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ABSTRACT

Little Red Dots (LRDs), among the most enigmatic high-redshift discoveries by JWST, are commonly
believed to be powered by accreting supermassive black holes. Here, we explore the possibility that
these sources are globular clusters in formation, with rest-frame UV arising from a very young stellar
population and rest-frame optical from a short-lived supermassive (> 10* M) star. The spectral
profiles of LRDs are broadly (consistent with this scenario, though the observed temperatures and
bolometric luminosities favor emission reprocessed by optically thick, continuum-driven winds not
fully captured by current models. The LRD z ~ 5—7 UV luminosity function naturally evolves, under
standard evolutionary and mass-loss prescriptions, into a present-day mass function with a turnover at
log,9(M./Mg) = 5.3 and an exponential cutoff at high masses, (consistent with local globular-cluster
populations: We estimate the total present-day number density of LRDs formed across all redshifts
to be &~ 0.3 Mpc~3, similar to local globular clusters. The observed LRD redshift range matches
the age distribution of metal-poor globular clusters, without current LRD counterparts to the metal-
rich population. If LRDs are globular clusters in formation, we predict chemical abundance patterns
characteristic of multiple stellar populations, including enhanced He and N, and potential Na-O and
Al-Mg anti-correlations. These results offer a local perspective to explore this surprisingly abundant
population of distant sources, and a potential new window into extreme stellar astrophysics in the

early Universe.

Keywords: High-redshift galaxies (734), Globular star clusters (656)

1. INTRODUCTION

Little Red Dots (LRDs; J. Matthee et al. 2024)
are one of the most enigmatic populations revealed by
JWST at high redshift. The discovery of a cosmically
abundant population of compact red sources at z > 3,
largely missed by previous telescopes, quickly captivated
the community (I. Labbé et al. 2023). The LRD spec-
tral shape became their hallmark: a pronounced V-
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shape, with a blue rest-frame UV continuum and red
rest-frame UV-to-optical. The proximity of this inflec-
tion point to the Balmer break (B. Wang et al. 2024)
led some to conclude that LRDs were a population of
massive evolved galaxies, which, if confirmed, would
have pushed ACDM galaxy formation to uncomfortable
places (M. Boylan-Kolchin 2023). While compelling, the
star-forming galaxy scenario faced significant problems
(R. Endsley et al. 2023; N. Sabti et al. 2024), most no-
tably lensed LRDs have extremely small sizes < 30 pc
(L. J. Furtak et al. 2023; H. Yanagisawa et al. 2026) and
many LRDs lack strong infrared dust emission despite
their red rest-frame optical colors (P. G. Pérez-Gonzélez
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et al. 2024; H. B. Akins et al. 2025a; G. C. K. Leung et al.
2025; D. J. Setton et al. 2025a).

The discovery of broad (= 1000 km s~!) Ha emis-
sion provided a concrete clue for the origin of LRDs
(Y. Harikane et al. 2023; D. D. Kocevski et al. 2023; J.
Matthee et al. 2024). Interpretations invoking accreting
black holes quickly came to dominate their discussion
(D. D. Kocevski et al. 2023; R. Maiolino et al. 2024;
J. E. Greene et al. 2024). If LRDs are powered by ac-
creting black holes, they are remarkably distinct from
other known black hole populations. LRDs rarely have
detected X-rays (T. T. Ananna et al. 2024; 1. Juodzbalis
et al. 2024), many exhibit Balmer absorption even in
Ho (J. Matthee et al. 2024), lack the rest-frame mid-IR
colors typical of a dusty torus (P. G. Pérez-Gonzélez
et al. 2024), occupy lower mass halos than standard
quasars (E. Pizzati et al. 2025), and have inferred black-
hole-to-stellar-mass ratios approaching unity (L. J. Fur-
tak et al. 2024; R. Maiolino et al. 2024). Individu-
ally, these properties can each be explained as black
holes forming before the bulk of stars by accreting at
super-Eddington rates (E. Lambrides et al. 2024) with
their accretion disks enshrouded by dense neutral gas
cocoons (K. Inayoshi & R. Maiolino 2025; R. P. Naidu
et al. 2025). Since accreting black holes are expected
to evolve strongly with redshift, the extreme accretion
physics powering the LRD population was viewed as a
natural extension of early black hole formation.

The discovery of “‘Black Hole Stars” (R. P. Naidu et al.
2025; A. de Graaff et al. 2025a), which resemble LRDs
without significant UV continua, further highlights their
unusual properties. These objects suggest the character-
istic LRD V-shape can be spectroscopically decomposed
into two distinct components: one in the rest-frame UV
and one in the rest-frame optical (W. Q. Sun et al. 2026).
The rest-frame UV is well-described by a young stellar
population, while the rest-frame optical is well-fit by a
modified blackbody with temperatures 2000-7000 K and
luminosities 10971 Ly (A. de Graaff et al. 2025b). The
spectral inflection occurs due to the relative strength
of the UV and optical components, shifting as red as
~ 6000 A (A. de Graaff et al. 2025b).

Standard sub- or super-Eddington accretion flow mod-
els produce multi-temperature spectra with significant
EUV/X-ray emission (N. I. Shakura & R. A. Sunyaev
1973; J. E. Pringle 1981; M. A. Abramowicz et al. 1988;
A. Sadowski et al. 2011; E. Lambrides et al. 2024). If
accretion powers LRDs, this intrinsic high-energy radia-
tion must be reprocessed by an optically thick medium.
The emergent spectrum must be converted into a single-
temperature cool modified blackbody while suppressing
strong multi-wavelength radiative signatures of cooling

and heating: X-ray emission, radio free-free emission,
prominent metal cooling lines, and dust. The observed
Planck spectrum further implies that the broad emis-
sion lines cannot originate deep within fully thermal-
ized layers; instead they must arise in gas exterior to
the photosphere, possibly in a stratified atmosphere. At
these cool temperatures the photosphere is largely neu-
tral, implying that Balmer emission is likely collisionally
excited in the atmosphere (A. Torralba et al. 2025). The
observed single-temperature blackbodies place stringent
radiative-transfer and energetic constraints of LRDs.

Here, we explore an alternative scenario in which
LRDs are globular clusters in formation (e.g., M. Gieles
et al. 2018). In this scenario, the LRD V-shape arises
from an ultra-young stellar population producing the
rest-frame UV continuum, while a supermassive star
(SMS) produces the rest-frame optical. Young stellar
clusters have high stellar multiplicity and suffer frequent
dynamical interactions (S. S. R. Offner et al. 2023) that
can drive runaway stellar mergers to form SMSs, even
in relatively metal-rich environments (M. Gieles et al.
2018; M. C. Vergara et al. 2025). Thus, SMS forma-
tion may naturally occur in dense stellar environments
to resolve both the globular cluster mass-budget prob-
lem (A. Renzini et al. 2015) and the origin of multiple
populations (E. Carretta et al. 2010; G. Piotto et al.
2015; R. G. Gratton et al. 2010; N. Bastian & C. Lardo
2018; A. P. Milone & A. F. Marino 2022).

SMSs remain largely theoretical (A. Kuruvanthodi
et al. 2023), but they may reproduce many LRD fea-
tures (F. Martins et al. 2020; L. J. Furtak et al. 2023;
D. Nandal & A. Loeb 2025). They are theorized to have
masses of 104~6 My, with luminosities near 107~ L,
(M. Gieles et al. 2018; F. Martins et al. 2020; D. Nan-
dal & A. Loeb 2025). Their extreme luminosities drive
dense winds that can mimic the broad Ha observed in
LRDs (F. Martins et al. 2020) through continuum opac-
ities that include electron scattering and H~ (C. Dotan
& N. J. Shaviv 2012; P. A. Denissenkov & F. D. A.
Hartwick 2014; J. S. Vink 2018). SMSs are expected to
be large (1,000 au) leading to relatively cool temper-
atures, Tog ~ 3000 — 10,000 K (L. Haemmerlé et al.
2018, 2019; F. Martins et al. 2020; M. Bernini-Peron
et al. 2026). The immense gravitational potentials of
SMSs require a continuous accretion of fresh hydrogen
to stave off collapse to a black hole (M. C. Begelman
2010; T. E. Woods et al. 2017), and SMSs likely only
exist for order of magnitude ~1 Myr (S. F. Portegies
Zwart & S. L. W. McMillan 2002; M. Gieles et al. 2018).
SMSs are predicted to have a ‘‘conveyor-belt”-like fully-
convective structure (M. Gieles et al. 2018) that may
explain the unique odd-element enhancements observed



in local globular clusters including Na-O and Al-Mg
anti-correlations, as well as He and N enhancements (E.
Carretta et al. 2010; G. Piotto et al. 2015; R. G. Grat-
ton et al. 2012; P. A. Denissenkov & F. D. A. Hartwick
2014; N. Bastian & C. Lardo 2018; A. P. Milone & A. F.
Marino 2022; M. Gieles et al. 2025).

Here, we critically examine this hypothesis by envi-
sioning that LRDs are a short-lived phase of globular
cluster formation during which both an SMS and a stel-
lar cluster coexist. We first demonstrate that the ob-
served V-shapes profiles are plausible with a globular
cluster hosting an active SMS (section 2) and explore the
limitations of current SMS models lacking sufficiently
optically thick winds (subsection 2.1). We then use the
observed LRD UV luminosity function to estimate the
z ~ 7 LRD mass function and passively evolve it to z = 0
(section 3). We compare the shape (subsection 3.1) and
number counts (subsection 3.2) of this mass function to
local globular clusters (section 4). Finally, in section 5
we present three testable predictions for the hypothesis
that LRDs are globular clusters in formation.

Throughout this paper we use a standard ACDM cos-
mology with Hy = 67.4, Q5 = 0.685, and Q,, = 0.315
(Planck Collaboration et al. 2020). All magnitudes are
AB-magnitudes. All logarithms are base 10.

2. GLOBULAR CLUSTERS IN FORMATION WITH
A SUPERMASSIVE STAR: V-SHAPED
SPECTRAL PROFILES

LRDs are commonly defined by their V-shaped spec-
tral morphology. In Figure 1, we show A2744-45924
(light-blue spectrum; I. Labbe et al. 2024), one of the
hottest and most luminous known LRDs (Teg ~ 5700 K;
A. Torralba et al. 2025). This source is particularly well-
suited to compare to publicly available SM'S models with
Teg = 7,000 — 10,000 K (F. Martins et al. 2020). We
adopt the coolest SMS model from F. Martins et al.
(2020), “A2”, with Tog = 7000 K, Lgys = 10° Lg,
and M, = 53,956 M. The cluster component is a
young stellar population with a Kroupa initial mass
function (P. Kroupa 2002) that has nebular continuum
self-consistently added (F. Martins et al. 2020). To
match A2744-45924, we include damped Ly« from the
foreground IGM at z = 4.46 (A. K. Inoue et al. 2014),
and fit a single, uniform dust screen using the SMC at-
tenuation law (Y. C. Pei et al. 1991). The red curve in
Figure 1 shows the best-fit combined cluster plus SMS
model, with E(B — V) = 0.25 mag (A1500 = 3 mag and
Ay = 0.69 mag).

An SMS combined with a star cluster can plausi-
bly reproduce the observed V-shaped spectral profile.
The UV is dominated by a very young stellar popu-
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Figure 1. Illustration of a bright LRD A2744-45924
(light-blue line; I. Labbe et al. 2024) as a globular clus-
ter in formation (F. Martins et al. 2020). The gold line
shows a young star cluster with nebular continuum self-con-
sistently added, while the dark-blue line shows a supermas-
sive star model. The combined shape (red line) highlights
a ‘“V-shaped” morphology as the star cluster dominates the
UV and the supermassive star dominates the optical. The
supermassive star model is not tuned to match the spectrum.
Cooler supermassive star models may reduce the mismatch
near 3500 A, but no such models currently exist (see subsec-
tion 2.1).

lation, while the SMS naturally produces the appear-
ance of a strong Balmer break and red rest-frame UV-
to-optical continuum (F. Martins et al. 2020). The
transition between an SMS-dominated spectral profile
and a cluster-dominated profile occurs near 3700 A, the
canonical cross-over wavelength for LRDs (D. J. Setton
et al. 2025b). The correspondence between the observed
LRDs and the globular cluster in formation model is par-
ticularly remarkable considering the SMS model was not
tuned to the observed LRD properties, rather the model
was developed before LRDs were discovered as a distinct
class of objects.

The globular cluster in formation model also matches
multi-wavelength LRD observations. The SMS-only
model has a 4050-t0-3600 A F, flux density ratio of
5.1, matching the strongest observed LRDs (R. P. Naidu
et al. 2025; A. de Graaff et al. 2025a). An SMS without
corresponding UV emission would resemble a ‘‘black-
hole star”. Using the inferred Aisq, the observed Myvy
of —19.4 mag (A. Torralba et al. 2025), and energy con-
servation, we estimate Lig ~ 4 x 10! L, fully consis-
tent with the observed upper-limit for A2744-45924 of
Lir < 1.6 x 10'2 Ly (D. J. Setton et al. 2025b). The
SMS model has an approximately Rayleigh-Jeans tail,
suggesting it should be faint in the MIR (D. J. Setton
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Figure 2. Comparison of the effective temperature (Teg)
and the bolometric luminosity (Lbol) as measured from modi-
fied blackbody fits to a sample of Little Red Dots (blue point;
A. de Graaff et al. 2025b). The solid light-blue line illustrates
a model for the evolution of an accreting supermassive star
in hydrostatic equilibrium (D. Nandal & A. Loeb 2025). The
SMS model is significantly cooler and less luminous than the
LRDs, possibly because it does not account for a dense wind
(subsection 2.1). The blue-dashed line shows the Hayashi
Line, or the maximum luminosity of a fully convective star
in hydrostatic equilibrium. In dashed gray, we show lines of
constant radius (500 and 2,500 au), while the dotted gray
horizontal lines show the Eddington Luminosity of an ob-
ject with log(M./Mg) = 4,5,6, and 7. The gold-dashed line
shows the Eddington Luminosity for a 1,000 au object with
mass increasing from 10* to 10” M. The Little Red Dot
population is consistent with a 10*~7 My star emitting at,
or above, the Eddington Luminosity.

et al. 2025b; A. de Graaff et al. 2025a). Finally, SMSs
are too cool to produce significant X-ray emission or
ionizing photons (F. Martins et al. 2020). The nebu-
lar emission lines are likely powered by the young stel-
lar population instead of the SMS. Overall, the multi-
wavelength LRD properties are consistent with a model
of a globular cluster forming with an active SMS.

2.1. Potential Supermassive Star Properties

The globular cluster in formation model in Figure 1
does not perfectly reproduce the observed LRDs, par-
ticularly near 3500 A where the spectrum transitions
from cluster to SMS dominated. These discrepancies
may indicate (1) the SMS model is too hot, or (2) the
SMS winds are insufficiently dense. Cooler blackbod-
ies peaking near 5,000 A may match the data better.
However, CMFGEN (D. J. Hillier & D. L. Miller 1998)
does not include molecular opacities (e.g., H™), and no
SMS atmosphere model cooler than 7,000 K currently
exists. An optically thick SMS wind would provide its
own opacity that may explain the cooler observed LRD
temperatures. Thus, the observed discrepancies may

constrain the stellar astrophysics of SMSs rather than
rule out the proposed scenario.

Figure 2 compares the Teg versus bolometric luminos-
ity (Lbor) from modified blackbody fits to the rest-frame
optical (A. de Graaff et al. 2025b). LRDs occupy a re-
gion of cooler temperatures and higher luminosities than
the current SMS models (solid blue curve; D. Nandal &
A. Loeb 2025). LRDs also lie above the Hayashi Line (R.
Kippenhahn et al. 2013), which sets the maximum lumi-
nosity of a fully-convective star in hydrostatic equilib-
rium. For H™ opacity with [Fe/H]= —1.5, the Hayashi
Line has a slope % ~ 0.05. The SMS model runs
parallel to the Hayashi Line because it assumes hydro-
static equilibrium (D. Nandal & A. Loeb 2025). The
high radiation pressure instead favors an outwardly ex-
panding outer envelope, with photospheres set by the
wind physics rather than interior structure.

Instead, LRDs are consistent with emission from
an extended envelope produced by an optically thick
continuum-driven wind (C. Dotan & N. J. Shaviv 2012).
The Eddington Luminosity is

4rGmpce

M,
Lega = M:3.3><104L@<M), (1)
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where G is the gravitational constant, my is the proton
mass, c¢ is the speed of light, and o1 is the Thomson
scattering cross section. Electron scattering is unlikely
to be the dominant opacity at the observed Teg, but
H™ opacity can be similar to or larger than electron
scattering depending on the temperature (D. F. Gray
2005; R. Kippenhahn et al. 2013). LRDs with Ly, =
Legq will launch electron-scattering-driven winds. The
SMS Ly — Tog relation is estimated by equating Legq

to the Stefan-Boltzmann law as
Leaa = AT R2 0T o, (2)

where o is the Stefan-Boltzmann constant. The gold-
dashed line in Figure 2 shows this relation for a
fixed photospheric radius Rpn = 1,000 au and 4 <
log(M,/Mg) < 7. The LRDs scatter about this relation,
consistent with emission from an extended wind-driven
photosphere. Ry, is order-of-magnitude consistent with
the sonic point of an isothermal electron-scattering-
driven wind from a 10°° Mg, star at L/Leqq ~ 0.99
(H.J. G. L. M. Lamers & J. P. Cassinelli 1999; C. Dotan
& N. J. Shaviv 2012). These inflated photospheres plau-
sibly explain the cooler T,g and higher Ly, of LRDs
relative to SMS models in hydrostatic equilibrium (Fig-
ure 2).

If such SMS winds are responsible for the abun-
dance patterns observed in local globular clusters, they
must escape the stellar gravitational potential. For
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Figure 3. The estimated evolution of the LRD mass func-
tion from z ~ 7 (solid gold line) to z ~ 0 (blue curve). We
use the observed LRD UV luminosity function (V. Kokorev
et al. 2024) and an extreme UV mass-to-light ratio that is
consistent with a young globular cluster with an active su-
permassive star. We compare the predicted z ~ 0 mass func-
tion to globular clusters in the Milky Way (light-blue circles;
W. E. Harris 2010) and in Virgo (dark-blue diamonds; A.
Jordéan et al. 2009). The extrapolation of the z ~ 7 galaxy
stellar mass function (dashed gold line; R. Navarro-Carrera
et al. 2024) to these M, has a distinct shape from the LRDs.
All mass functions have been normalized by the total num-
ber to emphasize their shapes. LRDs can plausibly match
the observed local globular cluster mass function using stan-
dard assumptions about their mass-loss (see subsection 3.1).

log(M,) = 5.5 and Rpn = 1,000 au, the escape veloc-
ity is > 750 km s~!. Additional broadening mechanism
(e.g. electron scattering; V. Rusakov et al. 2026; S.-J.
Chang et al. 2026) can further broaden the wind profiles
to produce the broad Balmer lines observed in LRDs.
The rest-frame optical emission from LRDs is consistent
with arising from the photosphere of an optically thick
radiation-driven wind, plausibly alleviating tensions be-
tween SMS models and LRD observations. Improved
SMS stellar wind and atmosphere models, that account
for molecular opacities, are required to test this scenario.

3. LRD NUMBER COUNTS

Having shown that the V-shaped spectral morphology
of LRDs is plausibly reproduced by a globular cluster
in formation with an active SMS, we now turn to the
observed LRD luminosity function and number counts.
In the next two sub-sections, we first use the z ~ 5 —
7 UV luminosity function to predict the shape of the
z ~ 0 mass function, adopting the deliberately simple
assumption of a constant cluster mass-loss rate from z ~
7 to z ~ 0 (subsection 3.1). We then estimate the total
number of LRDs formed over the entire observed redshift
range (subsection 3.2).

5

3.1. The present-day shape of the LRD mass function

The LRD UV luminosity function (UVLF) is con-
structed using photometric samples selected for com-
pactness and V-shaped spectral profiles (D. D. Kocevski
et al. 2023; V. Kokorev et al. 2024). A Schechter func-
tion (P. Schechter 1976) matches the LRD UVLF, with
minimal redshift evolution between z ~ 5 and z ~ 7 (V.
Kokorev et al. 2024). We adopt the LRD UVLF from V.
Kokorev et al. (2024) with a power-law slope o = —1.5+
0.4, a characteristic Myy of M* = —20.740.7 mag, and
a normalization of ¢* = (5 £2) x 107¢ Mpc~3.

Consistent with the interpretation of LRDs as glob-
ular clusters (see subsection 5.1), many LRDs are as-
sociated with extended companion galaxies (P. Rinaldi
et al. 2025; Y. Zhang et al. 2025). We conservatively
assume 20% of the total UV luminosity arises from the
compact object, and that the SMS contributes 20% of
this compact emission (W. Q. Sun et al. 2026). Thus,
the cluster light is ~ 16% of the total UV luminosity.

We convert the UV luminosity into M, assuming that
LRDs are globular clusters in formation. We adopt an
age of ~ 1 Myr, motivated by the short lifetimes of
SMSs (M. Gieles et al. 2018). Forming an SMS requires
clusters populating the extreme upper-end of the IMF
(2 100 Mg), implying a UV continuum dominated by
very massive stars (2 150 Mg) with low mass-to-light
ratios (e.g., G. N. Sabhahit et al. 2022). We adopt stellar
population synthesis models appropriate for this situa-
tion (D. Schaerer et al. 2025; C. Hawcroft et al. 2025)
extending to ~ 400 Mg with 1 Myr age, nebular contin-
uum included, metallicity of 20% Z/Z,, and a high-mass
IMF slope of a = —2, yielding Lj\é* = Mé?%.
Lower-metallicity models (Z/Z¢ ~ 3%) that include ro-
tation may further reduce this mass-to-light ratio (C.
Hawecroft et al. 2025). While extreme, this mass-to-light
ratio naturally arises from the proposed scenario of a
young globular cluster in formation.

The resulting LRD mass function at z ~ 7 is shown as
the solid gold curve in Figure 3. We normalize by the to-
tal number of objects to emphasize its shape and enable
a comparison to local objects. The inferred LRD initial
mass function has a classic Schechter function shape: an
exponential cut-off above log(M,/Mg) ~ 6 and a steep
power-law slope extending to lower masses.

Most LRDs have blue continua with (Suy) ~ —1.8
and weak Syyv-Myy trends (J. Matthee et al. 2024; A. de
Graaff et al. 2025b). Dust attenuation shifts the inferred
mass functions by 0.1—0.5 dex, but does not significantly
change the shape unless there is a Syy-Myy relation.
The dust correction is therefore degenerate with uncer-
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tainties of the observed LRD luminosity function, and
we do not apply a correction.

Once young clusters form, how do they evolve? After
the LRD phase, we assume the SMS exhausts its core
hydrogen and collapses to a black hole (M. C. Begelman
2010; T. E. Woods et al. 2017). The cluster then ceases
being identified as an LRD because the SMS is no longer
producing rest-frame optical continuum. The remaining
massive stars continue to produce blue continua until
they explode as supernovae after 3-10 Myr. This stellar
feedback clears the remaining dust and gas from the
cluster to shut off star formation (J. A. Turner et al.
2022). The cluster then passively evolves until z ~ 0.

Over the ensuing ~ 13 Gyr, the quenched cluster loses
M., through stellar evolution and dynamical interactions
such as tidal stripping and evaporation (J. P. Ostriker
et al. 1972; L. Spitzer 1987; S. M. Fall & Q. Zhang 2001;
H. J. G. L. M. Lamers et al. 2010). We adopt the sim-
plest approach of a total constant mass-loss of 10° Mg,
(= 10 My Myr—!), consistent with recent analyses of
Milky Way stellar streams and N-body simulations (M.
Gieles & O. Y. Gnedin 2023; Y. Chen et al. 2025a,b).
We tested more complex mass-loss prescriptions, such as
a M,-dependent mass-loss (with v = 2/3; H. J. G. L. M.
Lamers et al. 2010), and find a largely unchanged shape
to the final mass function.

The z ~ 7 LRD mass function evolved to z ~ 0 with
constant mass-loss is shown as the blue curve in Fig-
ure 3. The exponential cut-off for > 10% M, remains at
z ~ 0 because the mass-loss does not disrupt the most
massive clusters, whereas the lowest mass clusters are
dissipated. The surviving number of clusters depends
on the initial low-mass power-law slope because it sets
the abundance of clusters initially near the destruction
mass. Consequently, the steep initial mass function de-
velops a turnover near log(M../Mg) ~ 5.3.

For comparison, Figure 3 also shows the z ~ 7 galaxy
stellar mass function (J. R. Weaver et al. 2023; R.
Navarro-Carrera et al. 2024). At the M, relevant for
globular cluster formation, the extrapolated galaxy stel-
lar mass function is a single power law. Without an
exponential cutoff at >10°® Mgy, it does not naturally
evolve into the same shape as the LRD scenario.

3.2. Total number density of LRDs at z ~ 0

The previous section focused on the shape of the mass
function; we now estimate the total number density of
LRDs formed. We estimate the instantaneous comoving
number density of observed LRDs, niyg, by integrating
the observed z ~ 7 UVLF, ¢YV, as

-15
Ninst = / dVVdMuyy ~ 1 x 107 Mpc 3, (3)
—23

where the integration limits correspond to
log(M,/Mg) = 4 — 7, the mass range included in
Figure 3. Lower-mass values are unlikely to survive
dynamical interactions down to z ~ 0.

SMS lifetimes set the LRD observability window and
are estimated to be on the order of 1 Myr. The LRD
formation rate is then

n:
R= "'~ 0.1 Mpc™® Gyr~%. (4)

obs
The total number of LRDs formed between two redshift
intervals, zpin and zmax, assuming a constant R, is then

s gt L
Niot = Radz ~ 0.3 Mpc~>, (5)

Zmin

where we used zpmin = 2 and zpmax = 10 to match the
observed LRD redshift range (D. D. Kocevski et al. 2023;
V. Kokorev et al. 2024; A. J. Taylor et al. 2025).

These number densities are order of magnitude esti-
mates. Equation 5 assumes that all LRDs survive to
z ~ 0, but clusters could be dynamically dissipated. For
example, if only 30% of the LRDs survive until z ~ 0,
we estimate an observed number density of ~ 0.1 Mpc =3
at z ~ 0. With reasonable assumptions, the total
number density of LRDs formed across all redshifts is
~ 0.1 — 0.3 Mpc—3.

4. REDSHIFT ZERO GLOBULAR CLUSTERS

Now that we have predicted the LRD mass function
at z ~ 0, we can compare it to observed globular clus-
ters around the Milky Way (W. E. Harris 2010), An-
dromeda (C. Usher et al. 2024), and the Virgo cluster
(A. Jordén et al. 2009). These three systems are ex-
tremely well studied and span a large range of M,. We
adopt a constant M, /Ly = 2 for Virgo and 1.5 for Milky
Way and Andromeda, respectively, consistent with an
old stellar population (D. E. McLaughlin & R. P. van der
Marel 2005; A. Jordén et al. 2007). We use the reported
distances for the Milky Way and Andromeda globular
clusters, and a distance modulus of 31.09 for Virgo (A.
Jordén et al. 2009). Number densities are determined
in 0.15 dex M., bins with Poisson uncertainties.

The Milky Way and Virgo mass functions are shown as
blue circles and squares in Figure 3 (Andromeda follows
a similar shape). The globular cluster mass function
peaks near log(M,/Mg) = 5.3, declines exponentially
to higher masses, and has a power-law decline to lower
masses, consistent with previous results (W. E. Harris
1991; J. P. Brodie & J. Strader 2006; A. Jordan et al.
2007). The local globular clusters have a similar mass
function shape as predicted for z ~ 0 LRDs.

We also estimate the total number of globular clusters
in the local Universe. This depends both on the number
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Figure 4. Comparison of the formation redshifts for Little
Red Dots (gold hatched; D. D. Kocevski et al. 2023) to glob-
ular clusters in the Milky Way (D. A. Forbes & T. Bridges
2010). We conservatively split the Milky Way globular clus-
ters as metal-rich ([Fe/H] > —1.4; dashed light-blue) and
metal-poor ([Fe/H] < —1.4; dark-blue line) to emphasize the
distinct populations. The formation redshift of metal-poor
Milky Way globular clusters roughly matches the redshift
distribution of LRDs.

density of clusters per halo and the number density of
host halos harboring the globular clusters (L. R. Spitler
& D. A. Forbes 2009; W. E. Harris et al. 2013, 2015;
M. Boylan-Kolchin 2017). The Milky Way is roughly
an L* galaxy with an abundance of np« ~ 0.005 Mpc~3
(M. R. Blanton et al. 2001) and has N, ~ 150 globular
clusters. This implies

ngo = Ngeng» &~ 0.8 Mpc ™2, (6)

consistent with literature estimates of 0.5 — 1.5 Mpc =3

(W. E. Harris et al. 2013, 2015; M. Boylan-Kolchin
2017). This order-of-magnitude globular cluster number
density is similar to the LRD number density (Equa-
tion 5). Both the shape of the LRD mass function and
the total number counts are consistent with present-day
globular cluster populations.

5. PREDICTIONS IF LITTLE RED DOTS ARE
GLOBULAR CLUSTERS IN FORMATION

The previous three sections have shown it is plausible
that LRDs are globular clusters in formation. Here, we
conclude with testable predictions of this hypothesis us-
ing known globular cluster properties. These concrete
predictions provide an opportunity to stress-test the hy-
pothesis to hopefully gain a better understanding of the
true nature of LRDs.

5.1. LRDs may represent metal-poor globular clusters

Globular clusters are generally quite old, with obser-
vations and models indicating a mean formation epoch
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at z 2 2 and formation rates peaking near z ~ 4 — 6
(J. G. Cohen et al. 1998; J. M. D. Kruijssen 2015; D. A.
Forbes & T. Bridges 2010; N. Bastian & C. Lardo 2018;
K. El-Badry et al. 2019; J. M. D. Kruijssen et al. 2019;
J. M. Ying et al. 2025; F. Aguado-Agelet et al. 2025;
L. M. Valenzuela et al. 2025). If LRDs trace globular
cluster formation, they should form primarily at these
epochs.

This formation timescale roughly matches the ob-
served LRD redshift range of z ~ 4 — 8 (D. D. Ko-
cevski et al. 2023; V. Kokorev et al. 2024; Y. Ma et al.
2025). In Figure 4, the LRD peak (D. D. Kocevski et al.
2023) aligns with the old, metal-poor Milky Way glob-
ular cluster population (dark blue; D. A. Forbes & T.
Bridges 2010). In contrast, the metal-rich globular clus-
ters (light-blue dashed line) lack a corresponding LRD
population at z ~ 1 — 2. Metal-rich globular clusters
are typically found within ~ 1R, of galactic bulges, and
show weaker evidence of multiple stellar populations.
This suggests that either a population of z ~ 1—2 LRDs
remains undetected in dense, metal-rich environments,
or that SMS formation is suppressed at higher metallic-
ities.

LRDs frequently have nearby neighbors (J. Matthee
et al. 2024; I. Labbe et al. 2024), with ~ 40% within
~ 1 kpc of a neighbor (J. F. W. Baggen et al. 2026).
This resembles the bimodal spatial distribution of local
globular clusters and naturally explains the spatially ex-
tended UV emission as host galaxy contamination (Y.
Zhang et al. 2025; P. Rinaldi et al. 2025; W. Q. Sun
et al. 2026). By analogy with local globular clusters,
LRDs forming within 1 R, of more massive companions
should be more metal-enriched than isolated systems. A
currently undetected population of z ~ 1—2 LRDs form-
ing contemporaneously with galactic bulges could there-
fore account for the missing metal-rich globular cluster
population.

Alternatively, SMS formation may depend on metal-
licity. Metal-rich Milky Way globular clusters that
formed at lower redshift tend to show lower stellar sur-
face densities (D. A. Forbes & T. Bridges 2010). This
trend likely reflects not only metallicity, but also ISM
pressures and environmental conditions which shape
cluster collapse and structure (J. M. D. Kruijssen 2015).
If SMS formation requires high stellar densities to drive
runaway stellar collisions (M. Gieles et al. 2018), then
lower density clusters forming at lower redshift would
be less likely to reach sufficient densities to form SMSs.
In this scenario, low-redshift globular clusters would
not produce SMSs and would lack the characteristic V-
shaped spectral profile required for LRD selection.



The redshift distribution provides an empirical test
for the LRD-globular clusters hypothesis. The observed
LRD peak aligns with metal-poor globular clusters,
while no LRD population comparable to the metal-rich
systems are seen at lower redshift. This absence may re-
flect either an observational bias against detecting them
in dense, metal-rich environments or a metallicity ceiling
for SMS formation.

5.2. Some LRDs should have high He abundances and
anti-correlations between Na-O, Al-Mg, and N-C

Globular clusters have distinct, and oftentimes multi-
ple, abundance patterns due to neutron capture (R. G.
Gratton et al. 2012). Many show helium-enhanced pop-
ulations (R. G. Gratton et al. 2010; A. K. Dupree &
E. H. Avrett 2013), along with anti-correlations between
odd and even atomic number elements, including: Na-
enhanced and O-poor, Al-enhanced and Mg-poor, and
N-enhanced and C-poor populations (N. Bastian & C.
Lardo 2018; A. P. Milone & A. F. Marino 2022). Al-
though not universal, the trends are most prominent
in the most massive (E. Carretta et al. 2010) and oldest
(N. Bastian & C. Lardo 2018) globular clusters. If LRDs
represent globular clusters in formation, similar chemi-
cal signatures may be present in a subset of LRDs.

These abundance patterns are challenging to diag-
nose in LRDs due to limited spectral resolution and the
lack of sufficient SMS models. He I emission lines are
among the strongest lines detected in nearly all LRDs
(J. Matthee et al. 2024; I. Labbe et al. 2024; V. Koko-
rev et al. 2025; A. Torralba et al. 2025; W. Q. Sun
et al. 2026), with strengths comparable to hydrogen
lines. While a detailed He/H abundance has not yet
been reported, SMSs nucleosynthesis models predict en-
hanced helium abundance.

The rest-frame optical contains strong neutral sodium
transitions (Na D 5890, 5896 AA), while the rest-UV
has resonant aluminum lines (Al IT 1670 A and Al III
1855, 1863 AA). However, few LRD spectra have suffi-
cient resolution to isolate these lines (F. D’Eugenio et al.
2025). A2744-45924, shown in Figure 1 (I. Labbe et al.
2024), has a tentative Al ITI 1860 A detection and rel-
atively weak Mg II 2800 A emission blended with Fe II
lines. The Al, Mg, and Fe lines could provide a direct
comparison to local globular clusters, with [Al/Mg]> 0
supporting the globular cluster in formation picture (E.
Carretta et al. 2010; N. Bastian & C. Lardo 2018; A. P.
Milone & A. F. Marino 2022).

Carbon emission is reported in several LRDs (H. B.
Akins et al. 2025b; M. Tang et al. 2025; H. B. Akins et al.
2026), whereas nitrogen is less common because broad
Ho contaminates the [N 1I] 6549, 6584AA lines. Alter-

natively, the UV high-ionization lines may directly probe
the nitrogen abundance (e.g., I. Labbe et al. 2024). A re-
cent systematic search in the Dawn JWST Archive iden-
tified high-ionization nitrogen lines in six LRDs (I. Morel
et al. 2025). These objects lack UV carbon lines, and
have weak rest-optical oxygen lines, suggesting a tenta-
tive N-C and N-O anti-correlation. However, the current
evidence for distinct abundances patterns in LRDs re-
mains weak and relies on sparse samples. A systematic
study of the relative abundances is required to robustly
test the globular cluster hypothesis.

5.3. Should metal-poor globular clusters host
intermediate mass black holes?

Globular clusters have long been modeled with nu-
merical simulations and evolutionary models to match
their surface brightness and velocity dispersion profiles.
A central SMS remnant, most plausibly a black hole,
would increase the central velocity dispersion and de-
lay core collapse. H. Baumgardt (2017) modeled local
globular clusters including central black holes and de-
rived upper-limits of log(Mpu/Mg) < 4 for most lo-
cal globular clusters. Observationally, whether globular
clusters host black holes is actively debated (M. Mezcua
2017; J. E. Greene et al. 2020). w Centauri is the most
likely candidate (E. Noyola et al. 2008; M. Héberle et al.
2024), while most others remain undetected. Local glob-
ular clusters put stringent mass constraints on SMS rem-
nants.

What black hole mass is expected from an SMS? If
LRDs radiate near Leqq, the inferred SMS masses could
reach log(M, /Mg) & 6.5, potentially exceeding the dy-
namical upper-limits in local globular clusters. How-
ever, SMS winds may remove 2 90% of the SMS mass
prior to collapse (C. Dotan & N. J. Shaviv 2012; P. A.
Denissenkov & F. D. A. Hartwick 2014), substantially
reducing the resulting black hole mass. Such mass loss
also provides a natural resolution to the multiple abun-
dances populations (M. Gieles et al. 2018). Improved
SMS atmosphere and wind models are needed to de-
termine whether optically thick winds yield remnant
masses consistent with those inferred from local glob-
ular clusters.

6. CONCLUSION

We have tested the hypothesis of Little Red Dots as
globular clusters in formation with an active supermas-
sive star. This scenario is motivated by the legacy of
local globular cluster observations and provides a physi-
cally coherent framework for interpreting LRD observa-
tions. While the scenario remains plausible, no definitive
conclusion can be currently made and we outline several



observations to stress-test this hypothesis. If confirmed,
Little Red Dots offer a direct view of globular cluster
formation and open a new window onto extreme stel-
lar astrophysics characterized by intense radiation fields.
Their high luminosities suggest that similar systems may
be observable at even earlier epochs, potentially charac-
terizing the first generations of stars.
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