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ABSTRACT

The James Webb Space Telescope has unveiled an abundant population of potential active galactic
nuclei (AGN) at high redshift (z 2 4) known as little red dots (LRDs), ‘which are likely hosted in
relatively low-mass galaxies. However, previous theoretical models have highlighted the difficulty in
continuously feeding massive black holes in the central regions of bursty, high-redshift galaxies because
of repeated gas evacuation by stellar feedback. We analyze galaxies in high-redshift FIRE-2 simulations
to understand whether they are capable of hosting the observed abundant population of high-redshift
AGN. We use a gravitational torque-driven accretion (GTDA) model and a simple free-fall accretion
model to derive black hole accretion rates and construct predicted AGN bolometric luminosity functions
for z = 5 — 7. The GTDA model and the free-fall model with black holes accreting < 1 percent of
their central gas supply (< 100 pc) per free-fall time predict AGN abundances that are more than
sufficient to explain the most recent LRD observations. The fiducial models, in fact, overpredict the
number of low-luminosity AGN as compared with observations. We explore possible resolutions of this
tension. A plausible, though likely not unique, scenario for alleviating the AGN overpredictions and
which also provides a good match to the host-galaxy UV luminosity distribution suggests that LRDs
are super Eddington-accreting, Eddington luminosity-limited, Mpg = 2 x 10° M, black holes residing

in M, > 2 x 107 M, galaxies.

1. INTRODUCTION

Observations with the James Webb Space Telescope
(JWST) have revealed an abundant population of so-
called little red dots (LRDs) in the early universe
(Matthee et al. 2024). LRDs are characterized by their
compactness and red rest-optical colors. Some have ar-
gued that the spectra of LRDs may be stellar in origin
(Labbé et al. 2023; Baggen et al. 2024; Barro et al. 2024).
This is in part due to their lack of classic AGN signatures
(i.e., X-rays, e.g., Yue et al. 2024; Ananna et al. 2024
and radio jets, e.g., Akins et al. 2025; Perger et al. 2025)
and non-standard AGN SEDs. However, there is in-
creasing evidence that active galactic nuclei (AGN) con-
tribute significantly to most, if not all, LRD spectra due
to the high incidence of broad Balmer emission lines in
LRD samples (Harikane et al. 2023; Kokorev et al. 2023;
Greene et al. 2024; Furtak et al. 2024; Matthee et al.
2024), observed time variability in some cases (Furtak
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et al. 2025), and observations of Balmer breaks that are
too strong to be explained by stellar populations alone
(Naidu et al. 2025; de Graaff et al. 2025). Additionally,
clustering constraints from Matthee et al. (2025) sug-
gest that LRD host galaxies have stellar masses that are
too low (M, ~ 5 x 107 Mg) to reproduce their spectra
with stellar emission alone. Moreover, recent theoreti-
cal models plausibly explain the puzzling SEDs observed
in LRDs in black hole accretion scenarios (e.g., Madau
2025; Inayoshi & Maiolino 2025; Inayoshi et al. 2025b).

Under the interpretation that LRDs are AGN-
dominated, standard bolometric luminosity calibrations
find that their number density would exceed expecta-
tions derived from extrapolation of the quasar UV lumi-
nosity function by an order of magnitude (Matthee et al.
2024; Pizzati et al. 2025). Furthermore, results from
LRD censuses would imply greatly elevated AGN bolo-
metric luminosity functions and black hole mass func-
tions as compared to pre-JWST results (Kokorev et al.
2024; Kocevski et al. 2025; Labbe et al. 2025). Up-
dated bolometric correction factors from Greene et al.
(2025), driven largely by a lack of evidence for significant
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dust-reprocessed emission in the far-infrared (e.g., Set-
ton et al. 2025; Casey et al. 2025), revise these estimates
downward, potentially alleviating tension between the-
ory and observed LRD luminosities and abundances.

Previous simulation-based work has found that it is
difficult to power AGN at high redshift due to stellar
feedback regularly ejecting the central gas supply of low-
mass galaxies (Dubois et al. 2015; Habouzit et al. 2017,
2021; Bower et al. 2017; Lapiner et al. 2021). At face
value, this theoretical result is seemingly at odds with
the observations of an abundant population of AGN at
high redshift, a problem exacerbated by the discovery of
numerous LRDs.

The FIRE (Feedback in Realistic Environments)
project is a set of cosmological zoom-in simulations that
resolve the multiphase ISM of galaxies and implement
detailed models for star formation and stellar feedback
(Hopkins et al. 2014, 2018, 2023). In agreement with
other theoretical models, Anglés-Alcazar et al. (2017b),
Catmabacak et al. (2022), and Byrne et al. (2023) have
previously shown that it is difficult to efficiently grow
black holes in low-mass FIRE galaxies (which dominate
at high redshift) due to bursty stellar feedback regularly
evacuating gas from their centers. The fiducial models
in these works show that SMBH growth in FIRE sim-
ulations takes place in two phases when starting from
stellar seeds: an early, highly intermittent phase where
black holes are under-massive relative to local scaling
relations and a later, more steady phase where black
holes grow at higher time-averaged rates and converge
to standard scaling relations.

With this motivation, we explore whether the central
gas supplies of galaxies evolved using the FIRE model
imply black hole accretion rates capable of driving the
observed populations of LRDs and classical AGN at high
redshift. In particular, we aim to determine whether
the intermittent feeding of black holes in high-resolution
simulations of bursty, high-redshift, low-mass galaxies is
in tension with the observed abundance of high-redshift
AGN. In a related study, Roy et al. (2026) analyze
massive galaxies in FIRE-2 cosmological simulations to
investigate the extent to which a purely stellar ultra-
compact phase can account for the observed properties
of LRDs. They show that, although such galaxies can
reproduce several key LRD-like features, such as their
compactness, strong Balmer break, and broad Balmer
lines due to galaxy-scale dynamics, additional physical
processes, which are most likely AGN-driven, are needed

1 See the FIRE project website: http://fire.northwestern.edu.

to explain the full set of observed characteristics in the
LRD population.

This paper is organized as follows. In Section 2 we
describe the high-redshift suite of FIRE-2 simulations
analyzed in this work. We present the different models
used to measure accretion rates for hypothetical black
holes placed at the centers of our simulated galaxies.
We also present our method for deriving a predicted
AGN bolometric luminosity function from these mea-
surements. In Section 3 we present the AGN bolomet-
ric luminosity function predicted from our analysis for
z =5 — 7 and compare with available results from high-
redshift observational AGN censuses, including LRDs
under the assumption that they are primarily powered
by black hole accretion. We study the dependence of our
results on different model and parameter choices used to
infer black hole accretion rates from our simulations. In
Section 4 we discuss our results and the feasibility of
bursty, high-redshift FIRE-2 galaxies hosting the abun-
dant population of LRDs unveiled by JWST. We assess
the extent to which different modifications to our fidu-
cial models can improve agreement between our predic-
tions and observed LRD demographics. Our results sup-
port the possibility that LRDs host AGN accreting at
super-Eddington rates. Finally, we summarize the main
conclusions of this work in Section 5. In Appendices A,
B, and C we explore the dependence of our results on
the radial aperture used in our accretion rate calcula-
tions, our assumed black hole to stellar mass relation,
and our assumption of dust attenuation, respectively.

2. METHODS
2.1. The Simulations

We analyze a high-redshift suite of FIRE-2 cosmologi-
cal zoom-in simulations originally presented by Ma et al.
(2018a,b, 2019). These have been extensively validated
against high-redshift observations and provide a robust
foundation for this work. Notably, Sun et al. (2023)
demonstrate that this simulation suite reproduces the
z = 8 — 12 UV luminosity function (UVLF) measured
by JWST. Furthermore, the same FIRE-2 physics model
also underlies the FIREbox" cosmological volume sim-
ulation which provides a good match to both the ob-
served UVLF and UV luminosity density over z ~ 6—14
(Feldmann et al. 2025). Marszewski et al. (2024, 2025)
use the high-redshift, zoom-in suite of FIRE-2 simula-
tions to characterize and explain the form and weak
evolution of the gas-phase mass-metallicity relation for
z > 5 and show that it is in excellent agreement with
JWST measurements.

This simulation suite was run using the GIZMO
code (Hopkins 2015). The hydrodynamic equations
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Figure 1. Predicted black hole accretion rates using the gravitational torque-driven accretion (GTDA) model (solid lines) and
the free-fall accretion model with eg = 0.001 (dashed lines) for three example host galaxies in our sample with M, (z = 5) ~ 10°
(purple), 10® (green), and 10'° (orange) Mg for z = 5 — 7. The horizontal axis shows cosmic time. Bursty stellar feedback in
FIRE-2 (and in many other high-resolution simulations) disrupts the central gas supply of galaxies and prevents black holes
from continuously accreting at high redshift. This effect potentially drives tension between theoretical models and the observed

abundance of AGN at high redshift.

are solved using GIZMO’s meshless finite-mass (MFM)
method. The 20 particular simulations analyzed in this
paper are the zbml2a—e, zbmlla—i, and z5m10a—f runs.
The names of these simulations denote the final redshift
that they were run down to (zg, = 5) and the main
halo masses (ranging from My, ~ 1019 — 102 Mg)
at this final redshift. Baryonic (gas and star) particles
have initial masses m;, = 900 — 7000 Mg (simulations
with more massive main halos have more massive bary-
onic particles). Dark matter particles are more massive
by a factor of Qpy/Q &~ 5. Gravitational softenings
are adaptive for the gas and are fixed to e, = 1.4 — 2.1
physical pc and epy = 21 — 42 physical pc for star and
dark matter particles, respectively.

Notably, these simulations do not include black hole
physics and AGN feedback. In the next section we de-
scribe the different methods we use to calculate inferred
accretion rates onto hypothetical black holes placed at
the center of our galaxies. As shown in Figure 1, inferred
black hole accretion rates in these galaxies are highly in-
termittent due to the bursty stellar feedback, which is a
prediction of the FIRE-2 model for galaxies in this mass
(M, <10 Mg) and redshift range, regularly evacuat-
ing their central gas supply. We will discuss in Section
4.5 the potential effects of AGN feedback neglected here.

2.2. Predicting Accretion Rates

We use both the gravitational torque-driven accretion
(GTDA) model and a simple free-fall accretion model to

predict instantaneous accretion rates onto hypothetical
black holes placed at the centers of our galaxies. In both
cases, we use Amiga Halo Finder (AHF; Knollmann &
Knebe 2009) to identify halos in our zoom-in simula-
tions. We place black holes at the point of maximum
stellar density within one Ry, of the center of mass of
each halo identified by AHF. We then measure physical
quantities within a spherical aperture around the black
hole and use these measurements to infer black hole ac-
cretion rates. Anglés-Alcazar et al. (2017b) previously
compared black hole accretion rates calculated using this
post-processing approach to those calculated on-the-fly
and validated the post-processing approach. Below we
describe the two models used in this work to calculate
accretion rates in post-processing.

2.2.1. Gravitational Torque-Driven Accretion

We estimate black hole accretion rates using the
GTDA model introduced by Hopkins & Quataert
(2011). This model is the default accretion model used
in FIRE simulations that include live black holes (e.g.,
Anglés-Alcazar et al. 2017b; Wellons et al. 2023; Byrne
et al. 2024). In this model, the accretion rate is given
by
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Figure 2. The AGN bolometric luminosity function predicted at z ~ 6 using the GTDA model (blue with stars) and the simple
free-fall accretion model (dark red with circles) with &g = 1 (solid), 0.1 (dashed), 0.01 (dot-dashed), and 0.001 (dotted). Curves
show the median luminosity function predicted from our 1000 bootstrapped samples; shaded regions enclose the 16th—84th
percentile range. Here, our fiducial aperture of R = 100 pc is used and we introduce our fiducial amount of variance to the
normalization/accretion efficiency (01og(er) = Tlog(er) = 0.5). The inferred accretion rates (and therefore the predicted AGN
bolometric luminosity function) for the GTDA model and the simple free-fall accretion model with &g ~ 0.001 are in close
agreement. Green circles with error bars show the LRD bolometric luminosity function inferred from observations by Greene
et al. (2025) for z = 4 — 6 and black crosses show the pre-JWST luminosity function based on X-ray and UV observations from
Shen et al. (2020) (their “Global Fit A") for z = 4 — 6. Our simple free-fall accretion model with an accretion efficiency of
less than one percent is able to reproduce the abundance of objects in the highest observed luminosity bin (Lo ~ 10*® erg/s)
presented by Greene et al. (2025) but overpredicts the number of AGN in lower-luminosity bins.

accretion scenarios (Anglés-Alcazar et al. 2015, 2017a).

M 1/6 Throughout this work we choose a fiducial mean value
MTorquc =erfa(< R)5/2 (108?[{ ) for & of 5 (on the high side of values shown by Anglés-
© Alcézar et al. (2017a) to reproduce a reasonable z = 0

(Mtot,b(< R)) ( R ) —3/2 (1) Mgy — M, scaling relation), but we explore the effects of

109Mg 100 pc introducing log-normal scatter in this parameter. Here

fo(< R) -1\ and throughout most of this paper, we choose our black

X (1 + 0) —G, hole masses to be Mgy = 0.01M, (one percent of the

Jeas(< R) yr galaxy’s stellar mass within 0.2R,;, of its center), corre-

where sponding to moderately overmassive black holes relative
M ~1/3 to local scaling relations and in approximate agreement

fo~ 0.31f4(< R)? (M) , (2) with the mean scaling relation presented by Harikane

10°Mg et al. (2023) for z = 4 — 7 galaxies. Note the weak

and er is a constant factor that controls the normaliza- scaling of Mrorque with Mpy makes accretion rates pre-

tion of the BH-galaxy scaling relations in torque-limited dicted from the GTDA model relatively insensitive to



this choice in black hole mass. The argument (< R)
indicates that a quantity is calculated using particles
within a radius R from the galaxy’s center. We use the
fiducial value of R = 100 pc for reasons discussed in Ap-
pendix A where we show the dependence of the predicted
bolometric AGN luminosity function on R. Here, Mot b
is the total baryonic mass (stars and gas), My is the
mass of stars and gas in the disk, and fq = Ma/Miot b
is the disk fraction. The disk mass is calculated as
Mg = Mo, — Mpulge, Where Mypyige is estimated as
twice the baryonic mass that is counter-rotating rela-
tive to the net angular momentum of all baryonic mass
within R from the galaxy’s center. In Appendix B, we
explore varying our assumed Mpy — M* relation.

2.2.2. Simple Free-Fall Accretion

We also use a simple free-fall accretion model to pre-
dict black hole accretion rates for our galaxies. In this
model the accretion rate is given by

Mgas(< R)

Mgy = g
te

, 3)
where Mgas(< R) is the gas mass located within an aper-
ture of radius R from the galaxy’s center and

_ m2R3
"=\ G (< 1) W

is the free-fall time of that gas. Here, Mot (< R) is the
total (gas, stellar, black hole, and dark matter) mass
within an aperture of radius R from the galaxy’s center.
Note that our predicted accretion rates with this model
are again relatively insensitive to our choice in black hole
mass because Mpy is usually a subdominant contribu-
tion to Moy, with a maximum scaling of Mgy o Még
in the extreme scenario that a black hole dominates the
total mass of its galaxy within R = 100 pc. Finally,
eg is the dimensionless efficiency for which gas within
this aperture accretes onto the black hole per free-fall
time. Values for eg can, in principle, range between 0
and 1. We choose a fiducial mean value of ég = 0.01.
We explore the effects of introducing log-normal scatter
to this quantity while keeping the mean efliciency fixed.

The major benefits of this model are its simplicity
and interpretability since the parameter eg tells us what
percentage of gas within our radial aperture is accreted
by the black hole per free-fall time. A major motivation
for this work is that, a priori, it was not clear that any
value of eg < 1 would predict accretion rates sufficient
to reproduce LRD observations. However, as we show
in Section 3, a mean efficiency of &¢ < 0.01 is sufficient
to reproduce observations in the highest observed LRD
luminosity bins.

5

2.3. Introducing Subgrid Variability in Accretion Rates

The models described above provide predictions for
accretion rates onto the black holes after averaging
galaxy properties over apertures of radius R = 100 pc
(in the fiducial analysis). Due to variations in the
gas dynamics from galaxy to galaxy and the time-
variable nature of black hole accretion for individual
galaxies, we expect there is some unresolved variation in
these predicted accretion rates. Indeed, Anglés-Alcazar
et al. (2021) and Hopkins et al. (2024b) apply hyper-
refinement to cosmological simulations to study black
hole accretion flows on smaller scales and find that accre-
tion rates vary significantly on timescales shorter than
can be resolved by applying models to physical prop-
erties within a 100 pc aperture. We can model this
variation as manifesting through variable values of the
normalization factor er in the GTDA model or in the ac-
cretion efficiency g in the simple free-fall model. Here,
we describe our method for applying log-normally dis-
tributed values of e and eg to our sample.

For the GTDA model, we generate and apply (base-

10) log-normal distributions of er with mean values
of é¢ = 5 and standard deviations of 0Ojog(c,)
0, 0.25, 0.5, 0.75, and 1. For the simple free-fall accre-
tion model, we apply (base-10) log-normal distributions
with mean accretion efficiencies of &g = 0.01 and stan-
dard deviations of oj5g(c;) = 0, 0.25, 0.5, 0.75, and 1.
Note that we preserve the linear average efficiency when
injecting different levels of log scatter by offsetting the
center of the log-normal distribution by —o?2/2.

From visual inspection of results from the hyper-
refined simulations in Anglés-Alcazar et al. (2021) and
Hopkins et al. (2024b), we find that accretion rates
typically vary by about half an order of magnitude
(Tlog(e) ~ 0.5) on timescales shorter than are resolved
here. This value is based on very limited examples. We
therefore select our fiducial amount of injected varia-
tion in accretion rates to be Olog(cr) = OTlog(ey) = 0.5
but vary this parameter to explore its effects on our
results. The o014(c) = 0 case corresponds to constant
normalizations/efficiencies while larger values of oog(c)
correspond to larger amounts of assumed, unresolved
variation in accretion rates. Note that these randomly
generated distributions are regenerated and reapplied
to our accretion rates for each resampling performed
using the bootstrapping method described in the final
paragraph of section 2.4. Applying a newly generated
distribution for each bootstrapped resample mitigates
the level of random noise introduced by a single real-
ization of the log-normal distributions. Figure 3 shows
the effect of applying log-normally distributed normal-
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Figure 3. The predicted z ~ 6 AGN bolometric luminosity function from FIRE-2 simulations using the GTDA model (left
panel) and the simple free-fall accretion model (right panel). To model unresolved time variability, we apply log-normally
distributed values of the normalization (ér = 5) for the GTDA model and the accretion efficiency (£¢=0.01) for the simple
free-fall model with oiog(c) = 0 (dark blue), 0.25 (blue-gray), 0.5 (gray), 0.75 (gold), and 1 (yellow). Shaded regions represent
the range between the 16th and 84th percentile luminosity functions predicted from our bootstrapped samples. Here, our
fiducial aperture of R = 100 pc is used. Green circles with error bars show the LRD bolometric luminosity function inferred
from observations by Greene et al. (2025) for z = 4 — 6 which goes through the pre-JWST luminosity function based on X-ray
and UV observations from Shen et al. (2020) (their “Global Fit A") represented by black crosses. Introducing scatter to the
normalizations/accretion efficiencies upscatters some low-luminosity sources into higher-luminosity bins, thereby making the
slope of the predicted luminosity function shallower and in better agreement with observations in the higher luminosity bins.
In all cases, however, our models overpredict the number of faint AGN as compared with observations.

izations/efficiencies with different variances on the pre-
dicted AGN bolometric luminosity function.

2.4. The AGN Bolometric Luminosity Function

We use our inferred accretion rates to predict the AGN
bolometric luminosity function. To begin, we calculate
the expected bolometric luminosity for the black hole at
the center of each galaxy in our sample using

Lpo = nMguc?. (5)

Throughout this work, we assume a standard black hole
radiative efficiency of n = 0.1, expected for radiatively
efficiently accreting, moderately spinning (a ~ 0.5—0.7)
supermassive black holes (Soltan 1982; Yu & Tremaine
2002). Note this could be up to n ~ 0.4 for maximally
spinning black holes (Novikov & Thorne 1973; Page &
Thorne 1974).

The volumes captured by our zoom-in simulations are
not representative volumes of the universe and there-
fore cannot be used to directly predict the luminosity
function. To address this, we convolve our resulting
AGN bolometric luminosities with the halo mass func-
tion (HMF) using the “HMF-weighting" method origi-
nally used by Ma et al. (2018b) to analyze the UVLF
for a subset of the simulations in the present paper. Sun

et al. (2023) also use this method to calculate the UVLF
for the full suite of simulations used here and show that
it is consistent with JWST observations of the UVLF for
z = 8 — 12. This method works by first dividing halos
into narrow mass bins. Halos within the same mass bin
are all given equal weight w = Ng/Ng, where Ng is the
number of simulated halos in that mass bin and Ng is
the number of halos in that mass bin expected by the
HMEF, calculated using the HMF from Behroozi et al.
(2013) (appropriate at the high redshifts of interest for
this work) with code from Murray et al. (2013). These
weights are then applied to halos as they are binned by
Lgo1 to construct the AGN bolometric luminosity func-
tion. See Section 2.4 in Ma et al. (2018b) for a full
description of this method.

We use the bootstrapping method to estimate the er-
ror bars of our predicted AGN bolometric luminosity
functions. That is, we perform random resampling (with
replacement) of the accretion rates used in our calcula-
tion of the luminosity function 1000 times. Each time,
the sample drawn is the same size as our original sample
and a predicted bolometric luminosity function is calcu-
lated from that sample. In all plots of the luminosity
function, we present the median luminosity function cal-
culated from these 1000 realizations and shaded regions



(when plotted) represent the range between the 16th
and 84th percentiles of these luminosity functions. New
log-normally distributed values of ez and eg (discussed
in section 2.3) are generated and applied with each re-
sampling, minimizing the random noise introduced by
any one randomly generated distribution.

3. RESULTS

Here we present the AGN bolometric luminosity func-
tions predicted from our black hole accretion models and
test the sensitivity of our results to various parameters in
these models. We begin by calculating the bolometric
luminosity function using accretion rates derived from
the GTDA and simple free-fall accretion models based
on the properties of particles within a fiducial aperture
of R =100 pc. Appendix A investigates the dependence
of our results on this choice in radial aperture.

3.1. Bolometric Luminosity Function More than
Ezxplained with Modest Accretion Efficiencies

For the GTDA model, we fix our mean normaliza-
tion at éxr = 5. Using the free-fall accretion model, we
apply different mean values of the accretion efficiency,
&g, to understand the efficiency at which black holes
would have to accrete their central gas supply in or-
der to reproduce the observed AGN bolometric lumi-
nosity function. In both cases, we apply our fiducial
amount of introduced log-normal variance, oig(cr) =
Olog(err) = 0.5. Figure 2 compares the AGN bolo-
metric luminosity functions predicted from the GTDA
model and the simple free-fall accretion model using
&g = 0.001, 0.01, 0.1, and 1 with observations.

We find that black holes typically accreting < 1 per-
cent of their gas supply within R = 100 pc per free-
fall time is more than sufficient to reproduce the abun-
dance of sources in the most luminous bin associated
with LRDs (Lpo ~ 10%° erg/s) observed by Greene et al.
(2025). Note that updated bolometric correction factors
from Greene et al. (2025) significantly revised the LRD
bolometric luminosity function toward fainter luminosi-
ties relative to previous JWST estimates (e.g., Kokorev
et al. 2024; Kocevski et al. 2025; Labbe et al. 2025),
making it easier to explain with theory and more closely
matching the pre-JWST AGN luminosity function from
Shen et al. (2020) (their “Global Fit A"). The compar-
ison with Shen et al. (2020) is presented differently in
Greene et al. (2025) since they compare with “Global
Fit B" from Shen et al. (2020), which is derived from
an X-ray luminosity function that is now known to be
incomplete at the faint end due to the faintness of LRDs
in the X-ray (e.g., Yue et al. 2024; Maiolino et al. 2025).

Interestingly, our fiducial GTDA model and free-fall
accretion model with &g = 0.01 overpredict the amount

of sources observed at lower luminosities (Lpo ~
10%3=4 erg/s). In section 4.2 we discuss potential ex-
planations for this discrepancy.

3.2. Effects of Subgrid Variability

Here, we investigate the effects of applying differ-
ent log-normal distributions of e and eg to the ac-
cretion rates inferred from the GTDA and free-fall ac-
cretion models, respectively, on the predicted bolomet-
ric luminosity function. For the GTDA model, we ap-
ply (base-10) log-normal distributions with mean nor-
malizations of ér = 5 and standard deviations of
Olog(er)y = 0, 0.25, 0.5, 0.75, and 1. Likewise, for
the simple free-fall accretion model, we apply (base-10)
log-normal distributions with mean accretion efficien-
cies of &g = 0.01 and standard deviations of o14g(c,) =
0, 0.25, 0.5, 0.75, and 1. Figure 3 shows the effect of
applying log-normally distributed normalizations or ef-
ficiencies with different variances on the predicted AGN
bolometric luminosity function.

The application of log-normally distributed effi-
ciencies/normalizations upscatters some low-luminosity
sources into higher-luminosity bins. While some
high-luminosity sources are also downscattered into
lower-luminosity bins, the larger abundance of lower-
luminosity sources generates a net upscattering effect.
This asymmetric scattering effect allows our models to
more easily reproduce the abundance of the most lu-
minous observed sources. This also results in shallower
slopes of the predicted bolometric luminosity function in
better agreement with observations, although, the pre-
dicted abundance of low-luminosity AGN still far ex-
ceeds what is present in observations. Potential expla-
nations for this discrepancy are discussed in Section 4.2.

4. DISCUSSION

4.1. Bursty Galaxies Predicted to Host Ample AGN
Population

We have demonstrated that accretion rates derived
from applying the GTDA model and a simple free-fall
accretion model to the central regions of FIRE-2 galaxies
imply AGN abundances that are more than sufficient to
explain high-redshift observations. This demonstrates
that the abundant population of likely AGN observed
at high redshift in the form of LRDs is not in tension
with the intermittent black hole feeding at high redshift
in FIRE simulations. Despite regular disruption of the
central gas supply by bursty stellar feedback, FIRE-2
galaxies are predicted to host accreting black holes fre-
quently enough such that their population sustains a
substantial abundance of AGN. This result is reassuring
given that, in addition to the FIRE simulations, many
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other high-resolution simulations of high-redshift galax-
ies predict intermittent black hole feeding.

As shown in Figure 2, our fiducial GTDA model can
reproduce the number of AGN observed in the highest
luminosity bin presented by Greene et al. (2025) and ac-
tually overpredicts the number density observed in lower
luminosity bins. Our fiducial simple free-fall accretion
model (ég = 0.01) overpredicts the number of AGN in
all luminosity bins presented by Greene et al. (2025).
This indicates that black holes accreting an average of
one percent of their central (< 100 pc) gas supply per
free-fall time is more than sufficient to reproduce LRD
observations. Note that this overprediction is not unique
to our work and is seen in other theoretical models,
including models from Volonteri et al. (2017) and the
DELPHI models (Dayal et al. 2025). We now explore
how different cuts imposed on our AGN and their host
galaxies could allow our theoretical predictions to more
closely match the observed population of LRDs.

4.2. Matching LRD AGN and Host Galazy
Demographics

We discuss and investigate potential reasons for our
fiducial models’ overprediction of the number of AGN in
the lower luminosity bins associated with LRDs (Lpe) ~
10134 erg/s) as compared with observations. One cer-
tain difference between our predicted AGN bolometric
luminosity function and that observed by Greene et al.
(2025) is that our model predicts the abundance of all
AGN at a given luminosity while their sample is made
up of only objects selected as LRDs. However, as shown
in, e.g., Harikane et al. (2023), Hviding et al. (2025), and
demonstrated by the similar magnitudes of the AGN lu-
minosity function from Shen et al. (2020) and LRD lumi-
nosity function from Greene et al. (2025), LRDs make up
a significant fraction of all observed broad-line sources
at z 2 4. The maximum AGN bolometric luminosity
function including all broad-line sources would be only
a factor of ~ 2 — 3 higher than that presented in Greene
et al. (2025) which would do little to eliminate the ten-
sion with our fiducial models at the low-luminosity end.

In addition to the LRD bolometric luminosity func-
tion, the LRD UVLF serves as an important constraint
on LRD demographics, particularly on their host galax-
ies. Note that recent observations (e.g., Killi et al. 2024;
Naidu et al. 2025) and theoretical models (e.g., Inayoshi
et al. 2025b) suggest that UV emission from LRDs is
dominated by star formation in their host galaxy. The
bottom panels of Figure 4 show the UVLF for galax-
ies that host AGN in the bolometric luminosity range
of LRDs (Lo ~ 10%3%° erg/s) calculated using our
fiducial models and modified models (see Section 4.2.1).

As a result of overpredicting the number of AGN in the
luminosity range of LRDs, our fiducial models also dras-
tically overpredict the z = 4.5 — 6.5 UVLF of LRD host
galaxies observed by Kokorev et al. (2024). These fidu-
cial models include all galaxies as potential AGN hosts
and impose no Eddington limit on the AGN luminosities
inferred from our accretion models.

Below, we explore the ability of different sets of phys-
ically motivated modifications to our models to better
match LRD demographics. These modifications consist
of hypotheses regarding which galaxies in our sample are
capable of hosting AGN, the limits of their AGN lumi-
nosities, and the subset of these AGN that are LRDs.

4.2.1. Motivated Modifications to Our Models

Here, we list, describe, and motivate the different sets
of modifications we impose on the galaxies and predicted
AGN included in our sample to better match LRD obser-
vations. Throughout this discussion we define a galaxy’s
stellar mass M, to be the stellar mass enclosed within
0.2R;; of its center and assume its black hole mass to
be one percent of its stellar mass (Mpy = 0.01M,). In
Appendix B, we explore the dependence of results from
our “Eddington Luminosity Cap" and “Super-Eddington
Accretors" scenarios (described below) on this assumed
Mgy — M, relation.

e Minimum Black Hole/Host Galaxy Mass:
We explore three different cuts where we ex-
clude all contributions to our luminosity func-
tions from host galaxies with M, < 105 Mg,
M, < 2x 10" Mg, or M, < 108 Mg (Mpn <
10% M@, Mgy < 2 X 10° M@7 or Mgy < 106 M@,
respectively). The exclusion of low-mass black
holes/galaxies is potentially motivated by theoret-
ical work (e.g., Ma et al. 2021) that has shown
low-mass black holes, likely to be hosted in low-
mass galaxies, to have difficulty in migrating to
the center of their host galaxy via dynamical fric-
tion (both because of the long dynamical friction
timescales and because low-mass, high-redshift
galaxies are often irregular, with no stable dy-
namical center). If this is the case, then the true
luminosities of low-mass black holes in low-mass
galaxies would likely be much lower than predicted
by our fiducial models which place black holes at
the maximum stellar density of all galaxies. Note
that the most recent observational estimates from
Greene et al. (2025) predict that typical LRDs
are powered by Mpyg ~ 10°~7 Mg black holes
hosted within M, ~ 108 My galaxies. Moreover,
clustering constraints presented by Matthee et al.
(2025) suggest stellar masses of M, ~ 5 x 107 Mg,
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Figure 4. The predicted z ~ 6 AGN bolometric luminosity function (top) and UVLF for galaxies hosting an AGN in the LRD
luminosity bins (Lo ~ 10*37%5 erg/s; bottom) using the GTDA model (left) and the simple free-fall accretion model (right).
Galaxies only contribute to the UVLFs plotted in the bottom panels if they are predicted (by the model plotted) to host an
AGN in the range Lo = 10425455 erg/s. Since not all AGN are LRDs, we make different modifications to our fiducial model
in an attempt to better match observations of the LRD bolometric luminosity function from Greene et al. (2025) (red circles)
and the z = 4.5 — 6.5 LRD UVLF from Kokorev et al. (2024) (red diamonds). In these models, the UV luminosity is powered
by star formation in the host galaxy only. We present the cases where galaxies of any mass are permitted to host AGN (dark
purple) and where the contributions of AGN hosted within galaxies with M, < 10° Mg (blue), M, < 2 x 10 Mg (green),
and M, < 10® My (yellow) are excluded. With these host galaxy stellar mass cuts, we simultaneously explore the cases where
the luminosities of AGN are capped at their predicted Lgda (dashed) and where we only include super-Eddington accretors
whose luminosities are still capped at Lgda (dotted). The model where we include only super-Eddington-accreting, Eddington
luminosity-limited black holes hosted within M, > 2 x 107 Mg galaxies (our “Plausible LRD Scenario"; dotted green line with
shaded region representing the range between the 16th and 84th percentile luminosity functions from our bootstrapped samples)
is an example of a plausible scenario that comes close to simultaneously reproducing the observed LRD bolometric and LRD
UV luminosity functions.

for broad-line Ha emitters (including LRDs) at z e Eddington Luminosity Cap: We test whether

= 4-5. However, LRDs may have a wide range
of host galaxy stellar masses and stellar mass
measurements are difficult under the interpreta-
tion that AGN emission dominates at wavelengths
longer than the Balmer limit.

capping the bolometric AGN luminosities in our
sample at the Eddington luminosity (Lpe <
Lgaa = 1.26 x 10*2 (Mpu/105 My) erg/s) can
alleviate the overprediction of our fiducial mod-
els. This modification to our model is motivated
by the fact that, while some black holes may ac-
crete at super-Eddington rates, their luminosities
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are likely still limited near the Eddington luminos-
ity or a factor of order unity above it (see the ac-
cretion flow simulations in e.g., Ohsuga et al. 2002;
Jiang et al. 2014; Sadowski et al. 2014; Zhang et al.
2025).

e Super-Eddington Accretors: Finally, we test
the effects of including only black holes that are in-
ferred to accrete at super-Eddington rates (MBH >
MEdd), but still have Eddington-limited luminosi-
ties (Lol = Lgaq)- Note that general rela-
tivistic magneto-hydrodynamic (GRMHD) simu-
lations with radiation transport predict that black
holes can achieve super-Eddington accretion rates
(Jiang et al. 2014; Sadowski et al. 2014). The mo-
tivations for requiring super-Eddington accretion
in LRDs are twofold. First, LRDs may need lu-
minosities at or near Lgqq in order to explain the
presence of such luminous AGN in low-mass galax-
ies (predicted to host low-mass black holes). How-
ever, since the gravitational radii of influence of
black holes are generally small compared to the
size of their host galaxies, the rate at which galax-
ies funnel gas toward their central black hole is
not tuned to the Eddington limit, which depends
only on black hole mass. As a result, we expect
black holes with luminosities near Lgqq to be sup-
plied with gas at super-Eddington rates frequently.
Secondly, recent theoretical models (e.g., Madau
& Haardt 2024; Madau 2025; Inayoshi & Maiolino
2025; Inayoshi et al. 2025a) suggest that super-
Eddington accretion may also be needed in order
to explain the puzzling shapes of LRD SEDs. Sec-
tion 4.7 in Zhang et al. (2025) use GRMHD simula-
tions to illustrate how super-Eddington accretion
can result in both the weak X-ray emission and
strong Balmer breaks observed in LRDs.

Note that there are many uncertainties introduced by
assumptions in our modeling (e.g., the aforementioned
assumed Mpy — M, relation; see Appendix B), differ-
ent modifications one could explore, and potential de-
generate effects of these modifications. Therefore, the
modifications described here are only meant to illustrate
the ability of plausible modifications to bring our results
into better agreement with observations rather than to
provide hard constraints on the nature of LRDs.

4.2.2. Predicting the LRD UV Luminosity Function

Here, we describe our method for predicting the UVLF
associated with potential LRD host galaxies and its com-
parison to observations under the different sets of mod-
ifications described in Section 4.2.1. Note that the com-
parison performed here rests on the assumption that

LRD UV emission is dominated by the host galaxies’
stellar populations rather than by AGN. This assump-
tion is consistent with recent observations (e.g., Killi
et al. 2024; Naidu et al. 2025) and some theoretical mod-
els (e.g., Inayoshi et al. 2025b) of LRDs.

We extract intrinsic UV luminosities for each galaxy
in our sample that has a predicted AGN bolometric
luminosity in the luminosity range of LRDs (Lpo =
10%2-5-45:5 erg /s). To do so, we model the rest-frame UV
emission spectra of each galaxy’s stellar component us-
ing BPASS v2.2 with nebular emission (lines and contin-
uum; Stanway & Eldridge 2018). We specifically convert
to UV magnitudes from measurements of Li565 where
Lise6 = (ALy) averaged over A = 1556 — 1576 A. To
account for the effects of dust, we attenuate the UV
luminosities predicted from each galaxy’s stellar popu-
lation according to the z = 6 UV attenuation to stellar
mass relation from Donnan et al. (2025). Since it is un-
certain whether the UV dust attenuation of LRD host
galaxies follows this relation, we additionally explore the
dust-free scenario in Appendix C. We then convolve our
measured UV magnitudes with the HMF as described in
Section 2.4 (but now binning by UV magnitudes rather
than AGN bolometric luminosities).

4.2.3. Effects of Modifications on Predicted LRD AGN
Bolometric and LRD UV Luminosity Functions

Here, we discuss the effects that each modification to
our model described above has on our predicted AGN
bolometric luminosity function and LRD UVLF. Specif-
ically, we aim to relieve our fiducial models’ overpre-
dictions of the faint end of the LRD bolometric lumi-
nosity function (Lpo ~ 10374 erg/s) and the LRD
UVLF across its full range of observed UV magnitudes
(Myy = [—17,—-21]). The top panels of Figure 4 present
the AGN bolometric luminosity function, while the bot-
tom panels present the UVLF for galaxies hosting AGN
in the luminosity range of LRDs (Lpel ~ 103745 erg/s)
predicted following each set of modifications described
in Section 4.2.1.

Eliminating the contribution of low-mass galaxies
(and therefore low-mass black holes) suppresses the faint
end of the bolometric AGN luminosity function and
UVLEF. Capping AGN luminosities at Lgqq slightly sup-
presses the bright end of the AGN bolometric luminos-
ity function but has little effect on the predicted UVLEF.
Including only super-Eddington accreting AGN whose
bolometric luminosities are capped at Lggqq suppresses
the luminosity functions across our luminosity range.

Including only sources that are both above a minimum
mass and are super-Eddington accreting can strongly
suppress the bright end of the UVLF and the faint end of
AGN bolometric luminosity function. The bright end of



the UVLF is suppressed in this case since contributions
to the bright UV luminosity bins come from the most
massive galaxies in our sample (M, > 10'° Mg) and it
is difficult for the more massive black holes (presumed
to live in these galaxies) to achieve super-Eddington
accretion. The faint end of the bolometric luminos-
ity function is suppressed in this case since requiring
that our galaxies, and therefore our black holes, be of a
minimum mass and requiring super-Eddington accretion
with Lgo = Lgqq effectively imposes a minimum bolo-
metric luminosity (LBol, Min = LEdd(MBH, Min))~ This
combination of effects is promising for matching both
the observed peak in the LRD bolometric luminosity
function at Lpe ~ 10** erg/s and the sharp decline at
the bright end of the observed LRD UVLEF.

4.2.4. A Plausible Scenario to Match LRD Demographics

Focusing on the GTDA model, the set of modifica-
tions where we include only super Eddington-accreting,
Eddington luminosity-limited AGN hosted within M, >
2 x 107 M, galaxies provides a promising simultaneous
match to the shape of the observed LRD bolometric and
LRD UV luminosity functions. This scenario is denoted
by the dotted green line in the left two panels of Fig-
ure 4. Note that, within the simple free-fall accretion
model, this scenario predicts LRD bolometric and UV
luminosity functions with shapes similar to those in the
GTDA case; however, the GTDA model more closely re-
produces the normalization of both observed relations.
We therefore refer to this scenario in the GTDA model,
henceforth, as our “Plausible LRD Scenario".

While the modifications made in this scenario are
plausible and offer a promising simultaneous match to
both the UV and AGN bolometric luminosity functions,
we do not propose that they provide hard constraints
on the nature of LRDs. There are too many model as-
sumptions and other modifications one could make with
potentially degenerate effects to draw conclusions on the
physical origin of LRDs from this work alone. Moreover,
while predictions from our “Plausible LRD Scenario"
qualitatively match the shape of the observed LRD bolo-
metric and LRD UV luminosity functions, they do not
quantitatively match observations in all bins. This sce-
nario does, however, illustrate the types of motivated
cuts and physical hypotheses that one can impose on
AGN and their host galaxies to bring our predictions
into better agreement with LRD demographics. It is also
likely that there exists a fine-tuned set of modification
parameters within the space explored here (i.e., more
precise minimum stellar mass cut, maximum allowed
Eddington luminosity ratio, and minimum Eddington
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accretion ratio cut) that would bring our predictions into
closer quantitative agreement with observations.

Note that our model that only excludes contributions
from host galaxies with M, < 10® My and makes no
further modifications also provides a close match to the
LRD bolometric luminosity function observed by Greene
et al. (2025). However, this model is unable to reproduce
the shape of the LRD UVLF. Moreover, this model is po-
tentially in tension with clustering constraints presented
by Matthee et al. (2025) that suggest stellar masses of
M, ~5x 107 Mg for some LRDs and the recent obser-
vation of an LRD with an inferred host stellar mass of
M, <1075 Mg, presented by Kokorev et al. (2025).

4.3. LRD Host Galaxy Stellar Masses

Here, we present the stellar mass distribution of galax-
ies from our sample that host AGN in different lumi-
nosity bins and discuss the intermittent nature of black
hole accretion in these galaxies. We do so for both our
fiducial models (including unmodified Lg, values for
AGN in all galaxies) and our “Plausible LRD Scenario"
(including only super Eddington-accreting, Eddington
luminosity-limited AGN hosted within M, > 2x 107 Mg
galaxies) described above. As done for our bolometric
luminosity function analysis, we generate luminosities
using 1000 bootstrapped resamples of accretion rates
generated from our fiducial GTDA (ér = 5, O1og(cy) =
0.5, R = 100 pc) and free-fall accretion (¢ = 0.01,
Olog(err) = 0.5, R = 100 pc) models. Stellar masses
are calculated as the total mass of all star particles
within 0.2R;, of the galaxies’ centers. Galaxies host-
ing AGN within given bolometric luminosity bins are
then binned by stellar mass. To make our sample rep-
resentative of a cosmological volume, the contribution
of galaxies to these bins are weighted according to the
“HMF-weighting" scheme described in Section 2.4.

Figure 5 presents the probability that an AGN
in a given bolometric luminosity bin (Lge ~
1043, 10**, 10%5, or 10% erg/s) is hosted within a galaxy
of a given stellar mass. As expected, more luminous
AGN are more likely to be hosted by higher-stellar mass
galaxies. For our fiducial model, the host galaxies of
AGN in all luminosity bins have a relatively wide range
of stellar masses. Our “Plausible LRD Scenario" pre-
dicts a much narrower range of stellar masses for LRD
hosts. Notably, in both sets of models, the vast majority
of AGN in the luminosity range of observed LRDs from
Greene et al. (2025) (Lol ~ 10%374% erg/s) are hosted
by low-mass (log(M,/Mg) < 9) galaxies. As shown by
examples in Figure 1, the central black holes of these
low-mass galaxies accrete intermittently due to the dis-
ruption of the central gas supply by bursty stellar feed-
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Figure 5. The stellar mass distribution of FIRE-2 galaxies hosting AGN in luminosity bins centered at Lpo ~

10** (purple), 10** (blue), 10*® (green), and 10*® (yellow) erg/s for our fiducial models (including unmodified Lpo values
for AGN in all galaxies; top) and our “Plausible LRD Scenario" (as in Figure 4, including only super Eddington-accreting,
Eddington luminosity-limited black holes hosted within M, > 2 x 107 Mg, galaxies; bottom) for the GTDA model (left) and the
free-fall accretion model (right) at z ~ 6. While more luminous AGN are typically hosted in more massive galaxies, our fiducial
models predict AGN in each luminosity bin to have a wide range (3 —4 orders of magnitude) in host stellar mass. Our “Plausible
LRD Scenario", however, predicts a much narrower range in host stellar masses of LRDs (~ 1 order of magnitude) in a given
luminosity bin, although the range is still wide (~ 3 orders of magnitude)) when integrated over the entire LRD population. In
either case, the majority of AGN in the luminosity range of observed LRDs are hosted by low-mass (log(M./Mg) < 9) galaxies
whose central black holes accrete intermittently (see Figure 1 for examples).

back. Anglés-Alcazar et al. (2017b), Catmabacak et al.
(2022), and Byrne et al. (2023) have previously shown
that black holes in FIRE simulations only transition to
a more steady accretion phase at later times when their
host galaxy is more massive (M, > 10°Mg) and less
bursty. Nonetheless, we have demonstrated that the fre-
quency and intensity of the intermittent black hole ac-
cretion within our population of bursty, low-mass galax-
ies is able to sustain an abundant population of luminous
AGN at high redshift.

4.4. Demographic Support for Super-Eddington
Accretion LRD Models

Since the discovery of LRDs, a number of theoreti-
cal models that involve super-Eddington accretion onto
a central black hole have been put forth to explain

their puzzling SEDs. Madau & Haardt (2024), In-
ayoshi et al. (2025a), and Zhang et al. (2025) demon-
strate that super-Eddington accretion could naturally
explain the observed X-ray weakness of LRDs. Inayoshi
et al. (2025a) additionally find that a super-Eddington
accretion scenario results in weak ultraviolet and op-
tical variability, consistent with most observations of
LRD variability, due to photon trapping within super-
Eddington accretion disks. Moreover, GRMHD simula-
tions from Zhang et al. (2025) demonstrate that super-
Eddington accretion can result in the strong Balmer
breaks observed in LRDs. Inayoshi & Maiolino (2025)
show that super-Eddington accretion models predict the
high equivalent widths of broad Ha lines and the pres-
ence of OI lines observed in LRDs. Finally, a semi-



empirical model developed by Lupi et al. (2024) prefers
a super-Eddington accretion scenario in order to match
the broad-line and continuum emission of high-redshift
AGN observed by JWST. These models are consistent
with recent broad and narrow line fitting performed on
LRD spectra by Rusakov et al. (2026), which favors a
low black hole mass (Mpy ~ 10°~7 M), high Edding-
ton ratio scenario for LRDs.

Until now, however, it has remained unknown whether
galaxies are capable of supplying gas to their central
black holes at super-Eddington rates frequently enough
to explain the abundance of LRDs in the scenario that
they are super-Eddington accreting AGN. Our results,
specifically the agreement of our “Plausible LRD Sce-
nario" with observed LRD demographics, demonstrate
that this is the case for galaxies evolving in a realis-
tic cosmological environment, with stellar masses that
are generally consistent with LRD observations (M, >
2x107 Mg), and with AGN luminosities limited at Lgqq.
Moreover the simulations used here to demonstrate this
point simultaneously reproduce other key high-redshift
observations (i.e., the z = 8 — 12 UVLF; Sun et al. 2023
and the z = 5 — 12 MZR; Marszewski et al. 2024, 2025).

4.5. Limitations of the Present Work

Here we discuss the limitations of this work, their po-
tential effects, and how they may be improved in future
work. The first limitation is that we apply subgrid pre-
scriptions to determine black hole accretion rates and
their variability rather than truly resolving black hole
accretion and its variability. Looking forward, hyper-
refined simulations that resolve black hole accretion
on much finer scales in realistic cosmological environ-
ments (e.g., Anglés-Alcazar et al. 2021; Hopkins et al.
2024a,b,c) are a promising tool for understanding the
nature of AGN and the limitations of the accretion mod-
els applied in this work.

A second limitation is that the simulations we analyze
do not include AGN feedback, which, if included, would
likely suppress the accretion rates onto the black holes.
If AGN feedback is capable of significantly disrupting
accretion flows in the LRD regime, then our inferred ac-
cretion rates (and hence our luminosity functions) could
be viewed as upper limits predicted from the simula-
tions. Since, over our luminosity range of interest, we
largely overpredict the abundance of AGN, the inclusion
of AGN feedback may bring our models into closer over-
all agreement with observations. On the other hand,
LRD observations notably do not detect any outflow or
jet signatures (i.e., X-rays, e.g., Yue et al. 2024; Ananna
et al. 2024 and radio jets, e.g., Akins et al. 2025; Perger
et al. 2025), hinting that AGN feedback could be sup-
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pressed in these sources. Ultimately, simulations that
include self-consistent, live-tracked black holes and AGN
feedback are needed to elucidate the effects of AGN feed-
back on our results.

5. CONCLUSIONS

We have applied the GTDA and simple free-fall ac-
cretion models in post-processing to predict accretion
rates for black holes at the center of bursty high-redshift
FIRE-2 galaxies. We have constructed AGN bolomet-
ric luminosity functions from these predicted accretion
rates and we have predicted host galaxy UVLFs. We
compare our results with the observed demographics of
LRDs and classical AGN. Here, we summarize the key
conclusions of this work:

e Despite the highly intermittent black hole ac-
cretion rates inferred from our FIRE-2 sample,
bursty, high-redshift galaxies are predicted to host
a sufficiently abundant population of AGN in the
luminosity range of LRDs.

e Assuming larger unresolved time variability in our
predicted accretion rates has a net result of up-
scattering more galaxies from lower to higher lu-
minosity bins.

e Our models predict that the vast majority of AGN
in the luminosity range of observed LRDs are
hosted by low-mass (log(M,/Mg) < 9) galaxies.

e Interestingly, our fiducial models reproduce the
observed number of AGN at the highest LRD lu-
minosities (Lpo ~ 10%° erg/s) but (similar to
other theoretical models in the literature) overpre-
dict their abundance at lower luminosities (Lpo ~
10%3=4 erg/s) relative to observations. As a
result, our fiducial models also overpredict the
UVLF for host galaxies of AGN in the bolomet-
ric luminosity range of LRDs as compared with
LRD observations.

e We explore potential explanations for these over-
predictions and their implications for the types of
galaxies that host LRDs and for black hole growth
in the early universe. A plausible (but likely
not unique) scenario for simultaneously match-
ing the LRD AGN bolometric luminosity func-
tion and the LRD UVLF suggests that LRDs are
super Eddington-accreting, Eddington luminosity-
limited, Mgy = 2 x 10° Mg, black holes residing

~

in M, > 2 x 107 M, galaxies.

This work is largely a “first-order" demographics check
demonstrating the ability of bursty galaxies to host AGN
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in the luminosity range of LRDs in sufficient abundance.
More detailed theoretical work, as outlined in Section
4.5, will help elucidate the true nature of LRDs.
Observationally, there are many outstanding ques-
tions that must be answered in order to achieve stronger

demographic constraints on LRDs. These key challenges
include the separation of AGN and host galaxy contri-
butions to their SEDs and more direct measurements of
bolometric correction factors for a large sample of LRDs
via observations over wide wavelength ranges (as done
by Greene et al. (2025) for two sources).
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A. DEPENDENCE ON RADIAL APERTURE OF BLACK HOLE ACCRETION MODEL

Here, we explore the dependence of our predicted AGN bolometric luminosity functions on R, the radial aperture
within which the properties of particles are used to predict the accretion rate of central black holes. We repeat our
procedure to calculate the luminosity function using both the GTDA and free-fall accretion models using the properties
of particles located within different radial apertures of R = 20, 50, 100, 200, 500, and 1000 pc. In Figure 6 we present
the dependence of the AGN luminosity function predicted from the GTDA and free-fall accretion models on R. We find
that the bolometric luminosity function predicted from the simple free-fall accretion model increases significantly with
larger R due to the increased gas mass available within larger apertures. However, our results from the GTDA model
are relatively insensitive to aperture size (especially at the bright end, where a priori the LRD population may be most
challenging to explain in bursty galaxies), with larger apertures resulting in only slightly higher predicted luminosity
functions. The relative insensitivity of the GTDA model on aperture size is a desirable property and another reason
our exploration of plausible physical scenarios in Section 4.2 focuses on this model.

Since the process of accretion onto a black hole takes place on scales much smaller than are resolved by our simu-
lations, it is desirable to calculate predicted accretion rates from properties of particles within the smallest possible
aperture that still typically captures the dynamics of many gas particles. In the lowest resolution simulations used in
this work, we find the median smoothing lengths of gas particles in the central region of galaxies to be ~ 10 — 20 pc.
We therefore choose R = 100 pc as our fiducial aperture.

B. EFFECTS OF ASSUMED Mgy — M, RELATION

Throughout this work we have assumed a Mgy — M, scaling relation of My = 0.01M,. This fiducial relation is in
approximate agreement with the mean relation presented by Harikane et al. (2023) for z = 4 — 7 galaxies. However,
there is a significant scatter about this observationally derived relation and the true relation remains difficult to
constrain due to observational uncertainties and systematics. Our results obtained from the fiducial GTDA model are
insensitive to this assumed scalin; relation due to the inherently weak scaling of the accretion rates in this model with
black hole mass (]\'JTOWue o MéHﬁ ). Likewise, accretion rates predicted from the fiducial simple free-fall model are
insensitive to this choice since the black hole mass typically makes up only a small fraction of the total mass within
the aperture (Mpuy < Mo, except for in extreme cases). However, our modified models that invoke the Eddington
(luminosity and/or accretion) limits are sensitive to this choice due to the linear scaling of Lgqq and MEdd with Mpg.
In this appendix, we therefore investigate the effects of assuming different My — M, scaling relations (Mpyg = 0.1M,
and Mpy = 0.001M,) on the results derived from these modified models.

Figure 7 presents the z ~ 6 AGN bolometric luminosity function assuming different Mgy — M, scaling relations
for our modified models that invoke Eddington luminosities and/or accretion rates. In the case where we only cap
luminosities at Lgqq, larger assumed black hole masses result in a slightly higher AGN bolometric luminosity function,
especially at the bright end. However, in the case that we also only allow super-Eddington accreting black holes to
contribute to the LRD population, larger assumed black hole masses can decrease our predicted luminosity function
since very few black holes are predicted to accrete at the elevated Eddington rates. Therefore, if Mgy /M, 2 0.01, then
the bright end of the LRD bolometric luminosity function becomes difficult to explain in super-Eddington scenarios.

C. DUST EFFECTS ON LRD UVLF

In Section 4.2.2 and 4.2.3 we present our modelling and predictions for the LRD UVLF. This modelling assumed
that the UV luminosities of LRD host galaxies are dust-attenuated according to the z = 6 UV attenuation to stellar
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Figure 6. The predicted z ~ 6 AGN bolometric luminosity function using the GTDA model (left panel) and the simple free-fall
accretion model (right panel) calculated using different radial apertures of R = 20 (dark blue), 50 (purple), 100 (magenta), 200
(red), 500 (orange), and 1000 (yellow) pc. Shaded regions represent the range between the 16th and 84th percentile luminosity
functions predicted from our bootstrapped samples. Green circles with error bars show the LRD bolometric luminosity function
inferred from observations by Greene et al. (2025) for z = 4 — 6 and black crosses show a pre-JWST AGN bolometric luminosity
function based on X-ray and UV observations from Shen et al. (2020) (their “Global Fit A") for z = 4 — 6. Here, we introduce
our fiducial amount of variance to the normalization/accretion efficiency (0iog(ep) = Olog(ey) = 0.5) and we use our fiducial
accretion efficiency of eg = 0.01 for the simple free-fall model. The predicted luminosity function using the free-fall accretion
model increases when using larger radial apertures. The luminosity function predicted from the GTDA model is less sensitive
to the choice in aperture, especially at the bright end. We choose R = 100 pc as our fiducial radial aperture for both models
since this aperture remains significantly larger than the typical resolution (median smoothing length) achieved for the gas in
the central regions of our simulated galaxies (~ 10 — 20 pc).

mass relation from Donnan et al. (2025). Here we present the predicted LRD UVLF under an alternative, dust-free
scenario and discuss the effects of including dust attenuation. While the effect of dust on the spectra of LRD hosts is
still uncertain, the dust-free scenario is motivated by the lack of observed dust-reprocessed emission in the far-infrared
spectra of LRDs (e.g., Setton et al. 2025; Casey et al. 2025). Figure 8 presents the predicted z ~ 6 LRD UVLF for all
models described in Section 4.2.1 with and without dust attenuation.

The primary effect of including-dust attenuation is its suppression of the bright end of the UVLF (Myy < —21).
This is a result of the most massive galaxies in our sample, which are the dominant contributors to the bright end of the
UVLF, being the most severely dust-attenuated according to the Donnan et al. (2025) relation. For the same reason,
the UVLFs for our set of models that only include M, > 10% Mg galaxies as potential LRD hosts are suppressed by
dust attenuation across the full luminosity range. For all other models explored here, dust attenuation does not have
a significant impact on the faint end of the UVLF (Myy 2 —21).
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Figure 7. The predicted z ~ 6 AGN bolometric luminosity function assuming different Mgu — M, scaling relations for the cases
where the luminosities of AGN are capped at their predicted Lgaa (top) and where we only include super-Eddington accretors
whose luminosities are still capped at Lgqqa (bottom) using the GTDA model (left) and the simple free-fall accretion model
(right). We present the cases where galaxies of any mass are permitted to host AGN (dark purple) and where the contributions
of AGN hosted within galaxies with M, < 10° Mg (blue), M, < 2 x 107 Mg (green), and M, < 10® Mg, (yellow) are excluded.
In addition to our fiducially assumed scaling relation of Mgy = 0.01M, (solid lines), we also test My = 0.1M, (dashed lines)
and Mpu = 0.001M, (dotted lines). Red circles show observations of the z = 4 — 6 LRD bolometric luminosity function from
Greene et al. (2025). Our “Plausible LRD Scenario" is shown here by the solid green line with shaded region representing the
range between the 16th and 84th percentile luminosity functions from our bootstrapped samples. In the case where we only cap
luminosities at Lgqd, larger assumed black hole masses result in higher AGN bolometric luminosity functions, especially at the
bright end. However, in the case that we also only allow super-Eddington accreting black holes to contribute, larger assumed
black hole masses can decrease our predicted luminosity function (especially at the faint end) due to difficulty in reaching the
elevated Eddington rates.
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Figure 8. The predicted z ~ 6 UVLF for galaxies hosting an AGN in the LRD luminosity bins (Lpo ~ 10**7%5 erg/s) using the
GTDA model (left) and the simple free-fall accretion model (right) using our fiducial dust model from Donnan et al. (2025) (top)
and a dust-free model (bottom). Galaxies only contribute to the UVLFs if they are predicted (by the model plotted) to host an
AGN in the range Lpo = 10%2:57455 erg/s. In these models, the UV luminosity is powered by star formation in the host galaxy
only. We present the cases where galaxies of any mass are permitted to host AGN (dark purple) and where the contributions
of AGN hosted within galaxies with M, < 10° Mg (blue), M, < 2 x 107 Mg (green), and M, < 10® Mg, (yellow) are excluded.
With these host galaxy stellar mass cuts, we simultaneously explore the cases where the luminosities of AGN are capped at
their predicted Lgda (dashed) and where we only include super-Eddington accretors whose luminosities are still capped at Lgda
(dotted). Our “Plausible LRD Scenario", in which LRDs are powered by black holes accreting at super-Eddington rates, is
shown by the dotted green line with the shaded region representing the range between the 16th and 84th percentile luminosity
functions from our bootstrapped samples. Red diamonds show the z = 4.5 — 6.5 LRD UVLF from Kokorev et al. (2024). For all
models, the primary effect of including dust is its suppression of the bright end of the UVLF (Muyyv < —21). Dust attenuation
also has a significant effect on our set of models that only include M, > 10® My galaxies as potential LRD hosts (yellow curves)
across our full luminosity range. Both of these effects are consistent with the form of the UV attenuation to stellar mass relation
we employ from Donnan et al. (2025), which predicts more massive galaxies to have more dust attenuation.
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