we find that the unresolved point source
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Figure 4. Examples of our two-dimensional surface brightness profile fitting. From left to right, the columns show F200W
images of several broad-line AGN, residual images after subtracting off our best-fit point source only model, our full, best-fit
GALFIT model, and residual images after subtracting our full, best-fit model. Images are 1.5” x 1.5” in size. Sources RUBIES-
UDS 40579, RUBIES-EGS 42046, and RUBIES-EGS 28812 are LRDs. RUBIES-UDS 40579 and RUBIES-EGS 34978 both have
extended morphologies, while RUBIES-EGS 42046 and RUBIES-EGS 28812 are best-fit using a point source only model.

component begins to dominate our two-component fits
at wavelengths longer than F277W, indicating that nu-
clear light from the AGN is responsible for the bulk of
their emission at rest-optical wavelengths.

4.3. Host Galazxy Stellar Mass Measurements

To determine the host stellar masses of our broad-
line AGN sample, we model their SEDs using GRAHSP
(Buchner et al. 2024). GRAHSP combines galaxy stellar
population and nebular emission models with a flexible,
empirically validated AGN model consisting of power-
law continuum emission from an accretion disk, broad
and narrow emission lines, and torus emission in the
infrared. GRAHSP employs a Bayesian approach to con-
strain model parameters using a nested sampling infer-
ence procedure.

For the host stellar population, GRAHSP makes use
of several modules originally developed for CIGALE
(Boquien et al. 2019; Yang et al. 2022). For this study,
we adopt a delayed-r star formation history (the
sfhdelayed module), a Chabrier (2003) initial mass
function with a solar metallicity (Z = 0.02), and
Bruzual & Charlot (2003) for the simple stellar popula-

tion (SSP) module. We add nebular emission using the
nebular module (Villa-Vélez et al. 2021) and account
for dust extinction using the biattenuation module.
The latter allows for independent attenuation of the
galaxy and AGN components using an SMC-like dust
attenuation model.

For the AGN components, we use the activatepl
module to model the power-law continuum emission
from the accretion disk, the activatelines module to
account for both narrow and broad AGN emission lines,
and the activategtorus module to add infrared emis-
sion associated with reprocessing of UV light by a dust
torus. Attenuation of the resulting AGN emission is
handled by the aforementioned biattenuation module.

Table 3 summarizes the modules used and their pa-
rameters. For the galaxy components, these follow pre-
vious CIGALE-based fits by Ciesla et al. (2015) and
Yang et al. (2020), while the AGN components generally
follow the ranges found in (Buchner et al. 2024). GRAHSP
uses the Ultranest package to sample from the poste-
rior distribution. Our reported host masses and uncer-
tainties are computed using the median and standard
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Figure 5. Examples of our SED fits with GRAHSP. The total model is shown in black, while individual galaxy and AGN
components are represented by the various colored lines (see legend for details). The posterior mean (solid line) and 2 sigma
equivalent uncertainties (shaded areas) are shown for each component. Observed fluxes are shown as blue squares with 3¢ error
bars and predicted model fluxes are shown as red points. NIRCam images on the upper panel are 2.0” x 2.0” in size. The top
two sources (RUBIES-UDS 40579 and RUBIES-UDS 926125) are LRDs with their distinctive “v-shaped” SEDs.

deviation of 1000 equally weighted samples of the pos- port this scenario in the form of extended host emission
terior probability distribution returned by Ultranest. in the bluest NIRCam bands for four LRDs in our sam-

All sources are nominally fit with both galaxy and ple, two of which are at z < 4 (see also Rinaldi et al.
AGN components activated. However, if our Galfit 2025, which present a spatially extended LRD at z ~ 2,
analysis finds the morphology of a source is best fit with and Billand et al. 2025 a sample of LRD descendants at
a pure point source model and no extended host emission z < 4). Our SED fit for one of these sources, RUBIES-
is detected, then we run GRAHSP with only the galaxy UDS-40579 at z = 3.103, is shown in Figure 5. At higher
modules activated and report the resulting mass as an redshift, LRDs are routinely point-like in NIRCam imag-
upper limit. This is similar to the approach used by ing, yet their SEDs are virtually identical to their more
Kocevski et al. (2023a) and Harikane et al. (2023). extended, lower redshift counterparts. As a result, we

An exception to this approach is made for the LRD fit all LRDS with both galaxy and AGN modules in
population. There has been substantial debate in the GRAHSP and report their host masses and uncertainties
literature as to the origin of the rest-frame blue UV and even when their morphologies are point-like. Examples
red optical emission from these sources, but the pre- of our SED fits for both LRDs and non-LRDs are shown
vailing theory is that the UV excess originates from the in Figure 5.

host galaxy, while the optical emission originates from ‘ ‘ .
the AGN. As discussed in 4.2, we find evidence to sup- 4.4. Inferring the High-z Mpn — M, Relation
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The black hole and stellar mass measurements, along
with their associated uncertainties, can be used to ex-
ecute a statistical inference of the evolution of the
Mppg — M, relation in the redshift range of our sam-
ple.

Local scaling relations (see, e.g., Kormendy & Ho
2013; Reines & Volonteri 2015) indicate that, typically,
Mpg ~ 1073 x M,, although with an intrinsic scat-
ter of ~ 0.5 dex (Reines & Volonteri 2015). Using early
JWST data from Maiolino et al. (2023), Kocevski et al.
(2023b), Harikane et al. (2023) and Ubler et al. (2023b),
Pacucci et al. (2023) found that galaxies hosting broad-
line AGN in the redshift range 4 < z < 7 violate the
local Mgy — M, at > 30, with black holes being over-
massive by factors of 10 — 100.

In this paper, we make use of the same Markov-
Chain Monte Carlo (MCMC) method developed in
Pacucci et al. (2023) to execute a statistical analysis of
the relation between black hole mass and host’s stel-
lar mass. This method allows a careful treatment of the
mass bias, i.e., the fact that observing overmassive black
holes is intrinsically easier because they tend to be more
luminous.

In the remainder of this Section, we describe the
MCMC model in broad strokes. The interested reader
is strongly encouraged to refer to the original study
(i.e., Pacucci et al. 2023), where an in-depth descrip-
tion is provided. The interested reader is also referred
to Hogg et al. (2010), where a detailed description of
the likelihood function used in Pacucci et al. (2023) is
provided, together with additional methodologies to fit
models to data.

The MCMC algorithm uses three main ingredients to
find the best model that describes the given Mgy — M,
data. First, it uses the empirical local Mgy — M, relation
from Reines & Volonteri (2015) as a prior, selected due
to its relevance to the sample at hand, which includes
galaxies with similar BH mass. Of course, the redshifts
of the galaxies in our sample are much higher, while
Reines & Volonteri (2015) used galaxies with z < 0.055.
The adopted relation is:

MpH M,
I = I — 2
0g<M®> a+pB og<1011M®>, (2)

where a« = 7.45+ 0.08 and S = 1.05 + 0.11. Second, it
uses the JWST sensitivity in Ha for a resolution element
of the spectrum, which is then translated into a mini-
mum black hole mass that is thus detectable. Third, it
uses the high-z stellar mass function (Song et al. 2016)
to account for the fact that low-mass galaxies are intrin-
sically more numerous than high-mass galaxies.

These ingredients are then fed into the likelihood func-
tion, which is central to modeling the high-z Mpy — M,
relation while taking into account (severe) observational
biases. A detailed description of the likelihood function
is provided in Pacucci et al. (2023), to which the inter-
ested reader is referred.

The algorithm, when applied to a data set of values
(Mgu, M,), together with their associated uncertainties,
provides the posterior distribution functions for three
quantities, characterizing the high-z Mpyg — M, relation:
(i) the slope m; (ii) the intercept b; (iii) the orthogonal
variance v, which is related to the standard scatter via
Vrsecl, where 6 is the angle between the Mgy — M,
relation and the x-axis. Hence, the intrinsic scatter is
derived from the data, and not fixed a priori. However,
Guia & Pacucci (2024) showed that there is no signifi-
cant redshift evolution in the intrinsic scatter of the orig-
inal set of overmassive black holes used in Pacucci et al.
(2023).

5. RESULTS

In Figure 6, we show our derived host galaxy stel-
lar masses plotted against the BH masses of our broad-
line AGN sample. Also shown are the local scaling re-
lationships of Kormendy & Ho (2013, hereafter KH13)
and Reines & Volonteri (2015, hereafter RV15), which
are derived for low-redshift, bulge-dominated quiescent
galaxies and broad-line AGN, respectively. We use the
RV15 relationship as our local benchmark because it was
empirically estimated from a sample of broad-line AGN
using broad Ha lines to measure BH masses and because
the BH mass distribution of the sample is comparable
to our own. Consistent with several previous studies,
we find that the majority (50/70) of our sources scatter
above the local scaling relationship of RV15 and have
BH to stellar mass ratios that are 1-2 dex higher than
observed their local AGN sample.

We find a redshift trend such that host masses de-
crease with increasing redshift among sources with the
same Mpy (and hence Ly, assuming a similar accre-
tion regime). As a result, sources at z < 4 preferentially
sit near the KH13 relationship, while those at higher
redshifts scatter above it. This is reflected in the BH
to stellar mass ratio, which can be seen as a function of
redshift in Figure 7. We find that sources at z < 4 have
a median Mpy /M, ratio of 0.15%, while this increases
to 4% for sources at z ~ 5.5. The ratio in our highest
redshift bin (6 < z < 7) rises to 7%.

Our findings suggest that the higher-redshift, broad-
line AGN in our sample are powered by BHs that are
increasingly overmassive relative to their local counter-
parts. While it is expected that more luminous BHs will
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Figure 6. Host stellar mass versus BH mass for our sample of broad-line AGN at 3 < z < 7, color coded by redshift. Arrows
indicate the upper limit on the stellar masses. Grey circles show the z > 6 quasar samples compiled by Izumi et al. (2021).
Orange circles are the observational samples in the local universe provided by Reines & Volonteri (2015), while the gray line is
the best-fit local relationship from Kormendy & Ho (2013). The diagonal dashed lines represent ratios of Mpu /M, = 0.1, 0.01,
and 0.001, as indicated. We find that our sources preferentially scatter above the local scaling relationship at higher redshifts

(z>4).

preferentially be selected at higher redshifts in a flux-
limited survey due to observational biases, an evolving
Mpu /M, ratio is supported by our forward modeling
that is designed to take such biases into account (see
§5.1).

Instead we propose the change in the Mgy /M, ratio
with redshift is likely related to the increasing fraction
of LRDs in our sample at z > 4. Of the sources at z < 4,
83% (19 sources) are galaxy-dominated, non-LRDs with
extended host morphologies. Only 17% (4 sources) are
LRDs. On the other hand, at z > 4, 55% are LRDs (26
sources) with point-like morphologies. LRDs are gen-
erally faint in the UV, which is the emission that we
attribute to their host galaxies. As a result, their aver-

age host mass is ~ 1 dex lower than that of the non-LRD
AGN in our sample. That said, even the non-LRDs do
show signs of an increasing BH to stellar mass ratio with
redshift, as also found by Durodola et al. (2025). When
we exclude the LRDs, we find that the mass ratio of the
non-LRDs at z > 4 increases by ~ 1 dex compared to
their counterparts at 3 < z < 4. We discuss further how
the varying composition of our broad-line AGN sample
as a function of redshift impacts our findings in §6.

5.1. FEwvolution of the My — M, Relation with Redshift

In order to account for selection biases and quantify
the redshift evolution of the relationship between Mpy
and M,, we applied the same MCMC model described
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Figure 7. Redshift evolution of the ratio between BH mass
and stellar mass for the sample of broad-line AGN presented
in this study. The colored symbols show individual sources
and their 1o uncertainties. Red circles (blue squares) denote
sources that are (are not) classified as LRDs based on their
“V-shaped” SEDs. These data points are then grouped into
four redshift bins: 3 < 2 < 4,4 < 2 < 5,5 < 2z < 6,
and 6 < z < 7. Their average and propagated lo errors
are displayed with purple squares. A redshift evolution is
evident, with the ratio Mgu /M, evolving steadily from the
local value of ~ 0.1% to an overmassive value of ~ 10% at
z ~ 6.5. However, the mass ratio for the LRD sample is
elevated over the entire redshift range.

in Pacucci et al. (2023) to our broad-line AGN sample.
Because we observe a sharp increase in the Mpy /M,
ratio at z > 4 (see Fig. 7), we have chosen to limit
our analysis to sources in the redshift range 4 < z < 7.
When run on the AGN in this redshift range, we recover
a best-fit relation of

Mgy M,
I =} 1 _*
o8 ( Mg ) o loe (1011M®) )

with intercept b = —2.50 £ 0.75 and slope m = 1.10 +
0.09. Our best-fit relationship is shown in Figure 8. This
inferred relation lies more than 30 above the local RV15
relationship, and is in excellent agreement with the orig-
inal Pacucci et al. (2023) high-z result (also shown in
Figure 8).

To investigate any redshift trends, we subdivide the
sample into four bins (3 < 2<4,4<2<5,5< 2z <6,
6 < z < 7) and rerun the MCMC inference on each bin
independently. In this case, we include the data points
in the redshift range 3 < z < 4 because they offer an
average value of the ratio Mpy /M, that is closer to the
local one. We extract the median and 1o uncertainties
of b and m in each bin, then plot these eight values as a
function of bin center, as displayed in Figure 9.

To quantify the significance of any redshift evolution,
we compare the posterior distributions of m and b in
the lowest (3 < z < 4) and highest (6 < z < 7) bins.
Specifically, for each of 15,000 random draws from the
two chains, we record whether the high-z value exceeds
the low-z value, yielding:

P(m6,7 > m3,4) = 0.896,

(4)
These probabilities correspond to roughly 1 — 2¢ in
a Gaussian sense, therefore we interpret this as only
marginal evidence for evolution in both slope and in-
tercept across 3 < z < 7.

We can also use this same methodology to examine
the evolution of the intrinsic Mpy/M, ratio over the
redshift range of our AGN sample. Calculated for the
median M, in each redshift bin in Figure 9, we find that
Mpn /M, increases on average by a factor of ~ 197 (i.e.,
2.294 dex) between z = 3.5 to z = 6.5. The uncertainty
on this change is 0.751 dex (calculated assuming redshift
independence), which means this increase is measured
with a confidence level of > 30.

Finally, we can estimate the intrinsic scatter of our
inferred Mpy—M, relationship based on the best-fit or-
thoginal variance. We find a typical scatter of 0.9 dex
in all four redshift bins. This scatter is larger than what
was originally inferred in Pacucci et al. (2023) (i.e., 0.69)
and does not appear to significantly evolve with redshift,
as already suggested in Guia & Pacucci (2024).

To summarize, the key findings of this study are the
following:

e We find that the 4 < z < 7 Mpp—M, relationship
as probed by our sample of broad-line AGN is > 3o
above the local relationship of RV15.

e We derive an intrinsic scatter in this relationship
of 0.9 dex, which does not vary over the redshift
range of our sample.

e We find that the Mpn/M, ratio increases on av-
erage by 2.294 dex from z = 3.5 and z = 6.5 with
a confidence level of > 30.

e We find only marginal evidence (~1-20) that both
the slope and intercept of the Mpy—M, increases
over the redshift range of our sample.

These data suggest that the Mpp /M, ratio increases sig-
nificantly with increasing redshift. At the same time, the
intrinsic scatter remains constant, despite being larger
than its typical value in the local Universe.

6. DISCUSSION

P(bg_7 > bs_4) = 0.780.
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Figure 8. The inferred high—z Mpu—M, relation (solid red line and lo band) for our sample at 4 < z < 7, compared to
the local relation from Reines & Volonteri (2015) (solid teal line with shaded 1o scatter) and the original high—z relation from
Pacucci et al. (2023) (dashed brown line). We recover a best-fit intercept b = —2.50+0.75 and slope m = 1.10£0.09, confirming
a 2 3o offset above the local relation. The new relation inferred is practically indistinguishable from the original relation found
by Pacucci et al. (2023). Diagonal dashed black lines indicate constant ratios, for reference: Mgu/M, = 0.1, 0.01, 0.001. Data

points show our sample measurements with 1o.

Using a forward modeling approach that accounts for
selection biases, we find that the faint, broad-line AGN
identified by JWST at z > 4 are overmassive by 1-2 dex
relative to low-redshift AGN and the resulting Mgu—M,
relationship is incompatible with the local relationship
of RV15 with a confidence level of > 30.

A contributing factor to the increasing Mpy /M, ra-
tio that we observe at higher redshifts is the increas-
ing fraction of LRDs in our sample with increasing
redshift.  While LRDs make up 17% of our sam-
ple at z < 4, they are the majority of the sample
at z > 4, consistent with the redshift distribution
of photometrically-selected LRDs (e.g., Kocevski et al.
2025), and with theoretically-derived redshift distribu-
tions (e.g., Pacucci & Loeb 2025). Due to their faint
rest-frame UV emission, the average host mass of the
LRDs in our sample is ~ 1 dex lower than that of the
non-LRD AGN.

Without the LRDs included, the bulk of the remain-
ing BLAGN in our sample have Mpp/M, ratios that
are largely consistent with the RV15 relationship. The
bimodal distribution that we observe in the mass ratios
of LRD and non-LRD BLAGN may indicate that LRDs
are a specific evolutionary phase of SMBH evolution,
where early BH growth has outpaced that of their host
galaxies.

That said, there is still significant debate as to the
nature of LRDs and which part, if any, of their “v-
shaped” SEDs is due to stellar emission. As a result,
their host masses may be underestimated. However,
if we attribute their rest-optical light to stellar emis-
sion, which would make their host masses more consis-
tent with the RV15 relationship, it would result in ex-
treme stellar densities given their measured sizes (e.g.,
Furtak et al. 2022; Akins et al. 2024). Their stellar den-
sities would be higher than the densities observed in any
system at any redshift and, in the most extreme cases,
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Figure 9. Redshift evolution of the best-fit Mpu—M, re-
lation parameters. Blue circles show the slope m and red
squares show the intercept b in four redshift bins (3 < z < 4,
4<2z<5,5<2<6,6<z<7T). Both quantities are plot-
ted at slightly offset horizontal positions to avoid overlap
(Az = £0.05). Error bars indicate the posterior 1o uncer-
tainties from our MCMC fits in each bin. We find a ~ 1lo—20
increase in both slope and intercept from z ~ 3.5 to z ~ 6.5,
with probabilities of evolution P(me—7 > ms3—_4) = 90% and
P(bs—7 > bs—4) = 80%. The dashed, colored lines indicate
the respective best-fit (i.e., linear regressions) lines for the
slope (blue) and intercept (red) trends.

would greatly exceed the density necessary for runaway
stellar collisions (Baggen et al. 2024; Guia et al. 2024;
Pacucci et al. 2025).

Another important caveat is that the BH masses of
LRDs may be overestimated for a number of reasons, in-
cluding if the locally-calibrated virial mass relationship
of Reines et al. (2013) is no longer applicable at high
redshifts, if electron scattering contributes to the broad-
ening of the Balmer lines (Rusakov et al. 2025), or if
the LRDs have lower bolometric luminosities than com-
monly assumed (e.g., Greene et al. 2025). That said,
Juodzbalis et al. (2025b) recently reported that their di-
rect measurement of the BH mass in an LRD at z = 7.01
is in excellent agreement with the mass inferred from
single-epoch virial estimates. This suggests that these
relationships may in fact be reliable for LRDs out to the
Epoch of Reionization.

6.1. Comparison to Previous Results

Our finding of a statistically significant deviation from
the Mgp—M, relation of RV15 differs from the recent
results from Li et al. (2025b), who examined a subset
of the sources used in this study. In addition to the
larger number of LRDs in our sample, a key difference
between the approach of Li et al. (2025b) and that of
Pacucci et al. (2023), which we use in this study, is the
adoption of an Eddington ratio (Agqq) distribution func-
tion derived for bright quasars at z ~ 6 that has a mean

of Agqq ~ 0.1. Instead, our forward modeling approach
translates Mpy directly into an observed luminosity, as-
suming an observationally-motivated value of 1000 km
s~! for FWHMpy,,.

Lower values of Agqq translate into lower luminosi-
ties for a given Mpy, making lower-mass BHs harder
to detect. However, there is growing evidence that
LRDs may be accreting at higher Eddington ratios than
the 10% assumed in Li et al. (2025b). First, large
collections of LRDs at z > 4 (Harikane et al. 2023;
Maiolino et al. 2023; Kokorev et al. 2024) suggest a me-
dian Agqq ranging from 0.4 to 1.1, i.e., slightly super Ed-
dington, and more than one order of magnitude higher
than the assumption in Liet al. (2025b). Addition-
ally, from a theoretical perspective, there is growing ev-
idence that LRDs may accrete close to or above the
Eddington limit, as this would help explain many of
their observed properties, including their X-ray weak-
ness and weak variability (Pacucci & Narayan 2024;
Inayoshi et al. 2024; Lupi et al. 2024; Madau & Haardt
2024; Lambrides et al. 2024). Early super-Eddington
growth that transitions to a typical AGN phase at lower
redshifts would naturally explain the high Mpy—M, ra-
tios observed in the LRDs compared to lower redshift
AGN (Inayoshi 2025).

Ultimately, a better understanding of the intrinsic Ed-
dington ratio distribution for these broad-line AGN, and
LRDs in particular, is necessary to improve our handling
of selection biases. If these sources are accreting with
the same Eddington ratios as bright quasars, the off-
set from the local relationship may indeed be minimal.
However, if they are accreting at higher rates, then the
completeness correction would be less severe and allow
for a higher normalization in the scaling relationship at
z ~ 5.

That said, a potential issue with the bias-
only explanation presented in Li et al. (2025b) and
Silverman et al. (2025) is that it would require the in-
trinsic high-z Mpp-M, relation to have a nearly local
normalization but a very large scatter, so that we prefer-
entially detect only the bright, overmassive tail (see also
Jahnke & Maccio 2011b). For instance, Silverman et al.
(2025) explicitly infers o ~ 0.870-3% dex and a normal-
ization consistent with the local relation, attributing the
observed offsets to selection and dispersion rather than
true evolution. In that picture, the systems we observe
at z 2 4 that sit ~ 1.8 — 1.9 dex above the local mean
(i.e., a factor of ~ 70 in BH mass, as initially reported
by Pacucci et al. 2023) represent the extreme Gaussian
tail, not the bulk population.

For a Gaussian with ¢ ~ 0.8 dex, the fraction above
~ 1.85 dex is only ~ 1%; i.e., the underlying parent
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population would have to be ~ 100 times more nu-
merous than the already observed counts to “hide” the
remainder. However, the number density of LRDs at
z ~ 5 — 7 already accounts for a relatively high fraction
(~1—10%) of the total galaxy population at the bright
end (Myy ~ —22; Greene et al. 2023; Kokorev et al.
2024; Kocevski et al. 2025). The observed BH mass
function at z ~ 5 — 6 (Taylor et al. 2025b) also already
agrees in normalization and shape with physically mo-
tivated models and independent AGN luminosity func-
tions , not requiring a large, undetected reservoir. In-
flating the true number density by a significant factor
to accommodate a bias-only scenario would overproduce
the BH mass function relative to those same models and
observed luminosity functions.

In addition, Geris et al. (2025) recently stacked the
spectra of ~ 600 JADES galaxies in the redshift range
3 < z < 7, finding that the faint broad-line AGN pop-
ulation that they recover is still significantly above the
local Mpy-M, relation. Hence, these observations sug-
gest that we are not missing a significant population of
AGN that sit on the local relation.

6.2. Comparison to Cosmological Simulations and
Semi-Analytical Models

To understand the implications of a large population
of overmassive BHs at high redshifts, in this section
we compare our results to what current large-volume
cosmological simulations and semi-analytical models
(SAMs) predict regarding the existence of overmassive
BHs at high redshift, and the corresponding evolution
of the Mgy — M, relation through cosmic time.

Many cosmological simulations have difficulty repro-
ducing the overmassive BH population observed with
JWST without explicitly invoking heavier BH seeds.
For example, Jeon et al. (2025), using the cosmologi-
cal zoom-in simulation code GIZMO, find that stellar-
remnant seeds with standard Bondi-Hoyle accretion fail
to grow rapidly enough to reproduce the overmassive
BHs identified by JWST at z = 7, but heavy seeds
(~ 10°7% M) in dense, biased environments can reach
Mg ~ 10778 My if they accrete efficiently at or
near the Eddington limit. Under these conditions, the
simulated systems naturally appear overmassive with
Mgy /M, ratios well above the local relation and com-
parable to those inferred from our sample. The simu-
lations predict that such overmassive states can persist
until at least z ~ 5, after which additional stellar growth
or mergers are required to converge onto the local rela-
tions.

In addition, Bhowmick et al. (2024), using the
BRAHMA simulations with heavy seed models that em-

ulate direct collapse black hole (DCBH) formation, find
that their most physically motivated models result in
BHs at z ~ 4 that fall below our inferred high-z re-
lation by roughly an order of magnitude. Only when
some of their most stringent criteria for DCBH forma-
tion are dropped and merger delays between central BHs
are assumed to be short (i.e., < 750 Myr) does the
simulation reproduce the overmassive relation observed.
In these simulations, BH growth at z 2 4 is primar-
ily merger-driven; hence, producing many overmassive
systems requires permissive heavy seeding, higher ini-
tial seed masses, and/or more efficient accretion than
in the baseline model. These results imply that persis-
tent, widespread overmassive BHs at high redshift re-
quire heavy seeding and that BH mergers proceed efli-
ciently.

Other cosmological simulations, such as ASTRID and
TNG (see, e.g., Weller et al. 2023; Ni et al. 2024), offer
a complementary perspective. The redshift evolution of
the mean Mpp — M, relation is governed by how gas is
partitioned between star formation and BH fueling. In
these simulations, sources that are overmassive at z = 4
typically grow more slowly thereafter and drift toward
the mean by z ~ 2, whereas undermassive systems catch
up. Thus, large positive offsets are transient rather than
a long-lived, ubiquitous population in these models.

Finally, comparisons of ASTRID and TNG50
(Dattathri et al. 2025) demonstrate that simulations
can host strongly overmassive BHs, but at low stellar
masses these systems are rare and, at low redshift, their
origin is primarily environmental (e.g., tidal stripping
in overdense regions) rather than a direct imprint of
seeding. At z > 6, overmassive BHs are a signature of
heavy seeds (see, e.g., Scoggins et al. 2023). However,
at later times, they are more often linked to suppressed
star formation and environmental interactions.

The DARK SAGE SAM (Dattathri et al. 2025) dis-
plays substantially larger scatter in Mgy at fixed M,.
This broader dispersion arises from SAM choices for
BH fueling and quenching that the black hole accretion
rate from the star formation rate more readily than in
ASTRID or TNG, allowing a more numerous population
of outliers at early times. SAMs of this kind can there-
fore more easily accommodate the existence of high-z
overmassive BHs. However, the prevalence and persis-
tence of such offsets depend sensitively on the assumed
prescriptions for gas supply, triggering, and feedback.

A complementary theoretical perspective is pro-
vided by the feedback-free starbursts (FFB) scenario
(Dekel et al. 2023). In that framework, as evaluated
in Dekel et al. (2025), massive BH seeds form at cos-
mic dawn by rapid core collapse within the young, ro-
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tating clusters that constitute the starbursting FFB
galaxies. The high Mgy /M, ratio is maintained as the
clusters and BHs inspiral by dynamical friction to the
galactic-disk centers and merge there while overcoming
gravitational-wave recoil. This pathway yields typical
ratios of ~ 0.01, broadly consistent with the average
values we infer at z 2 4. However, reaching the ex-
treme ~ 0.1 ratios seen in some of our sources may be
challenging in this framework.

7. CONCLUSIONS

In this study, we examine the relationship between BH
mass and host galaxy stellar mass as probed by faint,
broad-line AGN at 3 < z < 7. Our sample consists of
70 AGN previously identified in the literature based on
their broad emission lines in NIRSpec G395M /F290LP
observations from the CEERS, JADES, and RUBIES
surveys. Our AGN sample includes both reddened
sources classified as LRDs, as well as bluer, non-LRDs in
roughly equal number, although the LRDs are preferen-
tially found at higher redshifts and become the majority
of the sample at z > 4.

We perform emission line fitting using a consistent
methodology for the entire sample and infer BH masses
using the single-epoch scaling relationship presented in
Reines et al. (2013). We assess the underlying mor-
phology of the AGN host galaxies using two-dimensional
surface brightness profile fitting and measure host stellar
masses with SED fitting using a hybrid model that in-
cludes stellar continuum and nebular emission from the
galaxy and power-law continuum emission and broad
and narrow line emission from the AGN.

We find that the BLAGN at 3 < z < 4 have a median
Mgy /M, ratio consistent with the local scaling relation-
ship of RV15, however at z > 4 the mass ratios are 1-2
dex higher than that observed in their low-z broad-line
AGN. We attribute this redshift trend with the increas-
ing fraction of LRDs in our sample at z > 4 as their
host masses are ~ 1 dex lower than the non-LRD AGN
in our sample.

Using a forward-modeling Bayesian framework that
accounts for uncertainties, intrinsic scatter, and selec-
tion effects, we infer an Mpy — M, relationship from
our sample at 4 < z < 7 that is inconsistent with the

local RV15 relationship at a confidence level of > 3o.
We derive an intrinsic scatter in this relationship of 0.9
dex, which is higher than the 0.5 dex found locally, but
does not vary over the redshift range of our sample. Us-
ing this same methodology, we find that the intrinsic
Mgy /M, ratio increases by over 2 dex with a confidence
level of > 30 from z = 3.5 to z = 6.5.

Our findings support a picture in which the BHs pow-
ering JWST’s broad-line AGN are genuinely overmas-
sive and become increasingly so with redshift. The pres-
ence of a large population of overmassive BHs at high
redshifts could be due to initial seeding conditions or
efficient BH accretion that outpaces star formation in
early galaxies, however most cosmological simulations
and SAMs have difficulty recreating such a population
without employing the use of a heavy BH seeds.

Given that our results are heavily influenced by the
increasing fraction of LRDs in our sample with redshift,
we caution that much remains to be determined about
these sources. We have worked under the assumption
that the blue UV emission of LRDs is due to stellar emis-
sion and that the locally-calibrated, single-epoch scaling
relationship used to determine our BH masses is valid
for LRDs at high redshifts. Ultimately, additional study
of LRDs will be needed to determine if these assump-
tions are valid. Several ongoing spectroscopic follow-
up programs and dedicated monitoring campaigns of
LRDs should provide a better understanding of their
BH masses, accretion rates, and intrinsic luminosities in
the near future.
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