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ABSTRACT

The birth of seeds of massive black holes (BHs) and nascent galaxies at cosmic dawn takes place

in dense gaseous environments, which play a crucial role in shaping their coevolution and radiation

spectra. We investigate gas accretion during the assembly of massive halos with Mh ≳ 1010−11 M⊙
at redshifts z ≃ 4− 10, driving both rapid BH feeding and concurrent nuclear starbursts. As the BH

grows to ∼ 106−7 M⊙ via super-Eddington accretion, the accretion power inflates a dense envelope

whose effective temperature approaches the Hayashi limit at Teff ≃ 5000 K, producing red optical

emission, while a coeval young stellar population of ∼ 107 M⊙ provides blue UV emission. This early

coevolving system naturally reproduces the characteristic spectral features of the so-called little red

dots (LRDs), a population of broad-line active galactic nuclei (AGNs), including the V-shaped UV-

to-optical spectra and weakness of X-ray, infrared, and radio emission. Massive stars in the nuclear

starburst soon explode as supernovae, injecting energy and momentum that expel gas from the nucleus,

quench gas supply to the BH envelope, and ultimately drive a transition into normal AGN phases. For

individual LRDs, the optical-to-UV luminosity ratio remains nearly constant at Lopt/LUV ≃ 2 − 10

from the onset of accretion bursts for ≃ 15 Myr, one-third of the Salpeter time, until quenching by

stellar feedback. While this ratio is sustained for the LRD population at z ≃ 4− 8, it declines toward

lower redshifts as BHs can no longer maintain red envelopes, thereby losing the LRD characteristics.

Keywords: High-redshift galaxies (734) — Quasars (1319) — Supermassive black holes (1663)

1. INTRODUCTION

Little Red Dots (LRDs) are a new identified class of

active galactic nuclei (AGNs) uncovered by deep sur-

vey programs led with the James Webb Space Telescope

(JWST) (e.g., J. Matthee et al. 2024; J. E. Greene et al.

2024; L. J. Furtak et al. 2024; I. Labbe et al. 2025; D. D.

Kocevski et al. 2025), including the highest-redshift

spectroscopically confirmed LRD at zspec = 9.288 (A. J.

Taylor et al. 2025a) and a photometrically selected can-

didate at zphot = 10.5 (T. S. Tanaka et al. 2025). Their

properties are characterized by distinctive spectral en-

ergy distribution (SED), broad Balmer emission lines,

and compact morphologies (e.g., B. Wang et al. 2024;

Email: inayoshi@pku.edu.cn

C.-H. Chen et al. 2025a; D. J. Setton et al. 2025; R. E.

Hviding et al. 2025), while several canonical AGN sig-

natures such as hard X-rays from hot coronae, near-

to mid-infrared radiation from hot dust, and radio jets

are weak or absent (e.g., R. Maiolino et al. 2025; M.

Yue et al. 2024; H. B. Akins et al. 2024; P. G. Pérez-

González et al. 2024; A. J. Gloudemans et al. 2025; M.

Xiao et al. 2025). From the observed rest-frame UV-

optical-infrared fluxes, LRDs typically have luminosities

of L ∼ 1043 − 1044 erg s−1 (uncorrected for dust extinc-

tion), which can be powered by accreting massive black

holes (BHs) with masses of MBH ∼ 106−107 M⊙ or po-

tentially even lower masses closer to the predicted mass

range for seed BH populations (K. Inayoshi et al. 2020;

M. Volonteri et al. 2021, references therein).
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Their spectral uniqueness likely originates from the

dense environments where the central BHs reside. LRD

spectra often show prominent absorption features super-

posed on broad Balmer emission lines (D. D. Kocevski

et al. 2023; J. Matthee et al. 2024; R. Maiolino et al.

2024; X. Lin et al. 2024; A. J. Taylor et al. 2025b; D. D.

Kocevski et al. 2025; F. D’Eugenio et al. 2025) together

with a spectral break near the Balmer limit wavelength

(e.g., J. E. Greene et al. 2024; L. J. Furtak et al. 2024;

B. Wang et al. 2024). These features require dense gas

absorbers with high covering fractions surrounding the

BH (K. Inayoshi & R. Maiolino 2025), especially for

some LRDs with an extremely deep Balmer break that

is hardly explained by stellar continuum of evolved pop-

ulations (A. de Graaff et al. 2025; R. P. Naidu et al.

2025; A. J. Taylor et al. 2025a). High gas densities of

nH ≳ 109 − 1011 cm−3 can collisionally excite atomic

hydrogen to the n = 2 level (I. Juodžbalis et al. 2024),

thereby producing both Balmer absorption and break

features on the transmitted AGN spectra (K. Inayoshi

& R. Maiolino 2025; X. Ji et al. 2025). By analogy with

stellar atmospheres, the red optical continuum can be in-

terpreted as the Wien tail of a blackbody spectrum with

Teff ≃ 5000 K without relying on dust reddening (K. In-

ayoshi et al. 2025; D. Kido et al. 2025; H. Liu et al. 2025;

M. C. Begelman & J. Dexter 2025). This interpretation

is supported by JWST/MIRI observations, which place

stringent limits on hot dust emission in the rest-frame

near–to-mid infrared (C. M. Casey et al. 2024, 2025; Z.

Li et al. 2025; K. Chen et al. 2025). Furthermore, if the

accreting BH is embedded in a dense, quasi-spherical en-

velope, the absence of X-rays and radio jets arises natu-

rally from strong absorption and jet confinement in such

environments (D. Kido et al. 2025).

Independently, the BH-envelope model has been pro-

posed in the context of seed BH formation in the early

universe, as a pathway to the progenitors of supermas-

sive black holes (SMBHs) that later power luminous

quasars (e.g., X. Fan et al. 2023). Under circumstances

with rapid gas collapse into the protogalactic nuclei, ac-

creting BHs are embedded in dense inflows at accretion

rates far exceeding the Eddington limit (M. Volonteri &

M. J. Rees 2005; M. C. Begelman et al. 2006; C. Shang

et al. 2010; K. Inayoshi et al. 2016; S. Chon et al. 2018;

H. Hu et al. 2022; Y. Shi et al. 2024). These inflows nat-

urally form extended envelopes with photospheric tem-

peratures of Teff ≃ 4000−7000 K (M. C. Begelman 2010;

T. Hosokawa et al. 2013; T. E. Woods et al. 2021; M. C.

Begelman & J. Dexter 2025). Such temperatures result

from hydrogen recombination physics and H− opacity,

similar to the surface layers of protostars and post-main-

sequence stars (C. Hayashi 1961).

This dense envelope framework provides a self-

consistent explanation for several key observed proper-

ties of LRDs. However, it faces two major challenges;

the origin of the rest-frame UV continuum and the pres-

ence of broad-line regions. A cold atmosphere with

Teff ≃ 5000 K produces neither ionizing photons nor sig-

nificant UV continuum. If broad-line emitting clouds are

located deep inside the envelope, their emission is likely

to be smeared out by multiple scattering and absorption.

Although additional UV sources such as a young stellar

population can reproduce the observed UV spectra , the

UV-to-optical flux ratio in such a simple two-component

model is not naturally fixed (B. Wang et al. 2024; D. D.

Kocevski et al. 2025; Y. Ma et al. 2025a). Therefore, a

physical mechanism is required to maintain the observed

uniformity of the LRD “V-shaped” SED, ensuring that

the turnover consistently occurs near the Balmer limit

(D. J. Setton et al. 2024) and the UV-to-optical flux

ratio remains in a relatively narrow range.

In this paper, we investigate the properties of mass

accretion in early protogalaxies with dark matter halo

masses of Mh ≳ 1010 − 1011 M⊙, driving both rapid

BH feeding through an inflated gaseous envelope and

concurrent nuclear starbursts, and propose a two-

component model to explain the V-shaped SEDs of LRD

populations. To reproduce the observed UV contin-

uum, intense starburst activity with star formation rates

(SFRs) of ≳ 1 M⊙ yr−1 is required, leading to the for-

mation of a ∼ 107 M⊙ stellar cluster within ∼ 10 Myr at

≲ 100 pc. Massive stars formed in such bursts explode

as supernovae and inject energy and momentum into the

surrounding medium. This feedback process expels gas

from the nucleus, quenches accretion onto the BH, and

thus regulates LRD activity, leading to a transition into

normal AGN phases in the subsequent accretion stages

(K. Inayoshi 2025; see also S. Fujimoto et al. 2022; J.-

B. Billand et al. 2025). We place this scenario in the

context of hierarchical structure formation and explore

the key implications for LRDs, focusing on the origin

of SED uniformity, its evolution with redshift, and the

connection to parent halo properties.

This paper is organized as follows. In Section 2, we

introduce our two-component SED framework, in which

a BH envelope and young nuclear starbursts contribute

to the red optical and blue UV spectral parts, respec-

tively (Sections 2.1 and 2.2). In Section 2.3, we demon-

strate that the composite SED model successfully ex-

plains both the stacked LRD spectrum and NIRSpec

PRISM data of individual sources. Section 3 discusses

the mechanisms that terminate LRD phases: supernova

feedback that halts star formation and gas inflow (Sec-

tion 3.1), and self-regulation of super-Eddington accre-
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accretion

BH envelope

(seed) BH

Young stellar cluster

M⋆,nuc ≃ 107 M⊙

Teff ≃ 5000 K

LUV ≃ 1010 L⊙

Lopt ≃ 1011 L⊙

MBH ∼ 106−7 M⊙

Broad-line regions 
+ dense absorbers
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Figure 1. A schematic view of the structure of an LRD powered by a rapidly accreting (seed) BH and young starbursts in the nu-
clear region. The bloated envelope with an effective temperature of Teff ≃ 5000 K surrounding the BH with MBH ≃ 106−107 M⊙
emits red optical emission (Lopt ≃ 1011 L⊙), while the compact, young stellar population with M⋆,nuc ≃ 107 M⊙ is responsible
for UV emission (LUV ≃ 1010 L⊙). Ionizing radiation from massive stars illuminates broad-line region clouds with dynamical
velocities of ≃ 1, 000 km s−1. Moderate electron scattering broadens the full-width-half-maximum of emission lines to the level
observed in LRD spectra.

tion by powerful momentum-driven feedback from the

BH to the envelope structure (Section 3.2). In Sec-

tion 3.3, we incorporate these prescriptions into the

framework of high-z halo assembly and show that feed-

back in the nucleus preserves the optical-to-UV lumi-

nosity ratio of LRD populations at z ∼ 4− 8, while this

ratio decreases at lower redshifts, gradually erasing the

distinctive LRD colors and reducing their abundance. In

Section 4, we extend the model to address other LRD

properties, including the origin of the broad-line region

(Section 4.1), the absence of high-energy emission lines

in the observed spectra (Section 4.2), the X-ray emis-

sion (Section 4.3), the weakness of time variability (Sec-

tion 4.4), the LRD abundance (Section 4.5), and metal-

enrichment processes (Section 4.6). We summarize our

findings in Section 5.

2. SPECTRA OF NEWLY-BORN SEED BHS

Figure 1 illustrates a schematic view of the nuclear

structure of an LRD discussed in this paper. In this

framework, LRD radiation is powered by a rapidly ac-

creting (seed) BH and young starbursts in the nuclear

region. As a short summary, the bloated envelope with

an effective temperature of Teff ≃ 5000 K surrounding

the BH emits red optical emission (Section 2.1), while

the compact, young stellar population with ∼ 107 M⊙
is responsible for UV emission (Section 2.2). The two

components of radiation sources can reproduce the V-

shaped SED observed in LRDs, as discussed in Sec-

tion 2.3. Ionizing radiation from massive stars illumi-

nates broad-line region clouds with dynamical velocities

of ≃ 1, 000 km s−1. Moderate electron scattering broad-

ens the full-width-half-maximum of emission lines to the

level observed in LRD spectra (Section 4.1).

2.1. Rapidly accreting envelope onto a BH

Our model assumes that LRDs are powered by ac-

creting massive BHs enshrouded by a dense, extended

gaseous envelope. This envelope forms a bloated, cold

atmosphere with an effective temperature of Teff ∼
5000 K. If the radiative luminosity from the envelope

surface (Lph) is limited to the Eddington luminosity

(LEdd) or a similar value, the photospheric radius can

be expressed as

Rph ≃ 1.7× 1016 cm λ
1/2
EddM

1/2
6 T−2

0 , (1)

where λEdd ≡ Lph/LEdd, M6 = MBH/(10
6 M⊙), and

T0 = Teff/(5000 K). The circular velocity around the

photospheric radius is

Vph =

√
GMBH

Rph
≃ 3.0× 10−3c λ

−1/4
Edd M

1/4
6 T0, (2)

where G is the gravitational constant and c is the speed

of light. Here, the envelope mass is not included as its

mass is lower or at most comparable to the BH mass (D.

Kido et al. 2025). The surface gravity on the envelope

(g ≡ GMBH/R
2
ph) is calculated as

g =
κesσT

4
eff

λEddc
≃ 0.47 cm s−2 λ−1

EddT
4
0 , (3)
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similar to the typical surface gravity on super-giant

stars, where σ is the Stefan-Boltzmann constant and

κes is the electron scattering opacity.

The envelope is supported by radiation pressure pow-

ered by BH accretion. In the nearly adiabatic regime

(minimal radiative energy losses), the structure resem-

bles convection-dominated accretion flows (CDAFs; E.

Quataert & A. Gruzinov 2000), in which inflows and

outflows coexist. Convective eddies reduce the inward

mass flux toward smaller radii, following a power-law

form of Ṁin ∝ rp, with p ≃ 0.5 − 0.7 observed in nu-

merical simulations (J. M. Stone et al. 1999; F. Yuan

& R. Narayan 2014; K. Inayoshi et al. 2018). As a

result, even if the large-scale mass inflow rate greatly

exceeds the Eddington value, the BH feeding rate self-

regulates to ṀBH ∼ O(ṀEdd) (e.g., H. Hu et al. 2022),

and the emergent luminosity remains near Lph ≃ LEdd.

In this framework, the red optical continua of LRDs

arise from the Wien tail of the blackbody spectrum

emitted by the envelope surface, without imposing dust

reddening. The observed rest-frame optical luminosity

(Lopt ≃ 1044 ergs−1; H. B. Akins et al. 2024) can be

reproduced by the Eddington luminosity of a BH with

MBH ≃ 106 M⊙ for AV = 0.

To maintain a radiation-dominated convective enve-

lope against disruption by AGN feedback, the mass in-

flow rate from the parent halo must far exceed the Ed-

dington rate (see discussion in Section 3.2), defined as

ṀEdd ≡ LEdd/(ηradc
2) with a 10% radiative efficiency

ηrad = 0.1. Such high inflow rates are plausible in pro-

togalactic nuclei hosted by massive dark matter halos

with masses of Mh, in which the baryonic accretion rate

with a cosmic baryon fraction of fb = 0.16, can reach

Ṁb ≃ 1.5× 103 M⊙ yr−1fb,0.16M
β+1
h,12

(
1 + z

10

)5/2

, (4)

where Mh,12 = Mh/(10
12 M⊙) and fb,0.16 = fb/0.16.

The halo mass and redshift dependence is calibrated

so that the halo mass growth becomes consistent with

the Press-Schechter formalism and cosmological N-body

simulations (R. H. Wechsler et al. 2002; O. Fakhouri

et al. 2010). While the index value is originally given

as β ≃ 0.14 from fitting of halo merger trees (A. Dekel

et al. 2013), β ≃ 0.03 is found to provide a better ap-

proximation for halos of ∼ 1011 M⊙ at z > 5 (A. Dekel

et al. 2025a). In this paper, we fix β = 0.03 for all the

mass range over redshift.

It is worth noting that the formula for the mass ac-

cretion rate can be further simplified if β = 0 as,

Mh(z) =Mh,0 · e−kh(z−z0), (5)

where Mh,0 is the halo mass at z = z0 and kh represents

the growth rate of the dark matter halo. The growth

rate estimated from merger-tree calculations for massive

halos ofMh ≃ 1012 M⊙ at z = 6 ranges over 0.25 ≲ kh ≲
1.15 (H. Hu et al. 2025). Moreover, under the same

approximation, the baryonic inflow rate is expressed as

Ṁb ≃ 144 M⊙ yr−1fb,0.16T
3/2
vir,6

(
1 + z

10

)
, (6)

where Tvir,6 = Tvir/(10
6 K) is the normalized halo virial

temperature. Therefore, if the gas supply feeds the nu-

clear region of a massive halo with a virial temperature

of Tvir,6 ≃ 1, this rate corresponds to ∼ O(100)× ṀEdd

for a BH with MBH ≲ 107 M⊙. Such an inflow is

sufficient to confine ionizing radiation from the central

AGN through efficient radiative recombination and the

strong ram pressure of the accreting material (K. In-

ayoshi et al. 2016; Y. Sakurai et al. 2016; E. Takeo et al.

2018), thereby leading to the formation of a cold atmo-

spheric envelope rather than the photoionized region.

The two expressions of Equations (4) with β = 0.03

and (6) yield similar inflow rates within 10% differences.

Such a small difference does not affect our discussion of

the inflow rate itself, so we adopt the simplified form

(Equation 6) as this expression also makes the formula-

tion of other quantities more tractable. However, when

integrating the halo mass growth, the cumulative effect

of these errors becomes significant, and we therefore em-

ploy the more accurate expression (Equation 4) with

β = 0.03 for that purpose.

2.2. Nuclear starbursts

Next, we consider star formation episodes in the nu-

clear scale within massive dark matter halos withMh at

redshift z, and discuss the origin of blue UV emission of

LRDs. For Tvir ≃ 106 K, the corresponding halo mass,

virial radius, and gravitational binding energy are

Mh ≃ 9.5× 1010 M⊙ T
3/2
vir,6

(
1 + z

10

)−3/2

, (7)

Rvir ≃ 14.7 kpc T
1/2
vir,6

(
1 + z

10

)−3/2

, (8)

Ebin,h ≃ 2.6× 1058 erg T
5/2
vir,6

(
1 + z

10

)−3/2

, (9)

where the mean molecular weight is set to µ = 0.6 (G. L.

Bryan & M. L. Norman 1998).

In Figure 2, we present the halo mass for fixed virial

temperatures at Tvir = 105 and 106 K (dotted curves).

Two cases of halo-mass assembly history, Mh(z), are

shown (black solid curve) by integrating the mass growth
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Figure 2. Critical mass scales of dark matter halos, stars, and BHs as a function of redshift, for two cases of halo-mass assembly
history Mh(z) (black solid) where the halo mass reaches Mh ≃ 1012 (left) and 1011 M⊙ (right) at z = 6. The black dotted
curves present the halo masses for fixed virial temperatures at Tvir = 105 and 106 K, and the blue shaded region indicates the
range of cosmic halo abundance between ϕh(≥ Mh) = 10−6 and 10−4 Mpc−3. The red thick curve and shaded region indicate
the conditions for active star formation (SFRnuc ≳ 1 M⊙ yr−1) yielding UV luminosities of LUV ≳ 1010 L⊙, bright enough
to explain the UV emission of LRDs. The critical BH masses against momentum feedback (Mcrit,LRD) and radiative feedback
(Ṁcrit,ion), and the upper limit of stellar mass (ϵ⋆fbMh) are shown along the halo assembly.

rate of Equation (4) from z ≃ 20, where the mass nor-

malization is set so that the halo mass reaches Mh ≃
1012 (left panel) and 1011 M⊙ (right panel) at z = 6,

respectively. The more massive case corresponds to the

halo assembly of quasar host galaxies at z ≃ 6, with a

cosmic abundance of ϕh ≲ 10−4 Mpc−3 (blue shaded re-

gion), while the less massive case represents more abun-

dant galaxies at similar redshifts. Our fiducial halo mass

is well below the critical value for virial shock heating,

≳ 1012 M⊙ (gray shaded region), where the shock heat-

ing rate exceeds the bremsstrahlung cooling rate in the

hot plasma (A. Dekel & Y. Birnboim 2006, see also M. J.

Rees & J. P. Ostriker 1977). Therefore, the baryonic

matter within the halo of < 1012 M⊙ can flow inward

efficiently as cold streams (D. Kereš et al. 2005; A. Dekel

& Y. Birnboim 2006; T. Di Matteo et al. 2012).

Under the conditions for runaway contraction, where

the radiative cooling timescale is shorter than the dy-

namical and sound-crossing timescales (M. J. Rees &

J. P. Ostriker 1977), cold streams feed the central region

of a halo until non-negligible angular momentum of gas

forms a rotationally-supported disk. For simplicity, we

follow the disk model provided by H. J. Mo et al. (1998),

and assume that the the gas settles to an isothermal disk

with a temperature T ≃ 104 K and a mass fraction fd
within a halo with of Tvir ≫ T . Thus, the disk mass is

expressed as

Md ≃ 4.6× 109 M⊙ fd,0.3T
3/2
vir,6

(
1 + z

10

)−3/2

, (10)

where the disk mass fraction is set to fd = 0.3fd,0.3
(fb,0.16 is omitted hereafter). The disk mass is built up

through intense cold-stream accretion from the halo, on

a timescale of Md/Ṁb ≃ 30 Myr fd,0.3[(1 + z)/10]−5/2.

The disk formation timescale is sufficiently shorter than

the cosmic time interval for a significant redshift evolu-

tion (∆z ≃ 1), but is comparable to the key timescales

for BH growth, stellar feedback, and regulation of LRD

activity, each of which is ∼ 30−40% of the Salpeter time

(see Section 3). Therefore, the nuclear disk structure is

in the place at the onset of the LRD phase, essentially

concurrent with starbursts and BH feeding episodes.

We here assume that the gas conserves the same spe-

cific angular momentum as dark matter when forming a

disk, yielding

Rd ≡ λdmRvir ≃ 740 pc λ̄T
1/2
vir,6

(
1 + z

10

)−3/2

, (11)
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where λdm is the spin parameter of dark matter, known

to follow a log-normal distribution function with a mean

λ0 = 0.05 and dispersion σλ = 0.5 (e.g., J. S. Bullock

et al. 2001), and λ̄ = λdm/λ0 is the spin parameter

normalized by the mean value. P. Rinaldi et al. (2024)

reported a morphological analysis of 99 LRDs, finding

that ∼ 70% appear predominantly compact (≲ 400 pc)

even when stacking the short-wavelength bands covering

the rest-frame UV. The remaining 30% exhibit extended

components; 50% show at least two distinct associated

sources or galaxy components, while the rest appear as

single sources with highly asymmetric structures. Sim-

ilar complex UV morphologies have also been indepen-

dently observed in C.-H. Chen et al. (2025b,a), where

the SEDs of off-centered components relative to the cen-

tral point source are better explained by nebular emis-

sion powered by the central AGN, such as narrow-line

regions. These new measurements of LRD sizes, espe-

cially in the UV, suggest that star formation is triggered

preferentially on nuclear scales (Rnuc < Rd), growing in

an inside-out fashion. This interpretation naturally ex-

plains why the stellar component does not appear signif-

icantly extended in current observations. Alternatively,

the nascent stellar disk is intrinsically compact, possi-

bly reflecting a lower spin parameter of the dark mat-

ter halo, though the slowly-spinning halo abundance is

lower (λdm < λ0; see discussion in F. Pacucci & A.

Loeb 2025). While we adopt the mean spin parame-

ter (λdm = λ0) throughout this paper, our model ex-

plains the fact that the LRD abundance is substantially

lower than the dark matter halo abundance, owing to

the ∼ 1% duty cycle for the LRD phase regulated by

stellar feedback (see discussion in Section 4.5).

In the early stage of disk formation, the gas density

profile is assumed to be an exponential disk along the ra-

dial direction r supported by gas pressure in the vertical

z-direction, as n(r) = n0 exp(−2r/Rd)sech
2(z/

√
2z0),

where Rd is the disk size and z0 is the scale height (S. P.

Oh & Z. Haiman 2002). The characteristic density n0

is obtained by comparison between the integrated disk

mass Md from Equation (10), yielding

n0 ≃ 1.8×103 cm−3 f2d,0.3λ̄
−4

(
Tvir
T

)(
1 + z

10

)3

. (12)

Such a gas-rich disk is prone to gravitational instability,

which can trigger bar-mode angular momentum trans-

port and/or disk fragmentation into clumps. The in-

stability is characterized in terms of the Toomre’s Q

parameter, evaluated at r = Rd as

Q =
csκ

πGΣd
, (13)

where Σd is the surface density of the disk, and κ is the

epicyclic frequency, which is related to the orbital fre-

quency Ω as κ2 = rdΩ2/dr + 4Ω2, where Ω = Vc(r)/r

and Vc(r) is the circular velocity at r contributed from

the disk and dark matter (H. J. Mo et al. 1998). The

disk instability likely occurs for low spin parameters

because the disk has higher surface density and the

Toomre-Q value results in Q ≲ 1. S. P. Oh & Z.

Haiman (2002) calculated the fraction of halos where

gaseous disks become gravitationally unstable by inte-

grating over the log-normal type spin parameter dis-

tribution function with a mean λ0 = 0.05 and disper-

sion σλ = 0.5 (e.g., J. S. Bullock et al. 2001). They

found that even though high-spin halos are considered

(λdm ≫ λ0), ≳ 70% (90%) of gaseous disks embedded in

halos with Tvir = 105.5 (106) K lead to Q ≲ 1, indicating

that fragmentation and star formation are inevitable in

our cases.

For simplicity, we assume a constant star formation

efficiency ϵ⋆ and characteristic timescale τ⋆, so that the

star formation rate in the disk is given as SFR(< r) =

ϵ⋆Md(< r)/τ⋆. For τ⋆ ≲ 10 − 100 Myr, intense star-

burst episodes are expected in the inner disk, and stars

and their clusters formed in the outskirts may migrate

inward via disk interactions (K. Inayoshi & Z. Haiman

2014; J. A. Regan et al. 2014; D. Ceverino et al. 2015;

S. Chon & K. Omukai 2020; A. Dekel et al. 2025b;

H. Yajima 2025). In a self-gravitating, nearly isother-

mal gaseous disk, the density radial distribution evolves

from n(r) ≃ n0 to a centrally-concentrated profile of

n(r) ∝ r−2 within the disk, yielding a disk enclosed

mass of Md(< r) ∝ r. In this case, the star formation

rate inside Rnuc ≡ fnRd is

SFRnuc

M⊙ yr−1
≃ 4.6 ζT

3/2
vir,6

(
1 + z

10

)−3/2

, (14)

where ζ ≡ ϵ−1τ
−1
1 fd,0.3fn,0.1, ϵ−1 = ϵ⋆/0.1, τ1 =

τ⋆/10 Myr, and fn,0.1 = fn/0.1. The choice of fn is sup-

ported by two considerations. First, the star-forming

region must be confined within the point-spread func-

tion of JWST/NIRCam, rendering LRDs spatially un-

resolved point sources with Rnuc ≲ 50− 100 pc, even in

cases of strong lensing magnification (e.g., L. J. Furtak

et al. 2024; I. Labbe et al. 2025). Second, star formation

proceeds in an inside-out fashion, initially concentrated

in the central region rather than across the entire disk.

In nearby disk galaxies, the bulge-to-disk size ratio is

typically ≲ 10% (and up to ∼ 20% in bulge-dominated

systems) (e.g., S. Courteau 1996; L. A. MacArthur et al.

2003; J. Kormendy & R. C. Kennicutt 2004). This fact

is consistent with the view that early the first starburst

episodes primarily build the bulge component, as sug-
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Figure 3. Left: Model SED for an LRD (black), consisting of two components: a BH envelope with Teff = 4300 K with the
Eddington luminosity of a MBH = 5×105 M⊙ BH (red), and a 10 Myr-old young starburst with SFR = 1.0 M⊙ yr−1 (blue). The
average photometric SED of z ∼ 6 LRDs obtained from H. B. Akins et al. (2024) is overlaid for comparison. Right: Model SEDs
of a LRD with a mass ratio of MBH/M⋆,nuc ≃ 0.27, 0.15, and 0.08, where the envelope luminosity is assumed to be equivalent to
the BH Eddington luminosity and the stellar age is 10 Myr. The NIRSpec MSA/PRISM spectra of several LRDs normalized at
rest-frame 0.51 µm are overlaid: A2744-QSO1 at z = 7.04 (L. J. Furtak et al. 2024; X. Ji et al. 2025), MoM-BH∗-1 at z = 7.76
(R. P. Naidu et al. 2025), RUBIES-UDS-154183 at z = 3.55 (A. de Graaff et al. 2025), UNCOVER-45924 at z = 4.47 (I. Labbe
et al. 2024), and CAPERS-LRD-z9 at z = 9.288 (A. J. Taylor et al. 2025a).

gested by the older stellar populations typically found

in bulges compared to disks.

For a given nuclear SFR, the corresponding UV lumi-

nosity is calculated as

LUV = 1010 L⊙

(
KUV

KUV,0

)−1 (
SFRnuc

1.0 M⊙ yr−1

)
, (15)

where the conversion factor KUV depends on the stel-

lar initial mass function (IMF), metallicity, and stellar

age. For a constant SFR and a Salpeter IMF ranging

from 0.1 to 100 M⊙, the value at 1500 Å asymptoti-

cally approaches KUV ≃ 2× 10−10M⊙ yr−1L−1
⊙ for ages

≳ 300 Myr, and is only weakly dependent on metallicity

for Z = Z⊙ to Z⊙/50 (P. Madau & M. Dickinson 2014).

Switching to a Kroupa or Chabrier IMF reduces KUV

by 30− 40%. A top-heavy IMF (e.g., 50− 500 M⊙) for

metal-free stars (Z = 0) increases the UV output per

unit SFR, yielding KUV ≃ 0.54 × 10−10M⊙ yr−1L−1
⊙

at t ≳ 10 Myr (E. Zackrisson et al. 2011; K. In-

ayoshi et al. 2022; Y. Harikane et al. 2023a). Adopt-

ing KUV,0 = 10−10 M⊙ yr−1L−1
⊙ as our fiducial value

at t ≳ 10 Myr, the UV luminosity becomes as high as

LUV ≳ 4×1043 erg s−1, comparable to typical UV lumi-

nosities (uncorrected for dust) of observed LRDs. Note

that the nuclear starburst discussed here shares similar

properties with extremely metal-poor galaxies in the lo-

cal universe, characterized by Z ≲ 0.1 Z⊙, stellar masses

of M⋆ ≃ 105 − 107 M⊙, and ages of 4− 50 Myr (e.g., T.

Kojima et al. 2020).

In Figure 2, we mark the halo conditions for SFRnuc ≳
1.0M⊙ yr−1 (red thick curves). This level of nuclear ac-

tivity reproduces the UV luminosity observed in LRDs,

LUV ≳ 1010 L⊙. Additionally, we consider that the SFR

decreases when the halo mass exceed the shock heating

condition, Mh ≳ 1012 M⊙ regardless of stellar and/or

AGN feedback. For quasar-host galaxies (left), the con-

dition is satisfied at 6 ≲ z ≲ 11, whereas for less massive

halos (right), the corresponding redshift window shifts

to 3 ≲ z ≲ 8.

2.3. Composite V-shaped SED of LRDs

Based on the energetics of the red and blue compo-

nents in observed LRD spectra, we consider a model

for the “V-shaped” SEDs that distinguish LRDs from

typical AGNs. The optical component is attributed to

an optically thick, gaseous envelope surrounding the

BH, characterized with a surface temperature Teff ≃
4000−5000 K. In this model, the Wien tail of the black-

body spectrum naturally reproduces the red continuum

without requiring additional dust reddening. The blue

UV component is modeled as emission from a young stel-

lar population formed in the dense nuclear disk, in which

a massive seed BH had already formed. We adopt SED

templates for low-metallicity galaxies (Z = Z⊙/50) with

a constant SFR and stellar ages of 10− 100 Myr (A. K.

Inoue 2011), assuming a Salpeter IMF over 1−100 M⊙.

Nebular emission is included under the assumption that

all ionizing photons beyond the Lyman limit are ab-
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sorbed and reprocessed into lines (i.e., escape fraction

fesc = 0), thereby maximizing line luminosities. With a

constant SFR, the stellar mass is the product of the SFR

and stellar age. Since the UV continuum is dominated

by short-lived massive stars (tage ≃ 3−10 Myr), the UV

luminosity per unit SFR saturates at t ≳ a few×10 Myr.

In contrast, the optical luminosity increases with stellar

age owing to the accumulation of lower-mass stars in the

nuclear region.

In the left panel of Figure 3, we present the model

SED for a LRD (black), consisting of two components:

a BH envelope with Teff = 4300 K radiating at the

Eddington luminosity of a MBH = 5 × 105 M⊙ BH

(red), and a 10 Myr-old young starburst with SFR =

1.0 M⊙ yr−1 (blue). For comparison, we overlay the

average photometric SED of z ∼ 6 LRDs from H. B.

Akins et al. (2024), covering HTS, JWST/NIRCam and

JWST/MIRI data. We note that the HST F814W and

JWST F090W filters probe wavelengths blueward and

redward of the redshifted Lyα emission line, respec-

tively, so that the Lyman break feature is not sharply

resolved in the stacked photometry.

The observed red optical continuum is well reproduced

by the a single-temperature blackbody spectrum with a

Balmer break naturally imprinted by atmospheric radia-

tive transfer in the BH envelope (see also K. Inayoshi &

R. Maiolino 2025; D. Kido et al. 2025; H. Liu et al.

2025; D. Nandal & A. Loeb 2025). The blue UV con-

tinuum is consistent with a young starburst with a stel-

lar mass of M⋆,nuc = 107 M⊙. This stellar population

produces a UV luminosity of νLν ≃ 4 × 1043 erg s−1,

corresponding to a high SFRnuc ≃ 1.0 M⊙ yr−1, as dis-

cussed in Section 2.2. If the envelope luminosity indeed

matches the Eddington luminosity of the central BH, the

BH-to-stellar mass ratio at this early stage is expected

to be MBH/M⋆,nuc ≃ 0.05, which is significantly higher

than in typical low-redshift galaxies (e.g., J. Kormendy

& L. C. Ho 2013; A. E. Reines & M. Volonteri 2015).

In the right panel of Figure 3, we show model SEDs

for a LRD with a mass ratio of MBH/M⋆,nuc ≃ 0.27,

0.15, and 0.08, where the envelope luminosity is assumed

to be equivalent to the BH Eddington luminosity and

the stellar age is 10 Myr. Here, we apply moderate

dust attenuation with visual extinction AV = 0.1 mag,

assuming the Small Magellanic Cloud extinction law.

For comparison, we overlay the NIRSpec MSA/PRISM

spectra of several LRDs that exhibit a strong Balmer

break feature: A2744-QSO1 at z = 7.04 (L. J. Furtak

et al. 2024; X. Ji et al. 2025), MoM-BH∗-1 at z = 7.76

(R. P. Naidu et al. 2025), RUBIES-UDS-154183 at z =

3.55 (A. de Graaff et al. 2025), UNCOVER-45924 at

z = 4.47 (I. Labbe et al. 2024), and CAPERS-LRD-z9

at z = 9.288 (A. J. Taylor et al. 2025a). The luminosity

is normalized at rest-frame 0.51 µm for all the objects.

This composite SED model can reproduce the overall

spectral shape of individual LRDs as well. In this model

framework, these LRDs with a strong Balmer break tend

to require a higher mass ratio ofMBH/M⋆,nuc, compared

to that constrained from the stacking LRD SED.

V-shaped SED models have been investigated in sev-

eral recent studies with different proposed origins for the

blue UV and red optical components. In one-component

scenarios, the uniformity of the SED is attributed to

relatively well-motivated physical mechanisms using a

small number of model parameters. For instance, K. In-

ayoshi et al. (2025) considered accretion onto a binary

BH system with a circum-binary disk and two mini-disks

around each of the two BHs. When the binary separa-

tion is ∼ 103 Schwarzschild radii (for the total mass of

the BHs), the UV and optical continua arise from the

hotter mini-disks and colder circum-binary disk, respec-

tively, while the turnover wavelength of the V-shaped

SED reflects the deficit of thermal emission caused by

gap opening due to binary torques. Alternatively, C.

Zhang et al. (2025) proposed a self-gravitating disk con-

figuration, where a similar SED shape emerges due to

structure variations of the disk thermal profile. Two-

component models provide another route to reproducing

the observed V-shaped SEDs of LRDs either by tuning

physical parameters or through conditions seen in cos-

mological simulations (L. Zwick et al. 2025; E. Cenci

& M. Habouzit 2025; J. Jeon et al. 2025). However,

the two-component scenarios face a key unresolved issue:

explaining the remarkable uniformity of LRD SEDs and

understanding its physical origin and redshift evolution.

Addressing this issue is the main focus in the following

sections.

3. UNIFORMITY OF THE OBSERVED LRD

V-SHAPED SPECTRA

3.1. Supernova feedback

As a natural consequence after the onset of starbursts,

massive stars undergo core-collapse SN explosions (SNe)

in the nuclear region, which inject mass, energy, and

momentum into the surrounding medium. We adopt

the stellar IMF adopted in Section 2.2 (a Salpeter IMF

with 1− 100 M⊙) and assume that stars with masses of

≥ 10 M⊙ undergo SN explosions at the end of their

stellar lifetime. Under a constant SFR, the SN rate

approaches a constant rate of SFR/m̄SN, where ev-

ery m̄SN(= 100 M⊙) of stars produce one SN. How-

ever, the rate is substantially lower in early stages of

< 10 − 20 Myr, when a majority of massive stars are

still alive. We calculate the delay effect of the SN onset
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and give a fitting function of

mSN(t) ≡ m̄SNf(t) = m̄SN · 1 + (t1/1.5)
2.5

(t1/1.5)2.5
, (16)

where t is the elapsed time since the onset of star for-

mation and t1 = t/10 Myr. Therefore, the cumulative

number of SNe is approximated as 6

NSN =
105

f(t)
· t1m̄−1

SN,2

(
SFRnuc

M⊙ yr−1

)
. (17)

From Equation (A12), the total radial momentum injec-

tion into the surrounding gas in nuclear region is

ptotSNR ≃ 1.62 psfNSN, (18)

≃ 1.8× 1010 M⊙ · km s−1NSN,5,

where NSN,5 = NSN/10
5. The simple estimate based

on the product of the momentum injection and the cu-

mulative number of SNe might overestimate the impact

of SN feedback. In reality, some SN remnants could be

removed from the nuclear region due to accretion onto

the BH before the cumulative number reaches ∼ 105,

and collisions among multiple SN bubbles may dissipate

part of the outward linear momentum.

Next, we examine the conditions where the total mo-

mentum injected by successive SNe in the nuclear region

becomes strong enough to blow gas from the nuclear and

disk scale (Rnuc = 0.1 Rd). The gaseous disk is bound

by the gravitational potential of gas itself, dark matter,

and the central BH. The velocity dispersion of gas in the

disk is calculated as

δvd ≃
√
GMd

Rd
=

√
fbfd
λdm

Vcirc,

≃ 163 km s−1f
1/2
d,0.3λ̄

−1/2T
1/2
vir,6. (19)

We note that the velocity dispersion is approximated as

a constant value over r ≲ Rd, but the value increases in-

side the BH gravitational sphere of influence defined by

Rinf = GMBH/(δvd)
2 ≃ 0.16 M6 pc ≪ Rnuc. Therefore,

the critical disk mass when momentum feedback begins

to operate is given by Md,crit ≡ ptotSNR/δvd or

Md,crit ≃ 1.1× 108 M⊙ NSN,5f
−1/2
d,0.3 λ̄

1/2T
−1/2
vir,6 . (20)

6 We calculate mSN(t) using the simulated data of the stellar life-
time measured at the end of hydrogen burning for non-rotating
stars with Z = 0.7 Z⊙ (S. Ekström et al. 2012). Although a
stellar population with Z⊙/50 is considered as our fiducial case,
the metallicity dependence of stellar age is moderate for mas-
sive stars with ≥ 10 M⊙ (≲ 1% difference between cases of
0.7 Z⊙ and 0.3 Z⊙; see P. Eggenberger et al. 2021).
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gas can be retained in the nuclear region against momen-
tum feedback from multiple SNe, as a function of halo
virial temperature. The dotted curve indicates the gas re-
tention time obtained without accounting for the time de-
lay of SN explosions (see text). For massive halos with
Tvir,6 = 0.5 − 2 (shaded region), the gas retention time
reaches tfb ≃ 14 − 19 Myr, corresponding to ∼ 30 − 40%
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This value is comparable to the disk mass in the nu-

clear region, and therefore the nuclear region would be

evacuated when more than NSN ≳ 105 SNe occur. The

condition for Md(< Rnuc) < Md,crit is further rewritten

as

t1
f(t1)

> 0.90 ψT
1/2
vir,6, (21)

where ψ ≡ ϵ−1
−1τ1f

1/2
d,0.3λ̄

−1/2m̄SN,2 ≃ O(1). The condi-

tion depends only on the halo virial temperature, but

not explicitly on redshift. We also note that this con-

dition is independent of fn (i.e., the choice of Rnuc) be-

cause both the disk mass and the number of SNe within

the nuclear region are proportional to fn.

Figure 4 shows the maximum time duration (solid

curve) over which gas can be retained in the nuclear

region against momentum injection from multiple SNe,

as a function of halo virial temperature. The gas re-

tention time tfb increases monotonically with halo virial

temperature, For comparison, the dotted curve indicates

the maximum duration tfb obtained without account-

ing for the time delay of SN explosions (i.e., assuming

mSN(t) = m̄SN). The correction for the delay effect be-

comes important in lower-mass halos, where it extends

tfb significantly. For massive halos with Tvir,6 = 0.5− 2,

the maximum retention time reaches tfb ≃ 14− 19 Myr,

corresponding to ∼ 30− 40% of a Salpeter timescale.
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Figure 5. Time evolution of BHs and stars in a massive halo taken as our fiducial case (Tvir = 106 K and 1 + z = 10). Left:
the inflow rate on the envelope (Ṁin), the BH feeding rate (ṀBH), the rate regulated by BH momentum feedback (Ṁfb), and
the Eddington rate (ṀEdd). The initial BH mass is set to 105 M⊙ and ϵBH = 0.2 is adopted. At later times (t ≳ 20 Myr),
the BH feeding rate falls below the Eddington limit, the envelope structure is no longer maintained, and thus the LRD phase
terminates. Right: Black curves present BH masses with three different initial masses of MBH,0 = 103 (dotted), 104 (dashed),
and 105 M⊙ (solid) for ϵBH = 0.2. Cyan curves show the nuclear mass with SN feedback (solid) and without SN feedback
(dashed). By the time when the LRD phase ends, when the BH feeding rate falls below the Eddington limit, the BH mass
reaches Mcrit,LRD ≃ 107 M⊙.

3.2. Termination of LRD phases

As discussed in Section 2.1, the envelope structure

is maintained by strong ram pressure of inflowing gas

onto the surface against momentum feedback via super-

Eddington disk winds (also see D. Kido et al. 2025). The

momentum injection rate from the accreting BH to the

envelope is proportional to the BH feeding rate ṀBH as

Ṗout = ηwcṀBH, (22)

where ηw is the outflow efficiency. Recent radiation-

hydrodynamic simulations for BH accretion find that

the outflow efficiency settles down to ηw ∼ 0.03 in a

quasi-steady state of super-Eddington flows (H. Hu et al.

2022). We note that the outflow efficiency would in-

crease to ηw ≃ O(0.1) when the outflow traps radiation

and becomes adiabatic, where most the energy is trans-

ferred to the kinetic energy of the outflow. Thus, we

adopt ηw = 0.1 in the following analysis, but keep the

dependence on the efficiency. In contrast, the inflow

momentum rate onto the envelope surface is

Ṗin = vffṀin, (23)

where vff is the inflow velocity and Ṁin is the mass in-

flow rate onto the envelope, which is assumed to be a

fraction ϵBH of the baryonic inflow rate in Equation (6),
Ṁin = ϵBHṀbe

−t/tfb . Here, the e−t/tfb term reflects

suppression of gas supply owing to SN feedback taking

place in the nuclear region.

To satisfy Ṗout/Ṗin ≲ 1, for a given inflow rate onto

the envelope surface, the BH feeding rate is limited to

ṀBH ≲ Ṁfb ≡ vff
ηwc

Ṁin,

≃ 0.03 Ṁinη
−1
−1λ

−1/4
Edd M

1/4
6 T0, (24)

where vff = Vph is set so that the response of the enve-

lope radius caused by BH mass growth is considered.

When the BH feeding rate is lower than the critical

value, we adopt a scaling relationship of ṁBH ≃ ṁ
1/2
in

obtained for super-Eddington accreting BHs, where ṁ
denotes the Eddington ratio of the mass flux (H. Hu

et al. 2022). Therefore, the BH feeding rate is given as

ṀBH = min
(
Ṁfb, ṁ

1/2
in ṀEdd

)
, (25)

which is used when ṀBH ≳ ṀEdd.

The left panel of Figure 5 presents the evolution of

BH growth rate in a massive halo with Tvir = 106 K

at 1 + z = 10: the mass inflow rate on the envelope

(Ṁin), the BH feeding rate (ṀBH), the critical rate reg-

ulated by BH momentum feedback (Ṁfb), and the Ed-

dington rate (ṀEdd). The initial BH mass is set to

105 M⊙ and ϵBH = 0.2 is adopted. At early times,

the accretion rate onto the envelope is extremely super-

Eddington (ṁin ≃ 104), but most of this inflowing gas

is recycled within the envelope through convective ed-
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dies7. As a result, the effective BH feeding rate is re-

duced to ṀBH ∼ 0.3 M⊙ yr−1, though it is still super-

Eddington (ṁBH ≳ 100). As the BH grows, the feeding

rate becomes limited by momentum feedback, but re-

mains nearly constant until the inflow onto the envelope

begins to decline due to gas removal by SN feedback in

the nuclear region at ∼ 70 pc (t ≳ tfb ≃ 16 Myr). At

later times (t ≳ 25 Myr), the BH feeding rate falls below

the Eddington limit, the envelope structure is no longer

maintained, and thus the LRD phase terminates.

The right panel of Figure 5 shows the evolution of

BH and stellar mass in the same halo. For the stellar

component (cyan curves), we present the nuclear stellar

mass with SN feedback (solid) and without SN feed-

back (dashed). We also compare three different initial

BH masses of MBH,0 = 103 − 105 M⊙ (black curves).

At early times, the BH masses reflect their initial val-

ues, but rapid super-Eddington accretion soon erases

this memory. By t ≃ 10 Myr, all cases converge to

MBH ≃ 8 × 106 M⊙, regardless of the initial mass. By

the time when the LRD phase ends, when the BH feed-

ing rate falls below the Eddington limit, the BH mass

reaches ≃ 2×107 M⊙. The BH mass measured at t = tfb
is derived by analytically solving ṀBH = Ṁfb as

Mcrit,LRD ≃ 6.4× 106 M⊙ ξt
4/3
fb,1T

2
vir,6

(
1 + z

10

)4/3

,

(26)

where ξ = (ϵBH,0.2η
−1
−1λ

−1/4
Edd T0)

4/3 and the initial BH

mass is assumed to be negligible in this expression. As

a result of super-Eddington growth and its suppression

due to SN feedback, the ratio of BH mass to nuclear

stellar mass increases rapidly and converges to ≳ 0.1

by the end of LRD phase. This convergence behav-

ior plays a key role in shaping the characteristic V-

shaped SED of LRDs (see Section 3.3). Figure 2 il-

lustrates that this critical BH mass evolves with the as-

sembly history of dark matter halos (green solid). The

final BH mass attainable through an LRD phase is de-

termined by the onset redshift of super-Eddington ac-

creting growth stages. Once the BH mass reaches this

threshold, further LRD activity is suppressed until halo

conditions greatly change on cosmological timescales

and Mcrit,LRD ≫MBH is re-established.

Intriguingly, this critical BH mass for maintaining the

LRD phase against momentum feedback (Mcrit,LRD) is

7 During the earliest stage, the envelope mass greatly exceeds
the mass of the BH. As the BH grows via super-Eddington
accretion and the system enters the LRD phase (see below),
the two masses become comparable, as discussed in D. Kido
et al. (2025).

comparable to the mass threshold for sustaining super-

Eddington accretion against AGN photoionization and

heating in massive halos (K. Inayoshi et al. 2016),

Mcrit,ion ≃ 1.4× 107 M⊙ Tvir,6. (27)

This condition is applicable when the emergent radiation

spectrum is as UV bright as in typical AGNs without re-

processing to optical photons through a thick gaseous

envelope. In such cases, once the BH mass reaches

the threshold (Mcrit,ion), the ionization front expands

rapidly and the outward gas pressure within the ionized

region pushes the surrounding gas, thereby suppressing

mass accretion. If the ionization front stalls through bal-

ance with radiative recombination, the depletion of hot

gas creates an inward pressure gradient that in turn trig-

gers renewed mass inflows (e.g., M. Milosavljević et al.

2009; K. Park & M. Ricotti 2011, 2012; K. Sugimura

et al. 2017; E. Ogata et al. 2024). This mechanism leads

to episodic accretion cycles in which the time-averaged

accretion rate rarely exceeds the Eddington limit. This

second critical BH mass is presented in Figure 2 (green

dashed). For the halo conditions of interest, one finds

Mcrit,ion ≳ Mcrit,LRD, except in the quasar-host case at

z ≲ 9. The coincidence of these two critical masses

suggests that, even if a BH experiences an LRD phase

at its seeding stage, once the BH mass exceeds the two

thresholds, i.e., MBH ≳ max(Mcrit,ion,Mcrit,LRD), the

BH hardly re-enters another LRD phase. Such a dra-

matic change in the accretion mode marks a point of no

return, terminating the LRD phase and transitioning to

a normal AGN phase.

Importantly, in both halo assembly cases, the BH

mass reachable through LRD phases is limited to ∼
4×107 M⊙ (left) and ∼ 107 M⊙ (right). The red shaded

region indicates where LRDs can emerge with charac-
teristic V-shaped SEDs produced by optically-red en-

velopes powered by BH accretion and UV-bright young

starbursts in the nuclear region. At lower redshifts, some

characteristic properties of LRDs are suppressed: either

because the halo mass reaches the threshold for virial

shock heating, or because the accumulated stellar mass

has grown to M⋆ ≳ 1010 M⊙, with a stellar size large

enough to be resolved by JWST/NIRCam imaging (M.

Killi et al. 2024; P. Rinaldi et al. 2024; C.-H. Chen et al.

2025b,a; J.-B. Billand et al. 2025).

The upper limit on BH mass in LRD phases predicted

by our model naturally sets the maximum luminosity at

λL5100,max ≃ 2× 1045 erg s−1 λEdd

(
MBH,max

4× 107 M⊙

)
,

(28)

where the rest-frame 5100 Å monochromatic luminosity

is converted by assuming an envelope temperature of
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Figure 6. Optical-to-UV luminosity ratio of LRDs calculated from the two component model with a BH-envelope (optical)
and compact starbursts (UV). The black curves present the model-predicted ratios for LRDs that reside in quasar-host galaxies
(dashed) and less-massive galaxies (solid; denoted as LRD hosts). Purple circles are the values estimated from the LRD samples
compiled in D. D. Kocevski et al. (2025), and square symbols present those of a subset of the LRD sample with a deep Balmer
break (L. J. Furtak et al. 2024; I. Labbe et al. 2024; A. de Graaff et al. 2025; R. P. Naidu et al. 2025; A. J. Taylor et al. 2025a,
see text). The gray shaded region defined with Lopt/LUV ≤ 0.8 corresponds to colors that have βopt ≤ 0 with βUV = −2, where
the SED is dominated by a blue component and is not classified as an LRD.

Teff = 5000 K (the bolometric correction factor is 1.78).

This theoretical limit aligns well with the sharp cutoff

in the optical luminosity function at λL5100 ≃ 2.5 ×
1045 erg s−1 (Y. Ma et al. 2025b).

Finally, we note a caveat of our argument. We have

focused on how BHs grow during an LRD phase, and

how halo conditions can trigger this phase and deter-

mine the terminal BH mass through stellar feedback.

However, we do not specify how or where the LRD stage

actually begins, since its onset depends on the seeding

mechanism and the initial BH mass. In our framework,

as long as a seed BH resides in the dense nuclear region

of a protogalaxy, it can undergo super-Eddington accre-

tion. Even in low-mass halos with Tvir ≪ 106 K, the gas

retention time tfb cannot be shorter than the lifetime of

massive stars (≳ 3 Myr), allowing for a short-lived LRD

episode. By contrast, when the seed mass is as large

as MBH,0 ≃ 104 − 105 M⊙ (either due to heavy seed

formation or prior growth), the available LRD phase in

low-mass halos with Tvir ≪ 105 K becomes negligible,

since the critical mass for momentum feedback is already

comparable to the BH mass. Therefore, LRD activity

of interest is expected to emerge primarily in halos with

Tvir ≃ 5×105−106 K, hosting BHs withMBH ≪ 106 M⊙
at the onset of the LRD. Here, our aim is not to model

the actual formation pathway of LRDs, but rather to in-

vestigate the physical properties of BHs once they enter

this phase and to explain how they sustain the uniform

V-shaped SEDs observed in LRDs.

3.3. Stability of the V-shaped spectra

The characteristic V-shaped SED of LRDs appears

consistent across different sources, and the optical-to-
UV luminosity ratio (νLν in erg s−1) falls within a rel-

atively narrow range. In Figure 6, we show the lumi-

nosity ratios for LRDs (purple circles for individual ob-

jects and squares with error bars for median values in

each redshift bin) compiled by D. D. Kocevski et al.

(2025). The ratios are derived from the apparent UV

magnitude (mUV at rest-frame 1450 Å) and the F444W

magnitude (mF444W)8. Since the F444W flux density

does not fully trace the optical emission of LRDs at

z ≳ 6 − 7, the plotted data likely underestimate the

optical luminosity and extrapolation of the SED data

to the redder side of optical bands (≃ 1 µm in rest

frame) would shift the ratios upward. Despite moderate

8 Flux data for each LRD sample are available at
https://github.com/dalekocevski/Kocevski24 (D. D. Ko-
cevski et al. 2025).
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scatter, the observed ratios remain narrowly distributed

with median values Lopt/LUV ≃ 1.85 − 2.20 and max-

ima reaching Lopt/LUV ≃ 10. Additionally, we overlay

a rarer but non-negligible subset of the LRD samples

with prominent Balmer break features (square symbols;

L. J. Furtak et al. 2024; I. Labbe et al. 2024; A. de

Graaff et al. 2025; R. P. Naidu et al. 2025; A. J. Tay-

lor et al. 2025a)9. The gray shaded region defined with

Lopt/LUV ≤ 0.8 corresponds to colors that have βopt ≤ 0

with βUV = −2. Within the region, the SED is domi-

nated by a blue component and is not classified as an

LRD (e.g., D. D. Kocevski et al. 2025; K. N. Hainline

et al. 2025; R. E. Hviding et al. 2025).

Figure 6 also shows the optical-to-UV luminosity ratio

predicted based on the two-component model described

in this paper. We assume that the LRD phase persists

for the stellar feedback timescale at each redshift, and

evaluate luminosities at t = tfb from the onset of star

formation. Although the luminosity ratio is time depen-

9 The luminosity ratio is derived from the photometric flux ratio
between F150W and F770W for MoM-BH∗-1 and F150W and
F1000W for CAPERS-LRD-z9. For Abell2744-QSO1, where
MIRI data are currently unavailable, we estimate the optical lu-
minosity by extrapolating the F444W flux density to rest-frame
7000 Å, assuming an optical slope of βopt = 1.2. For RUBIES-
UDS-154183, the UV luminosity is obtained by extrapolating
the F090W flux density to rest-frame 1450 Å, adopting a UV
slope of βUV = −2.0. If the UV slope of this object is steeper,
the optical-to-UV luminosity ratio decreases significantly.

dent, proto-LRDs in the earliest stages when the BH

mass is still low would show lower optical-to-UV ratios.

However, these young phases are short-lived, and obser-

vations likely capture the converged ratios maintained

during the long-lived stage. This treatment is justi-

fied as long as the activity duration is shorter than the

cosmic interval corresponding to a significant redshift

evolution (∆z ≃ 1). The converged luminosity ratio is

shown at each redshift in the cases where LRDs emerge

in the quasar-host halo (dashed) and in less massive halo

(solid). In both cases, though the halo mass (and virial

temperature) increases along the growth tracks as shown

in Figure 2, the optical-to-UV luminosity ratio remains

nearly constant at high redshifts (4 < z < 10), owing

to simultaneous SN feedback onto the two component.

The less-massive halo case reproduces the observed ra-

tios of the majority of LRDs with Lopt/LUV ≃ 2 (purple

circles and squares; D. D. Kocevski et al. 2025). To-

ward lower redshifts, the optical-to-UV luminosity ratio

rapidly declines because of the saturation of BH masses

due to AGN feedback. The composite spectra are not

classified as LRDs at z ≲ 2.5.

On the other hand, the quasar-host case predicts

higher ratios (Lopt/LUV ≃ 10) consistent with a rarer

but non-negligible subset of the LRD sample (L. J. Fur-

tak et al. 2024; I. Labbe et al. 2024; A. de Graaff et al.

2025; R. P. Naidu et al. 2025; A. J. Taylor et al. 2025a).

Notably, several LRDs including RUBIES-UDS-154183

exhibit luminosity ratios of ≳ 10. These high ratios can

be explained for ξ ≳ 2 − 3, corresponding to ϵBH ≳ 0.4

or ηw ≲ 0.05.

The luminosity ratio and its redshift dependence can

be understood as follows. In the cases of interest, where

the BH mass growth is determined by momentum feed-

back (Mcrit,LRD), the luminosity ratio between the op-

tical continuum from the BH envelope and the UV con-

tinuum from the nuclear starburst is calculated as

L ≃ 4.9 ξζ−1λEddt
4/3
fb,1T

1/2
vir,6

(
1 + z

10

)17/6

,

∝ (1 + z)17/6−3ω/4 −→
(
1 + z

10

)0.58

, (29)

where tfb ∝ T
3/16
vir is approximated over 1 ≲ Tvir,6 ≲ 3,

and the power-law index ω is evaluated as

ω ≡ −d lnTvir
d ln z

= −1 +
2kh
3

(1 + z), (30)

assuming a halo assembly history (i.e., Mh ∝ e−khz).

For instance, with kh = 0.6 at 1 + z = 10, one obtains

ω ≃ 3 and thus L ∝ (1 + z)0.58. This weak redshift de-

pendence remains the ratio constant at high redshifts, as
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shown in Figure 6. At lower redshifts (z ≲ 4), the slope

steepens to L ∝ (1 + z)2 and thus the ratio decreases

rapidly below the LRD color selection threshold.

Figure 7 presents the ratio between the BH mass

(Mcrit,LRD) and nuclear stellar mass (M⋆,nuc) at the

end of an LRD phase. The black curves are the model

predictions for quasar-host galaxies (dashed) and less

massive galaxies (solid). The mass ratio inferred for

high-z AGNs with JWST (F. Pacucci et al. 2023; J. Li

et al. 2025) and for local SMBHs (J. E. Greene et al.

2020) are overlaid for comparison. The red curves il-

lustrate simple extrapolation from the local value as

∝ (1 + z)2 and ∝ (1 + z). The predicted mass ratio

falls within a relatively narrow rage at each redshift

(Mcrit,LRD/M⋆,nuc ≃ 0.1 at 5 < z < 10). At lower

redshifts (z ≲ 1), the mass ratio becomes increasingly

dominated by the stellar component and eventually ap-

proaches the local value of ∼ 0.1% (J. Kormendy & L. C.

Ho 2013; A. E. Reines & M. Volonteri 2015; J. E. Greene

et al. 2020); see also a potential evolution of the scaling

relation from low-luminosity to high-luminosity AGNs

including LRDs and unobscured populations (R. Li et al.

2025; H. Hu et al. 2025).

Similar to the luminosity ratio, the BH-to-stellar mass

ratio can be evaluated analytically as

M ≃ 0.15 ξζ−1t
1/3
fb,1T

1/2
vir,6

(
1 + z

10

)17/6

,

∝ (1 + z)17/6−9ω/16 −→
(
1 + z

10

)1.15

. (31)

The redshift dependence of the BH-to-stellar mass ratio

is steeper than that of the luminosity ratio (see Figures 6

and 7), but follows a similar trend.

Figure 8 illustrates the halo conditions that give rise to

LRD phases in the z-Mh plane. The solid curves indicate

the optical-to-UV luminosity ratio at different halo con-

ditions where a LRD emerges: Lopt/LUV = 1 (the LRD

color boundary), 2 (typical LRDs), 4, and 10 (extremely

red LRDs). The gray curves trace the assembly histories

of quasar-host galaxies (dashed) and less-massive galax-

ies (solid). Along the halo assembly track, the optical-

to-UV luminosity ratio remains nearly constant at high

redshifts and decreases toward lower redshifts, as also

shown in Figure 6. The region filled with red dots marks

the halo conditions where the BH envelope and nuclear

starburst together produce the characteristic V-shaped
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SEDs of LRDs with LUV ≳ 1010 L⊙ (corresponding to

SFRnuc ≳ 1.0 M⊙ yr−1);

1 ≲ Lopt/LUV ≲ 10,

2× 1010 ≲Mh/M⊙ ≲ 1012. (32)

Finally, the light-gray shaded region highlights the on-

set of feedback-free starburst modes (e.g., A. Dekel et al.

2023; Z. Li et al. 2024; A. Dekel et al. 2025b), where sig-

nificantly redder SEDs dominated by the BH-envelope

emerge though such cases are rarer.

4. DISCUSSION

4.1. Broad-line regions

While the BH-envelope model successfully reproduces

several key features of observed LRD spectra (e.g., red

optical continua, absence of X-rays and radio jets, pres-

ence of Balmer break, and weak hot dust emission), the

origin of broad-line emission has not been addressed so

far. The difficulty arises because an optically thick, low-

temperature envelope that largely covers the central ac-

creting BH would prevent ionizing photons from escap-

ing.

One possible solution is to consider a non-spherical

geometry, where ionizing radiation from the central ac-

cretion disk can leak through relatively low-density polar

regions of the envelope (e.g., H. Liu et al. 2025; X. Lin

et al. 2025a). Such a configuration could result from the

angular momentum of inflowing gas. However, this geo-

metrical effect would also imply a strong viewing-angle

dependence in the observed LRD spectra. This is in-

consistent with the observational fact that LRDs show

a remarkably uniform V-shaped SED and a consistent

lack of detectable X-ray emission across viewing direc-

tions. Furthermore, since X-rays are more penetrating

than UV photons, any radiation leakage that explains

the observed UV continuum would inevitably lead to

detectable X-ray emission, which is not observed.

In contrast, the composite SED model discussed in

this paper offers an alternative explanation for the ori-

gin of broad-line emission through ionizing photons pro-

duced by young starbursts forming outside the gaseous

envelope. Assuming Case B radiative recombination for

atomic hydrogen, the Hα luminosity can be related to

the star formation rate as

LHα = 6.92× 1041 erg s−1

(
SFR⋆,nuc

M⊙ yr−1

)
, (33)

where the conversion factor is based on a Z⊙/50 stellar

population (see Table 7 of D. Schaerer 2002). Using

Equation (14), the Hα luminosity is given as

LHα = 3.1× 1042 erg s−1 ζT
3/2
vir,6

(
1 + z

10

)−3/2

. (34)

This predicted Hα luminosity is consistent with values

measured for broad Hα emitters (Y. Harikane et al.

2023b, without dust correction), but is lower by a factor

of ≃ 5 compared to brighter broad Hα emitters iden-

tified by slitless spectroscopy (J. Matthee et al. 2024).

We note that the estimate in Equation (34) gives a lower

limit because LRDs can emerge in more massive halos

at lower redshifts (i.e., LHα ∝ Mh). Since cold gas col-

lapses to the halo center for Mh ≲ 1012 M⊙ (A. Dekel

& Y. Birnboim 2006), the Hα luminosity can reach as

high as LHα ≃ 3× 1043 erg s−1 ϵ−1τ
−1
1 fd,0.3. The most

luminous LRD reported by I. Labbe et al. (2024) has

LHα ≃ 1044 erg s−1, which is achievable with higher

disk mass fractions and star formation efficiencies, such

that ϵ⋆fd ≳ 0.1.

The width of the Hα emission line is determined by

the virial velocity at, or just outside, the envelope, as es-

timated in Equation (2). The relation between FWHM

and virial velocity depends on the geometry of broad-

line region clouds, with V 2
vir = fvir(FWHM)2, where fvir

is the virial factor. Assuming a spherical distribution of

clouds (fvir = 4/3; H. Netzer 1990), we obtain

FWHM ≃ 1, 000 km s−1 λ
−1/4
Edd M

1/4
6 T0. (35)

This value matches the threshold typically used to define

broad-line emission (FWHM ≥ 1, 000 km s−1), but does

not reproduce significantly broader emission lines with

FWHM ≃ 2, 000− 3, 000 km s−1 unless the BH mass is

as high as ∼ 108 M⊙. However, such high BH masses are

disfavored because AGN momentum and radiative feed-

back would suppress the LRD phase (see Section 3.2).

Another plausible mechanism to broaden line widths

is electron scattering. Moderate scattering of line emis-

sion by free electrons with thermal velocity vth,e =√
2kBT/me ≃ 550 km s−1 for T = 104 K, where me

is the electron mass, should play a role in shaping line

spectra, since a subset of LRDs with high signal-to-noise

ratios indeed exhibit exponential line profiles, a clear sig-

nature of electron scattering. As shown in S.-J. Chang

et al. (2025) (see also V. Rusakov et al. 2025), line widths

of FWHM ≃ 2, 000 − 3, 000 km s−1 can be maintained

through moderate electron scattering with optical depth

of τes ≃ 2 − 3 for T = 104 K, even if the intrinsic

line width is only ≃ 1, 000 km s−1. The required op-

tical depth corresponds to an electron column density

of Ne ≃ a few × 1024 cm−2, or equivalently an electron

density ne ≃ 107 cm−3(Ne/3× 1024 cm−2)(r/0.1 pc)−1.

Such column densities can naturally arise in optically

thick winds launched from the BH-envelope system.

Moreover, clouds of neutral hydrogen with high density

of nH ≳ 109 − 1011 cm−3 are expected to form in LRDs

as indicated by the presence of prominent absorption
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features on top of broad Balmer lines (e.g., J. Matthee

et al. 2024; X. Lin et al. 2024; I. Juodžbalis et al. 2024;

B. Wang et al. 2025a; D. D. Kocevski et al. 2025; F.

D’Eugenio et al. 2025) as well as extremely deep Balmer

break features (K. Inayoshi & R. Maiolino 2025; X. Ji

et al. 2025; R. P. Naidu et al. 2025; A. de Graaff et al.

2025; A. J. Taylor et al. 2025a).

Line broadening by electron scattering through nu-

clear dense plasma is a key mechanism in our compos-

ite SED model to account for broad-line AGNs with

FWHM ≳ 2, 000−3, 000 km s−1. Nevertheless, whether

this mechanism operates effectively in real systems re-

mains uncertain. A more detailed treatment of line

broadening within our framework is needed for future

investigation. In addition, detailed analyses of emission

and absorption features will be essential to critically test

theoretical models (e.g., M. Brazzini et al. 2025; S.-J.

Chang et al. 2025); in some cases, the dynamical BH

mass measurement appears consistent with the single-

epoch virial BH mass (I. Juodžbalis et al. 2025) but

inconsistent with a model assuming electron scattering

(V. Rusakov et al. 2025).

Finally, we remark that a subset of LRDs identified

by JWST/NIRCam photometry shows a characteris-

tic V-shaped SED but only narrow Hα emission with

FWHM ≃ 200 − 500 km s−1 (Z. Zhang et al. 2025b).

Importantly, these objects share similar color and mor-

phologies with broad-line LRDs, differing mainly in their

line widths. Within the framework of coevolving BH-

starburst systems, the narrow lines imply rapidly grow-

ing low-mass BHs of MBH < 105 M⊙. Such phases oc-

cupy only ∼ 10% of the LRD lifetime (see Figure 5)

compared to systems with BHs near the momentum-

feedback critical mass, yet remain frequent enough to

be observable.

4.2. Lack of highly ionized elements

To investigate the origin of the UV emission (and asso-

ciated ionizing photons) observed in LRDs, it is useful to

examine emission lines with ionization potentials higher

than the hydrogen ionization threshold EH = 13.6 eV

(e.g., C IV λ1549 and [Ne V] λ3426; E. Lambrides

et al. 2024). Among the standard diagnostics employed

in AGN searches, the He II lines (He II λ1640 and

He II λ4686) are particularly informative (e.g., K. Naka-

jima & R. Maiolino 2022; H. Übler et al. 2023).

Intriguingly, He II λ4686 emission has been marginally

detected in some LRDs but with very low line ratios

of He II λ4686/Hβ ∼ 10−2, i.e. less than 5% of the

median value for local AGN (B. Wang et al. 2025b).

This observational result strongly constrains the ion-

izing spectral shape of LRDs. Their spectra must in-

clude hydrogen-ionizing photons, but lack harder radi-

ation needed to doubly ionize helium. This picture is

broadly consistent with the schematic structure of LRDs

shown in Figure 1. In particular, young, massive stars

with very low metallicity (≃ Z⊙/50 but nonzero) yield

He II λ4686/Hβ ≃ 8 × 10−4 or a ratio between the hy-

drogen/ionized helium ionizing photon number fluxes,

Q(He+)/Q(H) ≃ 5×10−4 (D. Schaerer 2002), consistent

with the observed weakness of He II λ4686 emission.

4.3. X-ray emission

X-rays are produced by SN blast waves when the

shocked material cools radiatively. During the cooling

and shell formation phase (tsf ∼ 100−400 yr; see Equa-

tion A6 for Z ≃ Z⊙/50), multiple SNe with N sf
SN ∼ 3 can

occur given the expected SN rate. Since the post-shock

temperature is Tsf ∼ 107 K, most of the kinetic energy

is radiated via X-ray emission, yielding a luminosity of

LX ∼ N sf
SNESN/tsf ∼ a few × 1041 erg s−1. (36)

This X-ray luminosity lies below the upper limits of

LX ≲ 1043 − 1044 erg s−1 derived from Chandra non-

detections of individual LRDs, and is comparable to that

from stacked LRDs (M. Yue et al. 2024; R. Maiolino

et al. 2025; A. Sacchi & A. Bogdan 2025). In LRDs

with more active star formation and brighter UV emis-

sion, the SN rate would be higher, potentially enhanc-

ing the detectability of X-rays from SN blast waves.

X-ray binaries may also contribute, though their X-

ray luminosity is expected to reach only LX ∼ 4 ×
1040 erg s−1(SFR/10 M⊙ yr−1) if the local empirical

relation holds at high redshifts (e.g., H.-J. Grimm et al.

2003; S. Mineo et al. 2014); the LX/SFR ratio could be

higher in the early universe (M. Dijkstra et al. 2012; T.
Fragos et al. 2013). A more comprehensive evaluation

of these contributions is beyond the scope of this work

and will be left for future investigation.

4.4. Time variability

Variability is a key diagnostic in AGN studies, as it

directly traces emission from compact accreting BHs.

For LRDs, however, the detection of variability is chal-

lenging due to the lack of dedicated multi-epoch JWST

observations, and most sources show no significant flux

changes (e.g., M. Kokubo & Y. Harikane 2024; Z. Zhang

et al. 2025a). Nonetheless, a small fraction exhibit clear

variability at the level of ∼ 0.3− 0.8 mag on timescales

of ≲ 10 − 100 days, providing strong evidence that at

least some LRDs host compact, actively accreting BHs

(Z. Zhang et al. 2025a; X. Ji et al. 2025; L. J. Furtak

et al. 2025).
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In our two-component SED model, the optical vari-

ability originates from the convective envelope surround-

ing the BH. Linear stability analyses suggest that such

low-temperature envelopes excite opacity-driven pulsa-

tions, commonly referred to as the κ-mechanism (e.g., Y.

Li & Z. G. Gong 1994; A. Heger et al. 1997; I. Baraffe

et al. 2001). For the envelopes of supermassive stars

with M⋆ ≳ 103 − 105 M⊙ (K. Inayoshi et al. 2013; T.

Hosokawa et al. 2013), the fundamental pulsation mode

is unstable against and has a characteristic period of

tdyn ≡ 2π

√
R3

ph

GMBH
≃ 38 yr λ

3/4
EddM

1/4
6 T−3

0 . (37)

This timescale is too long to be observed within a

few years in the observer’s frame, unless higher-order

pressure-modes with shorter periods become unstable.

In systems composed of multiple objects, each exhibit-

ing only small intrinsic variability, observable fluctua-

tions are further suppressed due to de-synchronization.

Within our framework, however, UV variability could

arise from relatively synchronized SNe occurring during

the feedback timescale, tfb ∼ 10 − 20 Myr. Given a

SN rate of ∼ 0.01 yr−1 in the source frame, monitoring

several hundred high-redshift LRDs would statistically

result in one LRD hosting a single SN event. If such an

event is a core-collapse SN with a typical peak luminos-

ity of ≃ 1043 ergs−1, comparable to the UV luminosity

of LRDs, the UV continuum of the host LRD could vary

by up to a factor of two.

4.5. Cosmic abundance and halo mass of LRDs

The cosmic abundance of observed LRDs rises from

z ≳ 10, peaks at z ∼ 4−8, and declines toward lower red-

shifts (D. D. Kocevski et al. 2025; V. Kokorev et al. 2024;

K. Inayoshi 2025; Y. Ma et al. 2025c; M.-Y. Zhuang

et al. 2025; Euclid Collaboration et al. 2025; A. J. Tay-

lor et al. 2025a; T. S. Tanaka et al. 2025). Around the

peak, the number density of LRDs remains nearly con-

stant at ϕLRD ≃ 6× 10−5 Mpc−3. This low abundance

corresponds to that of very massive dark matter halos

with Mh ∼ 1012 − 1013 M⊙, according to the Sheth-

Tormen halo mass function at z = 4 − 6 (Figure 9).

However, clustering analyses for LRDs suggest substan-

tially lower host halo masses of Mh ≃ 5 × 1011 M⊙ (J.

Arita et al. 2025), based on 27 low-luminosity broad-

line AGNs, ∼ 20% of which are LRDs. Since LRDs

are expected to reside in less massive halos than unob-

scured quasar hosts (E. Pizzati et al. 2025), the true

host halo masses are likely even lower. Indeed, X. Lin

et al. (2025b) estimateMh ≃ 1.1×1011 M⊙ from cluster-

ing of 23 low-luminosity broad-line AGNs with ∼ 50%

identified as LRDs.
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Figure 9. Mass function of dark matter halos host-
ing LRDs at z = 4 − 6, adopting virial temperatures of
Tvir,6 = 0.5 and 1.0. The LRD abundance is given by mul-
tiplying the halo abundance by the duty cycle, defined by
fduty = tfb/tH. The predicted values agree with the observed
LRD abundances for photometrically selected samples (blue,
D. D. Kocevski et al. 2025) and spectroscopically confirmed
samples with broad Hα emission (cyan, J. Matthee et al.
2024). These results suggest that LRD reside in halos with
Mh ≃ 6×1010−3×1011 M⊙ at z ≃ 4−6, which are compa-
rable or lower than the halo masses inferred from clustering
analyses of JWST-selected AGNs including LRDs and unob-
scured populations (J. Arita et al. 2025; X. Lin et al. 2025b).

In our model, dark matter halos with virial temper-

atures of Tvir = 5 × 105 − 106 K are likely LRD hosts.

Using these values, the upper limit of the LRD abun-

dance is given by assuming a duty cycle defined as the

ratio of the LRD lifetime to the Hubble time,

fduty ≡ tfb(Tvir)

tH(z)
≃ 0.013

(
1 + z

6

)−3/2

, (38)

for Tvir,6 ≃ 0.5 − 1. The predicted LRD abun-

dance matches both photometrically selected samples

(blue, D. D. Kocevski et al. 2025) and spectroscopi-

cally confirmed samples with broad Hα emission (cyan,

J. Matthee et al. 2024). This analysis predicts that

typical LRD hosts are dark matter halos with Mh ≃
6 × 1010 − 3 × 1011 M⊙ at z ≃ 4 − 6 (see the red thick

curves in Figure 2). The predicted halo mass range

agrees with that based on clustering analyses with a

large LRD sample (X. Lin et al. 2025b).

4.6. Dust and metal production

Energetic SNe eject heavy elements into the surround-

ing material, and dust grains likely form in dense ex-

panding shells. Assuming a dust yield with mdust ∼
0.1− 1.0 M⊙ per core-collapse SNe, the total dust mass
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produced within the nuclear region is estimated as

Mdust ≃ 5× 104 M⊙ ϵ−1t1fd,0.3fn,0.1, (39)

where mdust = 0.3 M⊙ is adopted (R. Schneider & R.

Maiolino 2024). The duration before SN feedback clears

gas from the nucleus may be as long as t ∼ tfb ≃ 20 Myr,

if the starburst proceeds with a 100% duty cycle. Under

such conditions, the dust mass can grow up to Mdust ∼
105 M⊙, although this estimate neglects dust destruc-

tion in SN ejecta by reverse shocks (e.g., T. Nozawa

et al. 2006; R. Schneider & R. Maiolino 2024). In any

case, the estimated dust mass is consistent with the dust

mass in LRDs inferred from the IR SED fitting and re-

lated analysis (C. M. Casey et al. 2025; K. Chen et al.

2025), which suggests modest dust extinction (AV ≪ 1

mag). Moreover, if half mass of heavy elements remains

in the gas phase, i.e., a 50% of dust depletion factor, the

nuclear metallicity ends up in ∼ Z⊙/300. This value

represents an upper limit under the assumption of con-

tinuous star formation with a 100% duty cycle, but is

broadly consistent with the metallicity adopted in our

SED analysis (Z = Z⊙/50).

At later evolutionary stages, dust grains become non-

negligible and begin to affect both the observed SEDs

and the gas dynamics in the nuclear region. In partic-

ular, hot dust heated by the central AGN, presumably

toward the end of the LRD phase, re-emits a remark-

ably red continuum extending from the rest-frame op-

tical to the mid-infrared (e.g., A. Alonso-Herrero et al.

2006; C. Ramos Almeida et al. 2011; K. Ichikawa et al.

2014; R. C. Hickox & D. M. Alexander 2018; J. Lyu

& G. Rieke 2022). This transition from dust-poor to

dust-rich environments reflects the accumulation of dust

grains through SN feedback, gradually giving a rise to

a classical AGN dust torus (Z. Li et al. 2025). When a

centrally concentrated dust torus is established, as seen

in nearby AGNs, there is a dichotomy between type 1

and type 2 AGN populations owing to the geometric ar-

rangement (e.g., C. Ramos Almeida & C. Ricci 2017;

R. C. Hickox & D. M. Alexander 2018).

Finally, we point out that LRDs offer a unique labora-

tory to probe low-metallicity massive stellar populations

via elemental abundance ratios in their AGN environ-

ments (e.g., R. Maiolino & F. Mannucci 2019). In par-

ticular, the Fe II/Mg II flux ratio, widely used as a proxy

for [Fe/Mg], is observed to be high and nearly redshift-

independent in luminous AGNs up to z ∼ 7 (e.g., T.

Nagao et al. 2006; M. Onoue et al. 2020; J.-T. Schindler

et al. 2020; D. Jiang et al. 2024). This fact implies rapid

iron enrichment possibly driven by massive-star explo-

sions (e.g., Type-II SNe and hypernovae) rather than by

Type-Ia SNe (H. Umeda & K. Nomoto 2008; K. Nomoto

et al. 2013; D. Toyouchi et al. 2022). However, current

measurements of Fe II/Mg II ratios at high redshifts re-

main poorly constrained due to non-detections of these

UV emission lines. An exception is the brightest LRD,

UNCOVER-45924 (I. Labbe et al. 2024), which exhibits

prominent Fe II and Mg II emission lines with a flux

ratio of Fe II/Mg II∼ 10, consistent with values seen

in luminous quasars. Future JWST UV spectroscopy

of LRDs offers a unique opportunity to directly trace

the onset of chemical enrichment (see also B. Trefoloni

et al. 2025), constrain the pathway from LRDs to nor-

mal AGNs, and place stringent limits on early stellar

evolution and the initial mass function.

5. SUMMARY

JWST deep surveys have recently revealed a new pop-

ulation of AGNs known as little red dots (LRDs) (e.g.,

J. Matthee et al. 2024; J. E. Greene et al. 2024; I.

Labbe et al. 2025; D. D. Kocevski et al. 2025). They

show broad Balmer lines and distinctive V-shaped SEDs,

while classical AGN signatures such as hard X-rays, hot

dust emission, and radio jets are weak or absent. These

properties likely reflect dense gaseous environments sur-

rounding the central BHs (J. Matthee et al. 2024; R.

Maiolino et al. 2024; X. Lin et al. 2024; K. Inayoshi &

R. Maiolino 2025; X. Ji et al. 2025). In particular, if the

accreting BH is enshrouded by an optically thick gas

envelope with a surface temperature of Teff ≃ 5000 K,

characteristic of the Hayashi line (C. Hayashi 1961), the

red optical continuum and several other spectral fea-

tures can be reproduced in a self-consistent way. How-

ever, such an envelope alone produces little UV contin-

uum and broad-line emission due to its high covering

factor (D. Kido et al. 2025; H. Liu et al. 2025; X. Lin

et al. 2025a). Although young stellar populations have

been proposed as an additional UV source, simple two-

component models still face difficulty in explaining the

uniform V-shaped SEDs of LRDs (e.g, D. J. Setton et al.

2024; B. Wang et al. 2024; D. D. Kocevski et al. 2025).

In this paper, we investigated the properties of mass

accretion in early protogalaxies that lead to both a

BH-envelope system and concurrent nuclear starbursts,

and proposed a two-component model for the V-shaped

SEDs of LRD populations (see a schematic view in Fig-

ure 1). In this model, the red optical continuum arises

from the Wien tail of the blackbody spectrum emit-

ted by the envelope surface, without significant dust

reddening. The observed rest-frame optical luminosity

(Lopt ≃ 1044 erg s−1) can be reproduced by the Ed-

dington luminosity of a BH with MBH ≃ 106 M⊙ for

AV = 0. The observed rest-frame UV continuum emis-

sion (LUV ≃ 1043 erg s−1) requires intense starburst
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activity with SFR ≳ 1 M⊙ yr−1, leading to the forma-

tion of a ∼ 107 M⊙ stellar cluster within ∼ 10 Myr at

≲ 100 pc. These two components naturally explains the

V-shaped SEDs of both the stacked LRD spectrum and

JWST/NIRSpec PRISM spectra of individual sources

(H. B. Akins et al. 2024; L. J. Furtak et al. 2024; X. Ji

et al. 2025; R. P. Naidu et al. 2025; A. de Graaff et al.

2025; I. Labbe et al. 2024; A. J. Taylor et al. 2025a).

Massive stars formed in such active bursts undergo

SN explosions and inject energy and momentum into

the surrounding medium. This feedback process expels

gas from the nucleus, quenches accretion onto the BH,

and thus regulates the LRD activity, leading to a tran-

sition into normal AGN phases in the subsequent accre-

tion stages (K. Inayoshi 2025). Super-Eddington mass

growth of the BHs through the LRD envelope structure

last for ≃ 15 Myr, one-third of the Salpeter timescale,

until quenching by stellar feedback. By the time when

the LRD phase terminates, the BH mass reaches a crit-

ical mass of ∼ 107 M⊙ (Equation 26). We pointed out

that this should serve as a theoretical upper limit, which

aligns with the inferred cutoff luminosity of the LRD lu-

minosity function (Y. Ma et al. 2025b).

The stellar/AGN feedback prescription is incorpo-

rated into the framework of high-z halo assembly (see

Figures 2 and 5). Our model predicts that the optical-to-

UV luminosity ratio of the BH+starburst components

rises rapidly and saturates at Lopt/LUV ∼ 2 − 10, de-

pending on the parent dark matter halo mass. This lu-

minosity ratio is broadly consistent with that observed

for the LRD population (Figure 6) and remains nearly

constant over 4 < z < 10. At lower redshifts of z < 4,

however, the luminosity ratio decreases, causing LRDs

to lose their distinctive colors and evolve into galaxy-

light-dominated systems. This framework naturally ex-

plains the origin of the uniform SEDs, their redshift evo-

lution including disappearance, and their connection to

parent halo properties.

Similar to the luminosity ratio, the ratio of BH mass

to nuclear stellar mass at the end of LRD phase also

converges to a narrow range at each redshift, with

MBH/M⋆,nuc ≃ 0.1 for 5 < z < 10. Toward lower red-

shifts (z < 1), the ratio shifts increasingly toward stellar

dominance and eventually approaches the local value of

∼ 0.1% (e.g., J. Kormendy & L. C. Ho 2013; A. E. Reines

& M. Volonteri 2015; J. E. Greene et al. 2020).

This framework also accounts for the origin of broad-

line emission in LRDs. Massive young stars in the nu-

clear regions (outside the BH envelope) produce suf-

ficient ionizing radiation to power Hα luminosities of

LHα ≃ 1042 − 1043 erg s−1, consistent with observa-

tions. The intrinsic line widths are expected to be up to

FWHM ≃ 1, 000 km s−1, limited by the circular veloc-

ity outside the envelope. To reproduce the broader lines

of ≳ 2, 000 − 3, 000 km s−1, modest electron scattering

(or additional transfer effects such as Balmer-line reso-

nance scattering; see e.g., V. Rusakov et al. 2025 and

S.-J. Chang et al. 2025) would be required.

In summary, LRDs can be viewed as a transient phase

of super-Eddington accreting BHs enshrouded by red

gaseous envelopes inflated to the Hayashi limit, and per-

sisting for only one-third of a Salpeter time before feed-

back quenches their activity — perhaps the first lumi-

nous red glow of infant BHs.
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APPENDIX

A. SUPERNOVA BUBBLE EVOLUTION

A young, massive stellar population formed within a compact disk owing to gravitational instability produces blue

UV continuum emission with brightness associated with the star formation rate, stellar age, and metallicity. In our

fiducial case, where SFR ∼ 1.0 M⊙ yr−1, tage = 10 Myr, and Z = Z⊙/50, the UV luminosity of LUV ≃ 1010 L⊙
becomes comparable to the typical UV brightness observed in LRDs.

As a natural consequence, massive stars in the nuclear star forming region will undergo SN explosions (SNe), which

inject mass, energy, and momentum into the surrounding medium, and eventually would self-regulate star formation

activity itself and gas feeding to the central BH. Following the analytic theory summarized in C.-G. Kim & E. C.

Ostriker (2015), we discuss the dynamics of radiative supernova remnants (SNRs) in the simplest case of spherical

expansion under a uniform ambient medium with hydrogen number density of namb (see C. F. McKee & J. P. Ostriker

1977). In analytic models, each evolutionary stage of the SNR expansion can be approximated by a power-law form of

the SNR size in time as rSNR ∝ tδ. The value of the power-law index δ defines four main stages of the expansion (D. F.

Cioffi et al. 1988; J. P. Ostriker & C. F. McKee 1988; B. T. Draine 2011): free expansion (δ = 1), the Sedov-Taylor

phase (δ = 2/5), pressure-driven snowplow (δ = 2/7), and momentum-conserving snowplow (δ = 1/4). Note that the

power-law index decreases at each successive stage, where the SNR expansion decelerates.

Let us consider a SN explosion ejecting a mass ofMej with a kinetic energy of ESN = 1051E51 erg. In the initial stage,

the ejecta expands nearly freely with a constant velocity, vej = (2ESN/Mej)
1/2, so that the radius of the SNR increases

with time, rSNR ∝ r (δ = 1). During this free-expansion stage, the forward shock sweeps up the surrounding ambient

medium, while the reverse shock propagates inward and begins to heat the ejecta. The free-expansion phase ends when

the swept-mass, Msw = (4π/3)ρambr
3
SNR, becomes comparable to the initial ejecta mass, where ρamb = 1.4 mHnamb

for 10% helium abundance. The deceleration radius of the SNR is

rdec =

(
3Mej

4πρamb

)1/3

≃ 0.088 pc M
1/3
ej,1n

−1/3
5 , (A1)

where Mej,1 =Mej/(10 M⊙) and n5 = namb/(10
5 cm−3), and the deceleration time is

tdec =
rdec
vej

≃ 27 yr M
5/6
ej,1E

−1/2
51 n

−1/3
5 . (A2)

After t > tdec, when all of the ejecta are shocked, the SNR evolution can be approximated by a point-source

explosion with an energy of ESN embedded in medium with density of namb. Here, we consider the adiabatic phase,

where radiative energy losses are irrelevant, neglecting the pressure in the ambient medium. In this idealized setup,

the SNR evolution is described by a self-similar solution scaled only a characteristic radius scale of (ESNt
2/ρamb)

1/5.
Imposing the jump conditions of the physical quantities across the shock front, a detailed solution is given by rSNR =

1.15167(ESNt
2/ρamb)

1/5 for adiabatic gas of γ = 5/3. Then, we obtain the shock radius, velocity, and post-shock

temperature in the so-called Sedov-Taylor (ST) phase as

rST ≃ 0.20 pc E
1/5
51 n

−1/5
5 t

2/5
2 , (A3)

vST ≃ 780 km s−1 E
1/5
51 n

−1/5
5 t

−3/5
2 , (A4)

TST = 8.2× 106 K E
2/5
51 n

−2/5
5 t

−6/5
2 , (A5)

where t2 = t/(100 yr) (B. T. Draine 2011).

The hot gas with T ∼ 107 K radiates and looses its thermal energy. Due to the shock compression of the density,

radiative cooling becomes important just behind the shock front and leads to the formation of a cold, dense shell. Fol-

lowing B. T. Draine (2011), we approximated the cooling function as Λ = CT−α
6 nHne with C ≃ 1.1×10−22 erg cm3 s−1

and α = 0.7 that gives a good fit for gas with Z = Z⊙. Using the cooling rate and estimating the time by when one

third of the original explosion energy is lost radiatively, the shell-formation time, radius of the SNR, shock velocity,

and post-shock temperature are calculated as

tsf ≃ 88 yr E0.22
51 n−0.55

5 , (A6)
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rsf ≃ 0.19 pc E0.29
51 n−0.42

5 , (A7)

vsf ≃ 900 km s−1 E0.07
51 n0.135 , (A8)

Tsf ≃ 1.1× 107 K E0.13
51 n0.265 . (A9)

Here, we note that the estimate above is based on the cooling function for Z = Z⊙ gas, while our fiducial cases

consider Z ≈ Z⊙/50. With low-metallicity gas, where collision-induced emission of heavy elements is inefficient, the

shell-forming time is delayed and the SNR size on the transition time is larger. The metallicity dependence has been

discussed and characterized with a power-law form as tsf ∝ Z−5/14, rsf ∝ Z1/7, vsf ∝ Z3/14, and Tsf ∝ Z3/7 for

Tsf ≲ 107 K (D. F. Cioffi et al. 1988). This metallicity dependence suggests tsf ∼ 100 − 400 yr for our fiducial case

(Z = Z⊙/50).

Based on the analytical estimate, the momentum injection to the ISM from a single SN can be calculated. In the

ST stage, the strong blast wave heats and accelerates the ambient gas. Using the ST self-similar solution, the radial

momentum of the shocked gas is obtained as

pST ≃ 5.6× 104 M⊙ · km s−1E
4/5
51 n

1/5
5 t

3/5
2 . (A10)

The momentum at the shell-forming time is given as

psf ≃ 1.1× 105 M⊙ · km s−1E0.93
51 n−0.13

5

(
Z

Z⊙/50

)−3/14

. (A11)

For low-metallicity cases, since the shell-formation is delayed due to inefficient cooling, the blast wave in the ST

accelerates the ejecta longer.

After the formation of a dense shell via radiative energy losses, the shell is still pushed outward by overpressured

hot gas in the interior of the SNR. If the radiative cooling of the hot interior gas is still insignificant (i.e., the pressure

of the interior hot gas is large enough), the SNR size is characterized by rSNR ∝ t2/7 and the momentum gradually

increases with time as t1/7. However, in reality, the hot interior begins to cool and it will change to rSNR ∝ t1/4. The

resulting momentum injection saturates at

pSNR ≃ 1.62 psf ≃ 1.8× 105 M⊙ · km s−1E0.93
51 n−0.13

5

(
Z

Z⊙/50

)−3/14

, (A12)

(C.-G. Kim & E. C. Ostriker 2015).

REFERENCES

Akins, H. B., Casey, C. M., Lambrides, E., et al. 2024,

arXiv e-prints, arXiv:2406.10341,

doi: 10.48550/arXiv.2406.10341

Alonso-Herrero, A., Pérez-González, P. G., Alexander,
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