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ABSTRACT
We propose an alternative physical interpretation and formation pathway for the recently discovered "little red
dots" (LRDs). We model LRDs as super-massive stars (SMSs) surrounded by massive self-gravitating accretion
discs (SMDs) that form as a consequence of gas-rich major galaxy mergers. The model provides an excellent
match for numerous spectral features of LRDs, where the V-shape arises from the superposition of two black
bodies, and Balmer line broadening is sourced by the intrinsic rotation of the SMD. No additional AGN, stellar
wind, dust obscuration or galactic component is required. This results in a model with uniquely few, physically
motivated free parameters that are robust to variations in observed LRD properties. We perform MCMC fits for
two representative LRD spectra, for which the full parameter posterior distributions are determined. Allowing for
a compressed SMS mass-radius relation, the recovered parameters are compatible with sub-Eddington accretion
in self-gravitating discs, and the recovered SMS masses of few 106 M⊙ imply the subsequent formation of
massive black holes (BH) that squarely follow the expected BH mass–galaxy mass relation. In addition, the
model implies a redshift distribution for LRDs that accurately matches with observations.

1. INTRODUCTION
The presence of supermassive black holes (SMBHs) with

masses exceeding 109 M⊙ at redshifts 𝑧 ≳ 6 presents a funda-
mental challenge to our understanding of structure formation
in the universe (see, e.g. Bolton et al. 1963; Schmidt 1963;
Zel’dovich 1964; Natarajan 2011; Volonteri 2012; Haiman
2013; Mayer & Bonoli 2019; Woods et al. 2019; Mazzuc-
chelli et al. 2017; Lyke et al. 2020; Wang et al. 2021; Ding
et al. 2022). Observed less than a billion years after the Big
Bang, these objects appear far too massive to have formed nat-
urally as a consequence of Population-III stellar evolution and
the subsequent Eddington limited accretion of gas (Madau &
Rees 2001; Abel et al. 2002; Schneider et al. 2002; Hirano
et al. 2014).

The proposed resolutions to this enigma (excluding pri-
mordial BH scenarios, e.g. Bellomo et al. 2018; Zhou et al.
2022b,a) can be classified into two categories. The first in-
volves invoking long periods of super-Eddington accretion,
which can grow BHs from small initial masses (≲ 103 M⊙) to
the observed values at redshifts of ≳ 6. However, numerical
works suggest that it is implausible to sustain such accretion
rates over the required hundreds-of-millions of years due to
feedback effects, black hole wandering, or a simple lack of
sufficient gas supply (Alvarez et al. 2008; Smith et al. 2018;
Zhu et al. 2020; Sassano et al. 2021; Fiacconi & Rossi 2016;

Lupi et al. 2016; Regan et al. 2019; Sassano et al. 2022; Huško
et al. 2025).

The second category involves the formation of so called
"heavy seed" BHs with masses ≳ 104 M⊙ through the di-
rect collapse of primordial gas clouds. The most common
formulation of the direct collapse scenario is via the contrac-
tion of pristine gas in dark matter halos that are illuminated
by Lyman-Werner radiation from a nearby galaxy of Pop III
stars (Agarwal et al. 2012; Latif et al. 2013; Regan et al.
2014; Habouzit et al. 2016; Agarwal et al. 2016; Johnson &
Dĳkstra 2017; Prole et al. 2024). Several complementary
models aim to circumvent the need for external radiation by
invoking a number of other likely relevant physics such as
dynamical heating, turbulent inflow from streams, or global
disc instabilities (Shlosman et al. 1989; Lodato & Natarajan
2006; Colgate et al. 2003; Koushiappas et al. 2004; Begelman
et al. 2006; Begelman 2008; Latif et al. 2022). Common to
these alternate formulations of direct collapse are extremely
large gas inflows and the consequent formation of a highly ac-
creting, hydrostatic spherical structure that will later undergo
gravitational collapse. These structures have been modeled
either as “quasi-stars” (QS) (Begelman et al. 2006; Begelman
& Dexter 2025) or supermassive stars (SMS; Fowler 1966;
Bisnovatyi-Kogan et al. 1967; Begelman 2010; Hosokawa
et al. 2012, 2013; Haemmerlé et al. 2018a,b; Herrington et al.
2023) that culminate in sudden direct collapse due to the on-
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set of catastrophic neutrino cooling or the general relativistic
instability, respectively (Chandrasekhar 1964; Saĳo & Hawke
2009; Begelman 2010; Shibata et al. 2016; Haemmerlé 2020)
.

The recent JWST observation of a SMBH at 𝑧 ≳ 10 with an
estimated mass of ∼ 107.6 M⊙ (Natarajan et al. 2024; Bogdán
et al. 2024) provides even greater need for the formation of
intrinsically heavy black hole seeds through direct collapse.
Together with other outliers (e.g. Kroupa et al. 2020; Wang
et al. 2021), these systems provide strong evidence that direct
collapse should occur in the early universe; and it further
suggests that direct collapse models may need to produce
seeds with mass ≳ 105 M⊙ .

Recently, from the observations of a novel class of JWST
objects –colloquially, the “Little Red Dots”– several authors
have started to suggest that we may be directly observing
BH seeds, as either super-Eddington accretors (Pacucci &
Narayan 2024) or as post-direct-collapse systems themselves
(Naidu et al. 2025). Little red dots (LRDs) are selected by
their compact (point-like) size and characteristic V-shaped
spectra with red slopes in the rest-frame optical, but flat or
blue colours into the UV (Matthee et al. 2024). Most LRDs
present broad Balmer emission lines, suggesting that they
comprise a subset of massive BHs accreting like active galac-
tic nuclei (AGN) (Greene et al. 2024). However, producing
the spectral V-shape is a challenge in standard accretion mod-
eling, and LRDs are also almost entirely lacking in hallmark
X-ray emission (Yue et al. 2024; Sacchi & Bogdan 2025).
Numerous authors have also suggested that standard relations
to estimate the central mass (and bolometric luminosities)
from the broad lines (and optical emission) seem to break
down and over-predict both quantities (Ananna et al. 2024).

In this work, we propose an alternative physical interpreta-
tion and formation pathway for LRDs. In this picture, major
mergers of galaxies with ∼ 109 M⊙ of gas trigger strong in-
flows that result in a compact self-gravitating disc (SMD)
at sub-pc scale, with typical temperatures of ∼ 4000 K. The
SMD feeds a highly accreting supermassive star (SMS) which
radiates as a hot black body (∼ 20000 K) due to its own ac-
cretion luminosity. We recover numerous puzzling features
of LRD spectra and their cosmic abundance by allowing for
a compressed SMS mass-radius relation. Crucially, the re-
covered parameters from spectral fitting are compatible with
standard angular momentum transport mechanisms and stan-
dard Eddington limited accretion. We note that our inter-
pretation of LRDs shares some conceptual similarities with
the models recently proposed in Zhang et al. (2025)–a self-
gravitating disc–and Begelman & Dexter (2025); Nandal &
Loeb (2025)–a SMS-like structure. However, it differs in
what parts of LRD spectra are associated to what structure
and provides a unified treatment for the SMS and its accretion
flow. The model does not require any additional AGN, stellar

Figure 1. Simple cartoon of the assembly of a supermassive disc
(SMD) and supermassive star (SMS) system that appear as little red
dots (LRD). Major mergers of galaxies with at least∼ 108 M⊙ of gas
trigger strong inflows that result in a compact self-gravitating disc at
sub-pc scale, with typical temperatures of ∼ 4000 K. The disc feeds
a highly accreting SMS which radiates as a hot black body (∼ 20000
K) due to its own accretion luminosity.

wind, dust obscuration or galactic stellar component, result-
ing in few physically motivated free parameters that are robust
to variations in observed LRD properties. Additionally, our
model makes an explicit connection between LRDs and gas
rich galaxy mergers, tying these objects with the physics of
high redshift structure formation and allowing us to model
the evolution of the LRD co-moving density.

The paper is structured as follows: In Sections 2, 3 and
4 we detail our model for a highly accreting SMS being fed
by a SMD, noting that it naturally predicts the star and disc
temperatures to match the V-shape of LRDs with very weak
dependencies on physical parameters. In Section 5 we apply
our model to a representative set of LRD spectra and comment
on the inferred SMS and SMD properties. In Section 6 we
thoroughly discuss the spectral properties of the model in
the context of LRD observations, and compare the redshift
distribution of observed LRDs with estimates from galaxy
mergers. Finally, we present a brief summary and some
concluding remarks in Section 7.

2. SMS/SMD MODEL FOR LRDS
Highly accreting SMSs in particular provide an extremely

interesting precursor stage to direct collapse BHs, as they
can reach masses exceeding ∼ 106 M⊙ before collapse. This
threshold mass can be even larger if other forms of support
such as rotation or magnetic fields are present (Shibata et al.
2016; Chon et al. 2018; Haemmerlé 2021; Kiyuna et al. 2024;
Haemmerlé 2025). Crucially, this makes possible the creation
of very massive BH seeds that retain the majority of the stel-
lar mass (Baumgarte & Shapiro 1999; Saĳo & Hawke 2009;
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Reisswig et al. 2013; Woods et al. 2019, 2021) and ensures
that the system can endure large accretion rates over long
timescales. While SMS remain theoretical objects, both ana-
lytical studies and numerical simulations have demonstrated
that a SMS-like object—accompanied by a large scale self-
gravitating accretion disc—must necessarily form as a con-
sequence of extreme gas accretion rates induced by atomic
cooling halos (Regan et al. 2020; Woods et al. 2021) or the
major mergers of gas rich galaxies (Mayer et al. 2010, 2015;
Bonoli et al. 2014; Mayer & Bonoli 2019; Zwick et al. 2023;
Mayer et al. 2024; Haemmerlé 2025). These accretion rates
can be sustained down to sub-pc scales and ultimately feed a
central SMS by forming a centrifugally supported disc with
rotational velocities ≳ 1000 km s−1, at the boundary of grav-
itational instability.

Our model is based on this physical picture, and is vi-
sualised in Fig. 1. The bulk of the emission consists of a
superposition of two black bodies (BB) radiating according
to Planck’s law:

𝐵𝜆 =
2ℎ𝑐2

𝜆5
1

exp
(

ℎ𝑐
𝑘B𝑇

)
− 1

(1)

where 𝐵𝜆 is the specific intensity at a wavelength 𝜆, ℎ is
Planck’s constant, 𝑘B is Boltzmann’s constant, 𝑐 is the speed
of light and 𝑇 the BB temperature. Note that to account for
redshift, the wavelengths are multiplied by the factor 𝜆z =

(1 + 𝑧)𝜆rest, while the intensity is decreased by a factor 𝐵z
𝜆
=

(1 + 𝑧)−3𝐵rest
𝜆

. The peak wavelength of the UV component
of LRD spectra is 𝜆peak

hot ≈ 0.15 𝜇m in the rest frame (see e.g.
the spectra in Matthee et al. 2024). From Wien’s Law, this
corresponds to a characteristic temperature:

𝑇hot ∼ 1.5 × 104 K to 2 × 104 K. (2)

Similarly, the red component of the characteristic LRD spec-
trum often continues beyond 1 𝜇m, implying that the colder
component must have a temperature of:

𝑇cold ∼ 2000 K to 5000 K. (3)

These basic features are mentioned in several works (see e.g.
Setton et al. 2024; Zhang et al. 2025; Inayoshi et al. 2025; Liu
et al. 2025), noting that the LRD spectral-V is well approx-
imated by the superposition of two blackbodies with these
characteristic temperatures. Given the difference in tempera-
ture and the similarity of the flux in the hotter and the colder
portions of typical LRD spectra, we can also deduce that
the hot BB component must have an emitting area that is
much smaller than the cold component, roughly by a factor
(𝑇cold/𝑇hot)2 ∼ 100.

In our model, the hot component consists of a highly ac-
creting SMS with radius 𝑅S and temperature 𝑇S. The star is

Figure 2. Basic spectra of the composite SMS/SMD model for
different system inclinations (top panel), component temperatures
(middle panel) and component sizes (lower panel). The chosen ref-
erence parameters are representative for the best fits of typical LRD
spectra (see section 5). We highlight the different behaviours of the
model by changing a single parameter at a time by the amount shown
in the labels, with respect to a baseline choice represented by the
black lines. In the bottom two panels, solid-lines indicate the hot
SMS component and dashed-lines the cool SMD. Note that the in-
clination, mass and temperature of the disc become fully determined
by spectral fitting once additional physical constraints are adopted
(see section 5).

accreting from a surrounding, cooler accretion disc of charac-
teristic radius 𝑅D, temperature 𝑇D, and scale-height 𝐻D. The
rest frame BB flux 𝐹S

𝜆
seen at a luminosity distance 𝐷L from

the SMS is:

𝐹S
𝜆 = 𝜋

𝑅2
S

𝐷2
L
𝐵𝜆 (𝑇S), (4)

and does not depend on the viewing angle (valid under the
assumption of a thin accretion disc, which we will discuss in
more detail in sections 4 and 5). In contrast, the disc’s BB
flux 𝐹D

𝜆
depends strongly on viewing angle. We define the

projection angle 𝜄 to range between 0 and 𝜋/2, where 𝜄 = 0
represents a fully face on disc, while 𝜄 = 90◦ represents an
edge on disc:

𝐹D
𝜆 = 𝜋

4𝜋𝑅2
D cos(𝜄) + 4𝐻D𝑅D sin(𝜄)

4𝜋𝐷2
L

𝐵𝜆 (𝑇D). (5)

Lastly, the majority of LRDs present with broadened H𝛼

and H𝛽 lines which are typically attributed to Keplerian gas
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clouds rotating a central SMBH, known as broad-line regions
(Antonucci 1993). In our model, the broadening of the lines
is instead caused by the intrinsic rotation of the accretion disc
under its own self gravity. The line-broadening velocity is
then given by the disc’s circular velocity:

𝑣rot
D sin(𝜄) ≡

√︂
𝐺𝑀D
𝑅D

sin(𝜄), (6)

where 𝑀D is the total mass of the disc and we projected the
disc’s rotation along the line of sight. Reaching rotational
velocities of thousands of km/s requires discs that are more
massive and compact than atomic cooling halos (Prieto et al.
2013; Regan et al. 2020; Prole et al. 2024). The required
typical scales are:

𝑣rot
D ≈ 2000

(
0.1 pc
𝑅D

· 𝑀D

108 M⊙

)1/2
km/s . (7)

The formation of such “super massive” discs (SMDs) has
been verified to occur in high-resolution numerical studies of
major galaxy mergers from both individual merger simula-
tions (Mayer et al. 2010, 2015) as well as full cosmological
zoom-in simulations (Mayer et al. 2024) because of the rapid
removal of gas angular momentum in shocks or from galac-
tic tidal forcing (see also Mihos & Hernquist 1996; Lambas
et al. 2012). More broadly, SMDs or similar forms of ac-
cretion flow are motivated by the immense gas requirements
necessary to fuel any model of BH growth and explain the
high masses of quasars. We will discuss the expected prop-
erties of SMDs in more detail in section 4.

To summarise, our model for LRDs consist of a smaller,
hotter highly accreting SMS surrounded by an extended and
self-gravitating SMD. Overall, the model has a small set of
parameters which are listed in Table 2, and their effect on
the basic spectral model is shown in Fig. 2. As we will see
in the following sections, these parameters can be used in
combination with several physical relations and constraints
to precisely determine the SMS and SMD mass, stability,
lifetime and other properties by fitting the resulting model
spectra to observations of LRDs.

3. ACCRETING SUPERMASSIVE STARS
3.1. SMS accretion and temperature

We consider the case in which the accretion power drives
the luminosity of the star. In this scenario, the kinetic energy
of gas accreting onto the star is thermalised via shocks and
other dissipative processes upon reaching the stellar surface
(Frank et al. 2002). The typical velocity of a fluid element
close to the SMS is dominated by the star’s gravitational
potential, and is therefore of the order of the circular velocity:

𝑣c
S =

√︂
𝐺𝑀S
𝑅S

, (8)

𝑅S SMS radius
𝑇S SMS temperature
𝑓c SMS compression factor
𝑅D SMD radius
𝑇D SMD temperature
𝑛D SMD density
ℎD SMD aspect ratio
𝜄 System line of sight inclination

Table 1. The SMS/SMD spectral model parameters, which are re-
lated to physical properties of SMSs and self-gravitating discs as
detailed in sections 3 and 4. These are to be understood as char-
acteristic values that describe the general features of the spectrum.
The parameters are recovered by fitting a two component BB model
to the observed spectra, associating the broadening of the hydrogen
lines to the rotation of the SMD and enforcing several physical con-
straints for both the SMS and the SMD.

where 𝑀S is the SMS mass. Therefore, the associated accre-
tion power is:

𝑃acc =
𝜂acc
2

¤𝑀S𝑣
2
c , (9)

where the efficiency of the thermalisation is described via a
dimensionless parameter 𝜂acc, and ¤𝑀S is the accretion rate
onto the SMS. To obtain a SMS temperature, we equate the
accretion power to the radiated BB power 𝑃BB = 4𝜋𝑅2

S𝜎B𝑇
4
S

of the SMS, yielding a relation between the star’s temperature,
mass, radius and accretion rate:

𝑇4
S =

𝜂acc
8𝜋

𝐺𝑀S ¤𝑀S

𝜎B𝑅
3
S
. (10)

Evaluating for some typical SMS parameters gives:

𝑇S ≈ 6.11 × 103
(
𝜂acc

𝑀S

105 M⊙
·

¤𝑀S

102 M⊙ yr−1

)1/4

×
(

𝑅S

5 × 104 𝑅⊙

)−3/4
K , (11)

where we recover the often quoted effective temperature of
∼ 5000 K for SMSs (see e.g. Fowler 1966; Hosokawa et al.
2013). Expressing the temperature in terms of our model ob-
servables on the right hand side, we can constrain a combina-
tion of the accretion rate, stellar mass and accretion efficiency
to:

𝜂acc𝑀S ¤𝑀S =
8𝜋𝜎B
𝐺

𝑇4
S 𝑅

3
S. (12)

The outer envelopes of SMSs are radiation pressure sup-
ported, and their evolution is bound by the Hayashi limit,
which marks the onset of global convective instabilities
(Hayashi 1961). Numerical simulations for accretion rates
of order ≳ 0.01 M⊙ yr−1 have found the radius of SMSs to
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be well approximated by (Hosokawa et al. 2013):

𝑅Hos
S ≈ 260 R⊙

(
𝑀S
M⊙

)1/2
, (13)

up to masses of several 104 M⊙ , and this relation is often ex-
trapolated to higher masses (see e.g. Haemmerlé et al. 2021).
However, there are several arguments that suggest that more
compact SMSs may exist, and may even be preferred depend-
ing on the physical properties of the system. We parametrise
the uncertainty in the SMS mass radius relation phenomeno-
logically, by introducing a compression factor 𝑓c < 1 such
that 𝑅S = 𝑓𝑐𝑅

Hos
S and

𝑀S
M⊙

= 𝑓 −2
c

(
𝑅S

260 R⊙

)2
. (14)

This provides an estimate of the SMS mass given a recovered
value for the SMS radius from the hot BB component of our
model spectrum. We discuss typical values of 𝑓c in detail in
section 3.2 and 5.2.

The SMS mass radius relation also sets a maximum allowed
accretion rate onto the surface of the SMS that is consistent
with purely gravitational physics. This limit has been derived
in Haemmerlé et al. (2021) for non-compressed SMSs follow-
ing the mass-radius relation of Eq. 13. We report it here with
a simple modification to account for a possible compression:

¤𝑀max
S ≈ 2 × 104 𝑓

−3/2
c

(
𝑀S

104 M⊙

)3/4
M⊙ yr−1, (15)

where the scaling of 𝑓 −3/2
c arises from the simple dependence

of the limit with the gravitational compactness of the accretor.
We parametrise the actual accretion rate on the SMS as a
fraction 𝑓acc < 1 of the maximally allowed rate, i.e. ¤𝑀S =

𝑓acc ¤𝑀max
S . Given this parametrisation, we can use the mass

radius relation and the accretion rate to express the effective
BB temperature of a SMS simply as a function of its mass
and a few dimensionless numbers:

𝑇4
S =

𝜂acc 𝑓acc 𝑓
−9/2
c

8𝜋
𝐺𝑀S (20 M⊙ yr−1)
𝜎B (260 R⊙)3

(
𝑀S
𝑀⊙

)−3/4
. (16)

Evaluating for some typical parameters gives:

𝑇S ≈ 2.4 × 104 𝜂
1/4
acc 𝑓

1/4
acc 𝑓

−9/8
c

(
𝑀S

105 M⊙

)1/16
K. (17)

For efficiencies 𝜂acc ≲ 1, we see that the temperature of tens
of thousands of Kelvin required to explain the UV emission
peak in LRD spectra is, in principle, entirely consistent with
allowed accretion rates of 𝑓acc < 1, especially when con-
sidering possible compression factors 𝑓c < 1. Additionally,
an important result is that this temperature scales extremely

weakly with mass, such that variations in system specifics
would not influence the general appearance of SMSs. This
suggests that SMSs provide a consistent and robust explana-
tion for the characteristic UV emission from LRDs.

Finally, we note that during the SMS phase extremely high
accretion rates can be sustained without violating the Ed-
dington limit (even though super-Eddington accretion is com-
monly invoked to explain LRDs). Setting the accretion lumi-
nosity equal to the Eddington luminosity (Eddington 1921)
we find:

¤𝑀Edd
S =

8𝜋𝑐
𝜂acc𝜎T

𝑅S ≈ 104.5
(

𝑅S

5 × 104 R⊙

)
M⊙ yr−1. (18)

While we do not enforce sub-Eddington accretion explicitly
in our model fitting, we will use Eq. 18 to discuss the possible
estimates for the compression factor 𝑓c in section 5. We will,
in fact, find solutions that do not require exceeding this limit.

3.2. Constraints from SMS relations

Collecting Eqs 11 and 15 we find that a measurement of
SMS temperature and SMS radius from the spectral model (𝑇S
and 𝑅S) gives a constraint on the dimensionless parameters
𝜂acc, 𝑓acc and 𝑓c,

𝜂acc 𝑓acc 𝑓
−9/2
c ≈

(
𝑀S

105 M⊙

)−1/4 (
𝑇S

2.4 × 104 K

)4
. (19)

Replacing the SMS mass with the SMS radius and rescaling
we find:

𝜂acc 𝑓acc 𝑓
−5
c = 0.4 ×

(
𝑇S

1.8 × 104 K

)4 (
𝑅S

5 × 104 R⊙

)−1/2
,

(20)

where we chose parameters that roughly match the spectra
analysed in section 5. Eq. 20 must be valid for the recovered
𝑇S and 𝑅S to represent a physical SMS. Here we give some
rough estimates for the values of 𝜂acc, 𝑓acc, and in particular
discuss the possible range of 𝑓c.

From energy conservation we must have 𝜂acc ≤ 1. Here
we assume values close to unity, which correspond to full
thermalisation of the accretion flow. By definition, 𝑓acc < 1
and we can express the following constraint:

𝑓acc = (0.4 𝑓 5
c ) × 𝜂−1

acc

(
𝑇S

1.8 × 104 K

)4 (
𝑅S

5 × 104 R⊙

)−1/2
,

(21)

where we used Eq. 15. The actual accretion rate scales
instead as:

¤𝑀S ≈
(
2 × 104 𝑓 2

c

)
𝜂−1

acc

(
𝑇S

1.8 × 104 K

)4 (
RS

5 × 104 𝑅⊙

)
M⊙ yr−1.

(22)
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For convenience, we report it here also in terms of the SMS
mass:

¤𝑀S ≈ 104 𝑓 3
c 𝜂

−1
acc

(
𝑇S

1.8 × 104 K

)4 (
MS

104 𝑀⊙

)1/2
M⊙ yr−1.

(23)

Note the strong dependence of the accretion rate (and fraction
of the maximum rate) on the compression factor 𝑓c, to which
we will return in section 6.

Estimating a plausible range for the compression factor is
subtle since deviations from the mass radius relation of Eq.13
can have several causes. As stated in Hosokawa et al. (2010,
2012, 2013), SMS mass radius relations should be revised to
account for the effect of ram pressure, which is expected to
become meaningful as accretion rates are increased. In our
specific case, we are by construction in a regime where the
temperature (and thus, entropy) at the surface of the star is
entirely dominated by the thermalisation of accreting gas, so
we would expect compression. Furthermore, it is possible
for details of the SMS internal structure under extreme accre-
tion rates ≳ 102 M⊙ yr−1 to cause evolution away from the
Hayashi limit. The latter is simply a maximum theoretical
value and stars over a wide range of mass decades typically
are more compact and hotter (Stahler et al. 1980a,b, 1981;
Kippenhahn & Weigert 1994). In particular, SMS have only
been simulated robustly for accretion rates of up to a few M⊙
yr−1, and up to masses of ≲ 105 M⊙ . One work attempting
to push the accretion rates above ∼ 102 M⊙ found a clear,
sudden increase in effective temperature at roughly constant
luminosity for SMS with masses larger than 105 M⊙ , imply-
ing a reduction in radius of order ∼ 10 (see the evolutionary
tracks in Nandal et al. 2024; Nandal & Loeb 2025). Addition-
ally, the only work that has modeled the formation of a SMS
directly from angular momentum loss mechanisms in SMDs
finds the central star-like object to be more compact than Eq.
13 by factors of 1 to 100, strongly depending on the density
profile of the disc (Zwick et al. 2023). Finally, we note also
that the definition of the stellar surface itself is subtle in a
composite model of a stellar component plus a disc. In our
particular case, 𝑅S is best interpreted as the radius at which
the majority of the accreting gas has thermalised and at which
the bulk of the thermal radiation can escape the system. This
may vary from typical definitions set by e.g. vanishing pres-
sure or optical depth of order unity (Kippenhahn & Weigert
1994).

Because of these considerations, we opt to simply inter-
pret 𝑓c as a phenomenological modification to the typical
SMS mass radius relation (Eq. 13), which is derived under
the specific conditions detailed in Hosokawa et al. (2013).
Therefore, we let its value vary from 0.01 to 1. As we will
argue in section 5 and 6, additional constraints can be lever-

aged to estimate a value for 𝑓c in the context of applying the
SMS/SMD model to LRDs.

3.3. GR instability

The end of the life of a highly accreting SMS is triggered by
the general relativistic instability Chandrasekhar (1964). The
onset of the GR instability for highly accreting SMS has been
studied in detail in several works, consistently finding a limit
of ∼ 106 M⊙ for non-rotating SMS through a wide range
of accretion rates (Nandal et al. 2024; Haemmerlé 2025).
However, other forms of support such as rotation or magnetic
fields can significantly postpone the collapse (Fowler 1966;
Bisnovatyi-Kogan et al. 1967; Baumgarte & Shapiro 1999;
Shibata et al. 2016; Haemmerlé et al. 2021; Nandal et al.
2024) and allow for order of magnitude larger SMS masses.
When accretion onto the SMS is provided by a self-gravitating
disc, we do expect rotational support to play an important role
in delaying the onset of the GR instability. Therefore, we can
expect SMSs of sizes up to ∼ 107 M⊙ to be stable.

4. MASSIVE SELF-GRAVITATING DISCS
4.1. Disc radius, scale-height and temperature

The formation of SMDs has been analysed in detail in
several studies with high-resolution multi-scale simulations
of high-z galaxy mergers, including from cosmological ini-
tial conditions (Mayer et al. 2010, 2015; Bonoli et al. 2014;
Mayer & Bonoli 2019; Mayer et al. 2024). In the simulations,
efficient dissipation of the merger’s orbital kinetic energy via
shocks and tidal torques leads to the formation of a compact
SMD. The size of the disc is typically of order a pc and in
the range 108 − 109𝑀⊙ . This corresponds to roughly 10%
of the total pre-merger gas in the galaxies. The SMDs that
form are self-gravitating, with Toomre parameters in the range
1− 2 such that gravitational instabilities are expected to drive
turbulence in the disc. The gravito-turbulence gives rise to
super-thermal velocity dispersions in the range 10 − 20% of
the rotational velocity, resulting in disc aspect ratios ∼ 0.1,
exceeding those typically associated to such cold discs (e.g.
∼ 3000 − 6000 K). Due to its high density, the SMD is op-
tically thick with photon diffusion times exceeding the local
orbital time, preventing the disc from fragmenting—except in
the outermost low-density regions (see discussion in Mayer
et al. 2015; Zwick et al. 2023)

Importantly, however, such simulations have only been car-
ried out for highly massive galaxy mergers with a stellar mass
of∼ 1010 M⊙ . Here we assume that the general characteristics
of SMD formation can be scaled to major galaxy mergers of
smaller total mass. In short, we preserve that approximately
10% of the gas mass participates in the inflow, ultimately
settling into a compact, self-gravitating disc of a similar tem-
perature range with scale-heights supported by underlying
turbulence. We characterise the disc geometry by a radius 𝑅D
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and a scale-height 𝐻D with typical aspect-ratio ℎD. At the
largest scales

𝐻D = ℎD 𝑅D, (24)

and we enforce ℎD < 1 to preserve a thin geometry.

4.2. Toomre stability

The criterion for Toomre stability determines whether a disc
is stabilised against fragmentation by its own shear (Toomre
1964). It is given by:

S ≡ 𝑐s𝜅

2𝜋𝐺𝜌𝐻D
> 1, (25)

where 𝜅 is the epicyclic frequency, 𝑐s the speed of sound and
𝜌 the gas density. The epicyclic frequency is computed as:

𝜅2 =
2Ω
𝑅

d
d𝑅

(𝑅2Ω). (26)

While formally this criterion is dependent on the disc’s radial
profile, we apply it here to estimate whether the disc as a whole
can be sustained against global instabilities for a sufficient
timescale. The bulk rotational frequency of the disc is ΩD =√︁
𝑅D/(𝐺𝑀D), such that:

𝜅2 ≈ 2
𝑅D
𝐺𝑀D

. (27)

Expressing the stability criterion in terms of our system vari-
ables gives:

S ≈ 1.5 ×
(
ℎD

10−2 · 𝑛D

1014 cm−3

)−3/2

×
(
𝑅d

0.1 pc

)−2 (
𝑇D

4300 K

)1/2
, (28)

where we assumed a monoatomic gas of pure hydrogen. To
enforce this physical constraint, we will select disc solutions
that have a nominal Toomre parameter of 1.5. Fixing the
Toomre parameter gives a constraint on both the scale-height
and density of the disc as a function of observable spectral
parameters in our model.

4.3. Accretion rates in self-gravitating discs

In our model, the accretion rate onto the SMS is supplied
by turbulent angular momentum transport in the SMD. In full
generality, the accretion rate is given by:

¤𝑀D = 2𝜋𝑅D𝜌𝐻D𝑣r (29)

where 𝑣r is the radial velocity of fluid elements through the
disc. We formulate the radial inflow through the standard
alpha prescription (Shakura & Sunyaev 1973) where:

𝑣𝑟 ∼ 𝛼𝑐𝑠ℎD. (30)

Then, the accretion rate becomes:

¤𝑀 ∼ 𝛼2𝜋𝑅2
D𝜌ℎ

2
D𝑐𝑠 . (31)

We enforce 𝛼 < 1 to exclude turbulent eddies larger than a
scale-height or supersonic turn-over velocities. Evaluating
for typical parameters gives:

¤𝑀D ≈ 9.5 ×
(
𝛼 ℎ2

D
10−5 · 𝑛D

1014 cm−3

)
×

(
𝑅d

0.1 pc

)2 (
𝑇D

4300 K

)1/2
M⊙ yr−1. (32)

Inverting Eq. 32 yields a constraint on the value of 𝛼:

𝛼 ≈ 0.1 ×
¤𝑀

10𝑀⊙ yr−1

(
ℎ2

D
10−4 · 𝑛D

1014 cm−3

)−1

×
(
𝑅d

0.1 pc

)−2 (
𝑇D

4300 K

)−1/2
. (33)

Values of 𝛼 ∼ 0.1 are found to adequately fit observed
AGN spectra (King et al. 2007). Similarly, in the case of
a marginally stable gravito-turbulent disc with a Toomre pa-
rameter S ≲ 2, 𝛼 is also typically found to be of order ∼ 0.1
(Gammie 2001; Chen et al. 2023).

Given a value of 𝛼 and a best fit spectral model, equating
¤𝑀S = ¤𝑀D gives a constraint on the disc density and scale-

height. Here we select disc solutions that have a nominal
value of 𝛼 = 0.2, which corresponds to a maximally saturated
gravito-turbulent effective viscosity (Chen et al. 2023).

4.4. Line broadening

In our model, warm hydrogen lines such as H𝛼 and H𝛽

are emitted by the bulk of the gas in the accretion disc. The
circular velocity of the disc is given by:

𝑣D =

√︂
𝐺𝑀D
𝑅D

≈ 2100 km/s
(

𝑀D

108 M⊙

)1/2 (
0.1 pc
𝑅D

)1/2
. (34)

The corresponding line broadening at wavelength 𝜆 is typi-
cally described as a Gaussian with a standard deviation pro-
portional to the circular velocity, projected onto the line of
sight:

𝜎𝜆 = sin(𝜄) 𝑣D
𝑐
𝜆. (35)

Therefore, fitting the broadening of the lines gives us another
constraint on the disc parameters. The full set of constraints
from line broadening, S, 𝛼, and the spectral fit completely
fixes the disc solution up to different choices of the SMS
compression factor 𝑓c. As we will see in section 5, the disc
density 𝑛D can be recovered up to a scaling factor ∝ 𝑓 −2

c and
the aspect ratio ℎD up to a factor 𝑓 2

c .
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5. MODEL FITTING TO OBSERVED SPECTRA
5.1. Representative fits for J0647-1045 and COS-756434

We demonstrate that the SMD/SMS model is able to re-
produce observations, while also preserving the physical con-
straints detailed in section 2, by fitting a small number of spec-
tra. LRD spectra are presented in several publications (e.g.
Setton et al. 2024; Greene et al. 2024; Inayoshi et al. 2025).
We select two based on the following criteria: They present
with the characteristic spectral V-shape and broad Balmer
emission lines, and they do not posses a strong Balmer-break
(which is currently not modeled, though see section 6 for
further discussion). Additionally, we prefer LRDs that have
been observed at high SNR, with published spectra in plain
units of flux. We choose two spectra that follow these criteria
denoted as J0647-1045 (Killi et al. 2024) and COS-756434
(Akins et al. 2024) located at a redshift of 4.55 and 6.99. We
perform a least-squares spectral fitting in log-space by em-
ploying Monte-Carlo Markhov-Chain (MCMC) methods via
the emcee package (Foreman-Mackey et al. 2013), as detailed
in Appendix A (which also includes the full posteriors for the
recovered parameters). The fitting procedure accounts for the
physical constraints detailed in sections 2, 3 and 4, as well
as the presence of additional absorption and emission which
are removed from the spectra to allow for better fitting of the
continuum.

The best fit spectra for J0647-1045 and COS-756434 are
shown in Fig. 3, and the best fit parameters that are fully
constrained by the MCMC fitting are listed in Table 2. The
1-d posteriors of these parameters are roughly Gaussian, and
we simply report their standard deviation as a measure of
the uncertainty on the spectral fit (see Appendix A for the full
posteriors). The SMD/SMD model provides an excellent fit to
the observed spectra over the entire observed range, while also
following the many physical constraints detailed in section
2. Additionally, it respects both higher- and lower-energy
observational constraints. In the bottom panel of Fig. 3, we
include with our fits upper-limits on the X-ray emission from
stacked Chandra observations (Sacchi & Bogdan 2025) as
well as infrared (IR) constraints from a particularly bright
and nearby source which we take as upper-limits (Wang et al.
2025). However, we will see that accretion rates below the
Eddington limit, and the preservation of a thin disc geometry
require values of the compression parameter 𝑓c < 1, which
we will discuss in detail in the next section.

As expected, we recover temperatures of the order of
∼ 4000 K and 20000 K for the cold and the hot part of the
spectrum, respectively. Additionally, the size ratio between
the two BB components is of order ∼ 100, as implied by the
relative flatness of the specific flux across the observed band.
The required typical size to match the luminosity for the cold
part of the spectrum is roughly ∼ 0.1 pc. We highlight this

J0647-1045 COS-756434
𝑧 4.55 6.99

𝑇S [K] (1.77 ± .13) ×104 (2.14 ± .28) ×104

𝑅S [R⊙] (6.76 ± .93) ×104 (6.80 ± 1.51) ×104

𝑇D [K] 2800 ± 230 4500 ± 400
𝑅D [pc] 0.11 ± 0.03 0.06 ± 0.016

𝑀D [108 M⊙] 2.0 ± 1.0 0.73 ± 0.38
𝜄 19.6◦ ± 3.8◦ 13.5◦ ± 3.1◦

Table 2. Summary of the fully constrained best fit parameters and
their uncertainties for the two given LRD spectra.

in particular, as a few works have tentatively associated this
spectral feature with a hypothetical structure at the Hayashi
limit (Inayoshi et al. 2024; Liu et al. 2025), similar to a SMS.
However, by using Eq. 13 we can see that SMS following the
Hayashi limit reach sizes of ∼ 0.1 pc at a corresponding mass
of ∼ 𝑓 −2

c × 3 × 108 M⊙ . Since this is at least one to two or-
ders of magnitude larger than the expected onset mass for the
GR instability, we deem this interpretation to be implausible.
Very recently Begelman & Dexter (2025) suggested that such
a large structure may explained by a late-stage quasi-star, i.e.
a bloated SMS envelope containing a massive BH, though
other spectral features such as the UV peak are not treated
in detail. Similarly, Nandal & Loeb (2025) invoke a SMS
accreting at super-Eddington rates, attributing e.g. Balmer
break features to details in the stellar atmosphere. Both mod-
els rely on extreme accretion rates to drive SMS formation
and growth, though do not model the geometry and emission
of the accretion flow itself. Instead, our model is closer to
Zhang et al. (2025) which associates the cooler part of LRD
spectra with the existence of a larger scale self-gravitating
disc, while relying on a more standard AGN interpretation for
line broadening1.

5.2. Disc geometry, accretion rate and SMS mass

Several additional physical parameters of J0647-1045 and
COS-756434 are constrained up to a choice of the compres-
sion factor 𝑓c. These are reported in Table 3. We highlight
here some important considerations that are valid for both
sources and use these to estimate reasonable values for 𝑓c.

The geometry and density of the SMDs is fixed by by a
choice of 𝑓c. As discussed in section 4, marginally stable self-
gravitating discs in proto-galaxies have typical scale-heights
of ℎD ∼ 0.01 to ∼ 0.1 (Lodato & Natarajan 2007; Mayer et al.
2010, 2015; Booth & Clarke 2019). Adding this constraint
fixes values of 𝑓c ≲ 0.1. Additionally, it is important to
note that no thin disc solutions with ℎD < 1 are found for
𝑓c ≳ 0.4 while preserving a Toomre parameter ofS ∼ 1.5 and

1 We note that out of the mentioned articles, only Zhang et al. (2025) clearly
show well fitting continuum spectral models over the entire observed range.
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Figure 3. Plot of the best-fit model for J0647-1045 (blue) and COS-756434 (red). The top section shows a part of the recovered posteriors
from the MCMC parameter fitting, highlighting a correlation between the SMS/SMD size and temperature. The bottom two panels show the
resulting model spectra plotted over the observed data, including and excluding emission peaks. The constraints in the X-ray and IR are adapted
from published work (Sacchi & Bogdan 2025; Wang et al. 2025).

a viscosity 𝛼 ∼ 0.1 (the precise condition depends on a choice
of the latter two parameters). The associated SMD densities
are comparable to or lower than typical AGN densities of
∼ 1014 cm−3 (Shakura & Sunyaev 1973; Frank et al. 2002;
Jiang et al. 2019) and do not provide further insights (beyond
a potential connection to Balmer-breaks discussed in section
6). The recovered masses of the SMSs are comparable for
both sources, ∼ (7 × 104) 𝑓 −2

c M⊙ . Recall that the majority

of estimates place the onset of the GR instability for SMSs
at ≳ 106 M⊙ (see section 3). Assuming a constant accretion
rate, the timescale for an SMS to change mass considerably is
𝑀S/ ¤𝑀 such that the longest phase of the entire SMS lifetime
is just before the onset of the GR instability when the mass
doubling timescale is longest. Consequently, the most likely
time for an observer to see the system is also close to the
maximum SMS mass. We find that a compression factor
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J0647-1045 COS-756434
𝑀S [104 M⊙] (6.8 ± 1.9) × 𝑓 −2

c (6.8 ± 3.2) × 𝑓 −2
c

¤𝑀 [103 M⊙ yr−1] (25.8 ± 4.6) × 𝑓 2
c (56 ± 20) × 𝑓 2

c
𝑛D [1011 cm−3] ∼ 5 × 𝑓 −2

c ∼ 0.6 × 𝑓 −2
c

ℎD ∼ 6.0 × 𝑓 2
c ∼ 6.0 × 𝑓 2

c

Table 3. Summary of the additional best fit parameters that depend
on 𝑓c. Note that a value of 𝑓c < 1 is required to preserve a thin
disc geometry as well as sub-Eddington accretion rates. The entire
SMS/SMD system, including disc geometry and inclination, is de-
termined by spectral fitting up to a choice of 𝑓c.

𝑓c ≲ 0.1 gives a best fit SMS mass on the order of several
106 𝑀⊙ , matching the expectations set by the GR instability
limit. Finally, for the recovered parameters, the accretion
rate through the disc and onto the SMS scales roughly as
∼ 𝑓 2

c × 104 M⊙ yr−1 (see Eq. 15). Imposing Eddington
limited accretion (see Eq. 18) similarly—and consistently—
requires a compression factor 𝑓𝑐 ≲ 0.1 corresponding to
accretion rates ≲ 102 M⊙ yr−1.

These three separate considerations lead us to postulate a
value of 𝑓c ≲ 0.1. If such values are physical, the SMS/SMD
model becomes entirely consistent with Eddington-limited
accretion and turbulent angular momentum transport in thin,
self-gravitating discs. Remarkably, the same choice for 𝑓c
will also be sufficient to roughly match the observed number
density of LRDs and the expected galaxy mass – BH mass
relation (as detailed in section 6).

Overall, the two sources for which we performed a full
MCMC fitting show a remarkable similarity in the recovered
best fit parameters. This is partly due to the surprisingly
universal features of LRD spectra, and partly due to the ex-
tremely weak scaling of the SMS/SMD model with physical
parameters (with the exception of the compression parameter
𝑓c). We claim that the SMS/SMD model is able to adequately
fit a large subset of LRD spectra. As seen in Fig. 2, slight
differences in the spectra can be accounted for by the fol-
lowing: Luminosity and hardness variations in the hot part
of the spectra can be attributed to varying the SMS compo-
nent radius and temperature. Variation in the cold portion
of the spectra can occur from varying disc inclination, size
and temperature. Additionally, a combination of inclination,
disc mass and disc radius can account for variations in the
line broadening. Valid solutions that respect the constraints
discussed in section 2 can always be found, though often re-
quire values of the compression parameter 𝑓c ≲ 1. The only
major feature present in a significant subset of LRD spectra
that the SMS/SMD model currently does directly address are
the prominent Balmer breaks and absorption features seen
in a subset of LRDs. These are discussed in more detail in
section 6.

6. DISCUSSION
6.1. Spectral features

Our model of a SMS rapidly accreting from a SMD is
able to faithfully capture the defining spectral characteristic
of LRDs, namely the spectral-V in the rest-frame optical and
UV emission. Beyond this core tenet, however, the model
possesses a number of other potentially desirable properties
which we discuss qualitatively within the full context of LRD
observations.

Of particular note, in the AGN interpretation of LRDs, one
of the most puzzling features is the near complete lack of
X-ray emission (Yue et al. 2024; Sacchi & Bogdan 2025). At
present these constraints appear to exclude existing appeals to
X-ray obscuration (Maiolino et al. 2025), efficient Compton
cooling (Madau & Haardt 2024), or steep spectral shapes
in super-Eddington accreting SMBHs (Inayoshi et al. 2024;
Pacucci & Narayan 2024). An accreting SMS, however, is
highly extended, and as such would create no relevant X-rays
(see Fig. 3).

Another unique feature of the Balmer emission in LRDs,
is that many sources posses strong Balmer breaks—and in
some cases decrements that are too large to explain with an
evolved stellar component (Naidu et al. 2025)—as well as
absorption features in the non-resonant H𝛼 and H𝛽 lines. Be-
cause the 𝑛 = 2 hydrogen levels that source these features are
extremely short-lived, these features require large gas densi-
ties (Juodžbalis et al. 2024). While the required densities are
generally consistent with typical AGN broad line regions (for
characteristic ionization temperatures ∼ 104K), Balmer ab-
sorption features are very rare in typical quasars (Aoki et al.
2006; Hall 2007; Schulze et al. 2018; Zhang et al. 2018).2
This had led many authors to speculate that LRDs are AGN
embedded in dense clouds of warm gas with covering fac-
tors near unity (Juodžbalis et al. 2024; Inayoshi & Maiolino
2025; Naidu et al. 2025; Kido et al. 2025). For cooler char-
acteristic temperatures (∼ 5000K), Liu et al. (2025) demon-
strated that Balmer decrements (and by necessity, associated
absorption features) remain prominent for photospheric gas
densities ≲ 10−9g cm−3 with a “sweet spot” in the effective
continuum opacity ratio3 in the range ∼ 10−10 −10−11g cm−3

(see e.g. their Figure 2). For compression values 𝑓𝑐 ≲ 0.1
as determined in Section 5, the characteristic densities of our
SMDs fall precisely in this range (see Table 3), implying
that such discs could self-consistently source Balmer breaks
and absorption features. We comment that our model would
predict those systems with Balmer features to have compara-

2 Although we note that Balmer absorption features have been observed in
10-20% of AGN observed by JWST (Lin et al. 2024).

3 The ratio of the effective opacity at 4000Å to that at 3600Å, straddling
the Balmer decrement.
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tively warm discs (≳ 4000K) and those without to be colder.
However, the particulars of these processes would likely be
sensitive to the details of the disc structure and turbulence
(and may also emerge from associated accretion winds). We
leave a more in-depth analysis for future work, but note that
this intrinsic complexity might account for the variation in
the presence, strength, and width of Balmer features, as well
as the apparent range of absorption centroids from blue- to
red-shifted relative to the line centres (Matthee et al. 2024;
Labbe et al. 2024; Kocevski et al. 2024). We also note that
a self-gravitating SMD naturally produces “over-broadened”
Balmer lines relative to equivalent virial estimates because of
the flatter rotation curve and larger velocities at comparable
radius. In tandem with the intrinsic gravito-turbulence, this
could account for the non-gaussian wings of the broad lines
(Rusakov et al. 2025).

An originally prominent interpretation of LRDs was highly
(or uniquely) dust-obscured AGN, but faint rest-frame near-
infrared (NIR) observations suggest a generic lack of hot-dust
tori (Eisenstein et al. 2023; Williams et al. 2024; Akins et al.
2024; Wang et al. 2025). In general, the LRDs tend to show
a very flat rest-frame NIR component that is also inconsistent
with un-obscured AGN (but may be compatible with a 1.6𝜇m
bump from star-formation; Sawicki 2002; Pérez-González
et al. 2024). This emission, conversely, is well approximated
by a blackbody spectrum with temperature of order 5000𝐾
(Inayoshi et al. 2025; Liu et al. 2025; Begelman & Dexter
2025) in qualitative agreement with the Rayleigh-Jeans tail of
emission sourced by the SMD in our model.

6.2. Rates and redshift evolution

The number density of LRDs has been estimated to be
of the order ∼ 10−5 − 10−4 Mpc−3 (Pérez-González et al.
2024; Matthee et al. 2024; Ma et al. 2025), with a distribution
peaking around redshift 𝑧 ∼ 5 and distributed across 2 ≲
𝑧 ≲ 10 (Kocevski et al. 2024). Here we start with a simple
order of magnitude estimate for the expected number density
of LRDs in our model. We then derive its redshift evolution
in more detail. We assume that the parameters recovered
from the J0647-1045 and COS-756434 spectral fitting are
representative of the entire LRD population as discussed in
section 5.

SMDs can be formed as a consequence of the large inflows
triggered by a major galaxy merger. For our fitted LRD
spectra, the recovered SMD masses are of the order ∼ 108

M⊙ . As discussed in section 4, we only consider the merger
of galaxies where this comprises ∼ 10% of the gas. At 𝑧 ∼ 5
and above, the gas mass in galaxies is typically larger than
the stellar mass by almost an order of magnitude (see e.g.
Tacconi et al. 2018; Wiklind et al. 2019; Heintz et al. 2022).
Therefore, we use the merger rate of galaxies with a stellar
mass of ≳ 108 M⊙ , which corresponds to a total gas mass of

∼ 109 M⊙ , as a simple proxy for those with sufficient gas to
form a SMD. Note that mergers of larger galaxies may also
form larger SMDs which perhaps could model particularly
luminous LRDs, though these would be subdominant in rate.
In fact, the distribution of sizes of SMDs can be predicted
within the scenario of galaxy mergers, which we leave to
future work.

In the appropriate redshift range, the number density of
galaxies with at least 108 M⊙ in stars is (Song et al. 2016;
McLeod et al. 2021):

𝑛
gal
8 ≈ 10−2 to 10−1 Mpc−3. (36)

Between redshifts ∼ 4 − 8 (where the majority of LRDs are
observed), the rate of major mergers per galaxy is approxi-
mately 1 Gyr−1, where we define a major merger to have a
mass ratio of ≳ 0.25 (Stewart et al. 2009; Rodriguez-Gomez
et al. 2015; O’Leary et al. 2021). Therefore, approximately
every relevant galaxy will have undergone a major merger
within this redshift range, and had the chance to form a SMD.

In our model LRDs are a transient stage that lasts approx-
imately one SMS lifetime TS, i.e. the total amount of time
it takes for the star to grow and eventually collapse. We can
then estimate the density of observed LRDs to be:

𝑛LRD ≈ 𝑛gal
8 × TS

1 Gyr
, (37)

where the Gyr in the denominator is approximately the time
between 𝑧 = 8 and 𝑧 = 4, i.e. an appropriate redshift range.
From Eq. 37, we deduce that the observed LRD number
density is recovered for typical SMS lifetimes of order 106 yr.

As discussed in section 5, we assume that we are observing
the SMS in the same mass decade in which they reach the
maximum allowed mass. Using Eq. 15, the SMS lifetime is
then approximately given by a mass doubling timescale:

TS ≈ 𝑀S
¤𝑀S

(38)

≈ 106 ×
(
𝑓c

0.05

)−4 (
𝑇S

1.7 × 104 K

)−4 (
𝑅S

7 × 104 R⊙

)
yr

(39)

where we inserted the best-fit values of J0647-1045. Note the
very strong scaling with 𝑓c and the fact that the required value
is remarkably close to our estimates based on the accretion
disc geometry and the Eddington limit detailed in section 5. If
such values are physical, the proposed formation pathway for
the SMS/SMD model can adequately reproduce the observed
number density of LRDs. We also comment that the timescale
for the SMS collapse after it becomes unstable, i.e. the free
fall timescale, is approximately 1 − 10 yr. Therefore, we
would expect approximately 1 in 105 LRD to collapse into
AGN while being observed.
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The distribution of LRDs as a function of redshift can be
derived in more detail from our model, as it exactly follows
the major merger rate for galaxies with sufficient gas mass.
We present here an estimate based on the halo merger rate
from the Millennium simulation (Fakhouri et al. 2010):

d2Γ

d𝜉d𝑧
= 𝐵1

(
𝑀h

1012 M⊙

)𝑏1

𝜉𝑏2 exp

[(
𝜉

𝐵2

)𝑏3
]
(1 + 𝑧)𝑏4 , (40)

where Γ is the total number of mergers for a single dark
matter halo of mass 𝑀h, 𝜉 ≤ 1 is the halo merger mass ra-
tio, and the best fit parameters are [𝐵1, 𝐵2, 𝑏1, 𝑏2, 𝑏3, 𝑏4] =

[0.0104, 9.72 × 9.72, 0.133,−1.995, 0.263, 0.0993]. The
merger rate per co-moving volume is found by multiplying
the halo merger rate with the halo mass function. We use the
parametrisation proposed by Tinker et al. (2008):

d𝑛
d𝑀h

= 𝑓 (𝜎) 𝜌𝑚
𝑀h

d log𝜎−1

d𝑀h
, (41)

where 𝜎2 is an average over the density power spectrum, 𝑓 a
function describing the likelihood of a region to random-walk
into being over the critical density, and 𝜌m is the mean density
of the universe. We use the best fit parameters reported in
Tinker et al. (2008) for a value of the over-density Δ = 200,
which best reproduces a universal result. Note that we assume
standardΛ-CDM cosmology withΩm = 0.27 andΩΛ = 0.73.
From this point, the halo merger rate can be related to the
galaxy merger rate by a halo mass–galaxy mass relation. We
use a fit of the stellar mass to halo mass ratio F★ (Moster
et al. 2018; Girelli et al. 2020):

F★(𝑀h) = 2𝐷1 (1 + 𝑧) 𝛿1

[(
𝑀h
𝐷2

)−𝛽
+

(
𝑀h
𝐷2

)𝛾]−1

, (42)

𝐷2 = 10𝛿2+𝑧 𝛿3 M⊙ ,

𝛽 = 𝑧𝛿4 + 𝛿5,

𝛾 = 𝛿6 (1 + 𝑧) 𝛿7 ,

where the best fit parameters are [𝐷1, 𝛿1, 𝛿2, 𝛿3, 𝛿4, 𝛿5, 𝛿6, 𝛿7] =
[0.046,−0.38, 11.79, 0.20, 0.043, 0.96, 0.709,−0.18]. Fi-
nally, we use a simple fit for the gas mass to stellar mass
fraction provided in (Tacconi et al. 2018), which roughly
increases with redshift as (1 + 𝑧)2.5. Collecting all of these
ingredients, we obtain a differential merger rate R of the
form:

R ≡ R(𝑀gas/gal, 𝜉gas/gal, 𝑧)
[
Mpc−3 Gyr−1] , (43)

which we can evaluate for either a certain gas mass or stellar
mass, as well as for a certain mass ratio.

Fig. 4 shows a comparison of the differential merger rate
for galaxies with a stellar (blue) or gas (red) mass of 108 M⊙ ,
109 M⊙ and 1010 M⊙ . The rates are normalised, and shown

Figure 4. Comparison between the differential merger rates of
galaxies with a certain stellar (blue) or gas (red) mass (see text) for a
mass ratio of 1. The curves are generally normalised to correspond
with the high redshift tail for the observed LRD distribution (in
gray, Kocevski et al. 2025), and different gas (stellar) mass rates
are normalized to share the same maximum. Note howmthe shape
of the red curves match the entire observed distribution, strongly
suggesting a connection between LRDs and gas rich galaxy mergers
with masses ≳ 108 M⊙ .

for a galaxy mass ratio of 1. While we leave a thorough rate
calculation as a function of galaxy mass and mass ratio for
future work, we note that the distribution in redshift accurately
matches the observed LRD distribution for galaxies in the
relevant gas mass range. The early peak, at z∼ 5, is due to
the fact that galactic gas supply is progressively consumed in
star formation such that less gas rich galaxies are available
to merge as cosmic time progresses. The preliminary results
displayed in Fig. 4 strongly suggest a connection between gas
rich galaxy mergers and the redshift distribution of LRDs.

6.3. Scaling relations and additional considerations

Whereas SMBHs in the local universe typically comprise
about ∼ 0.1% of their host galaxy mass (Magorrian et al.
1998; Reines & Volonteri 2015), the estimated masses of
SMBHs in LRDs can be as high as ≳ 10% (Harikane et al.
2023; Greene et al. 2024; Kocevski et al. 2024) with esti-
mates based on assuming the existence of an AGN broad line
region. While the intrinsic scatter of galaxy mass–BH mass
relations grows with redshift (Hirschmann et al. 2010), such
over-massive BHs would represent extreme outliers and pose
additional challenges for standard galaxy–BH co-evolution
(Habouzit et al. 2022). The line broadening in our model is
set by the size and mass of the SMD rather than a pre-existing
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BH component, and the BH mass resulting from the collapse
of the central SMS is significantly smaller. Taking a refer-
ence value of 𝑓c ∼ 0.1, we recover SMS masses of a few 106

M⊙ from our two representative spectral fits (see section 5).
Assuming that the majority of the SMS is retained during the
collapse, we expect a BH to be formed at comparable mass.
The collapse takes place within a recently merged galaxy with
at least a stellar mass of several 108 M⊙ and a total gas mass
of order 109 M⊙ , where efficient post-merger star formation is
taking place (Hopkins et al. 2013; Capelo et al. 2015). Taking
these reference values, we see that the predicted BH mass in
the SMS/SMD model for LRDs is of order ∼ 0.1% to ∼ 1%
of its galactic host, landing squarely in the expected range.

Finally, we highlight the recent analysis performed in Chen
et al. (2025), in which the authors find constraints on the stellar
mass of LRD hosts. The recovered constraints broadly imply
that typical LRD hosts have stellar masses below few times
108−109 M⊙ , where the only constrained galactic component
has 108.6 M⊙ . This perfectly matches with the formation
pathway discussed in section 6.2. It is particularly intriguing
that a majority of the LRDs in the analysis showcase off-
centre emission, which does not have a clear interpretation.
We speculate that the off-centre emission is a natural result of
the galaxy merger, whereby galactic gas clouds collide upon
first passage, but the stellar component relaxes over much
longer timescales. This is the proposed mechanism of the
recently discovered Infinity Galaxy (van Dokkum et al. 2025)
in which a direct collapse event is speculated to have occurred.

7. SUMMARY AND CONCLUSIONS
In this work, we have presented a new physical interpre-

tation of LRDs based on a SMS embedded within a self-
gravitating accretion disc (SMD). The SMS/SMD model ac-
counts for a number of key observational features of LRDs,
including:

• The two-blackbody continuum shape underlying the
V-shaped spectra.

• The observed broad Balmer emission lines, from the
high rotational velocities in the SMD.

• The lack of significant X-ray and IR emission, without
invoking additional obscuration.

• The observed redshift distribution of LRDs, from the
distribution of gas-rich major galaxy mergers.

• Constraints on the size of LRD galactic hosts.

A key component of the model is the introduction of a phe-
nomenological compression factor 𝑓c, which parametrises a
deviation from the SMS mass–radius relation of Hosokawa
et al. (2013). If a compression ( 𝑓c ≲ 0.1) is assumed, the
model yields long system lifetimes sufficient to explain the

observed number density of LRDs. Additionally, the model is
consistent with sub-Eddington accretion, standard disc geom-
etry, and varied Balmer emission/absorption behaviour. The
predicted post-direct-collapse BH masses also land squarely
within standard galaxy mass – BH mass relations. All param-
eters of the SMS/SMD system, including its inclination, can
be determined by spectral fitting [in addition to a choice of
𝑓c.

We envision two natural follow-ups this work: First, to thor-
oughly study the relationship between galaxy merger rates and
expected distributions of LRD properties, including a more
extensive series of spectral fits that include Balmer breaks.
Second, to expand the range of simulations of highly ac-
creting SMS in order to more precisely quantify the SMS
mass–radius relation of SMS with 𝑀S ≳ 106 M⊙ , beyond the
several arguments presented in section 3. Such works would
strongly establish the plausibility of the SMS/SMD model
for LRDs. Together with the arguments presented here, this
would bastion the claim that JWST may be directly observing
SMS at the verge of relativistic instability: The stage just prior
to the formation of the original SMBH seeds in the universe.
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APPENDIX

A. DETAILS OF THE MCMC

Figure 5. Full posterior for J0647-1045. The units for the parameters [𝑅D, 𝑇D, 𝑛D, ℎD,𝜄,𝑅S,𝑇S, 𝑓c] are [pc,K,m−3,−,rad,R⊙ ,K,−].
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Figure 6. Full posterior for COS-756434. The units for the parameters [𝑅D, 𝑇D, 𝑛D, ℎD,𝜄,𝑅S,𝑇S, 𝑓c] are [pc,K,m−3,−,rad,R⊙ ,K,−].

We use Monte-Carlo-Markhov-Chain (MCMC) methods to perform the spectral fitting and estimate parameter correlations
numerically. We define a likelihood function L of the form:

L (Θ) ∝ exp
[
−
(
𝑆(Θ) − 𝐷

)2
]
, (A1)

where Θ = [𝑅D, 𝑇D, 𝑛D, ℎD, 𝜄, 𝑅S, 𝑇S, 𝑓c] are the parameters used to evaluate the spectral model 𝑆. The vector 𝐷 represents the
spectral data of a given LRD, taken with the NIR cam instrument of JWST (201 2016), where the total length is given by the
spectral range of the measurement divided by the spectral resolution of the instrument (approximately 0.013 𝜇m). In practice, we
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used the data plotted in Killi et al. (2024) and Akins et al. (2024) for the spectra of J0647-1045 and COS-756434, respectively.
Since no errors are given, we treat each data point as being equally weighted and independent.

We use the affine invariant sampler emcee (Foreman-Mackey et al. 2013) to perform the numerical tests, running 24 parallel
walkers for approximately 20’000 to 30’000 steps. The typical auto-correlation time of the walkers is ∼ 200. We initialise the
walkers by approximately fitting the spectra by eye. The burn-in to find the true maximum of the likelihood required approximately
500 steps and is removed. The priors for the perturbation parameters are initially flat in log-space. The exception is the inclination
𝜄, which has a flat prior ranging from 0 to 𝜋/4. We implement several additional prior constraints on the recovered model
parameters in order to enforce the physics discussed in section 2. The prior constraints are as follows:

• The SMS maximum accretion rate cannot be exceeded, i.e. 𝑓acc < 1.

• The disc must be stable, i.e. S > 1.

• The accretion rate must respect turbulent angular momentum transport in the disc, i.e. 𝛼 < 1.

Additionally, we strongly prefer fits that correspond to Toomre parameters of S ∼ 1.5 and viscosity prescriptions of 𝛼 ∼ 0.1.
These are implemented as a Gaussian prior on S with a standard deviation of 0.25, and a Gaussian prior on log10 𝛼 with a standard
deviation of 0.25. The choices for the standard deviations are arbitrary beyond being numerically convenient and do not strongly
influence the uncertainties in the recovered parameters, since these are dominated by other correlations.

In order to accurately fit the basic SMS/SMD spectral model to the data, we have to account for the various emission
and absorption features. Emission and absorption peaks are identified in the data via the scipy.findpeaks function and
added automatically to the spectral model as Gaussians. They do not provide any additional constraining power beyond the line
broadening, which is fitted exclusively for the H𝛼, H𝛽 and OIII lines. We show the full posteriors for J0647-1045 and COS-756434
in Figs. 5 and 6, respectively.
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