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ABSTRACT

The Little Red Dots (LRDs) are high-redshift galaxies uncovered by JWST, characterized by small

effective radii (Reff ∼ 80−300 pc), number densities intermediate between typical galaxies and quasars,

and a redshift distribution peaked at z ∼ 5. We present a theoretical model in which the LRDs descend

from dark matter halos in the extreme low-spin tail of the angular momentum distribution. Within

this framework, we explain their three key observational signatures: (i) abundance, (ii) compactness,

and (iii) redshift distribution. Our model focuses on observed, not modeled, properties; it is thus

independent of whether they are powered primarily by a black hole or stars. We find that the as-

sumption that the prototypical LRD at z ∼ 5 originates from halos in the lowest ∼ 1% of the spin

distribution is sufficient to reproduce both their observed number densities and physical sizes. The

redshift evolution of their observability is driven by the interplay between the evolving compact disk

fraction and cosmological surface brightness dimming. This effect leads to a well-defined “LRDs Era”

at 4 < z < 8, during which the LRDs are common and detectable; at z < 4, they are bright but

rare, while at z > 8, they are common but faint. Finally, we test the predicted redshift trend against

observational data, finding excellent agreement. Additional observational support comes from their

excess small-scale clustering and spectral signatures of extreme core densities, both of which are ex-

pected outcomes of galaxy formation in low-spin halos. These findings suggest that the LRDs are not

a fundamentally distinct population but the natural manifestation of galaxies forming in the rarest,

lowest angular momentum environments.

Keywords: Early universe (435) —Galaxies (573) — Cosmology (343) — Galaxy evolution (594) —

Active galaxies (17)

1. INTRODUCTION

The German physicist Werner Heisenberg once re-

marked: “What we observe is not nature itself, but

nature exposed to our method of questioning” (W.

Heisenberg 1958). While rooted in quantum mechan-

ics, this principle also describes the transformation that

the James Webb Space Telescope (JWST) has brought

to the field of extragalactic astronomy. In just a few

years, JWST has dramatically expanded our view of the

early Universe, detecting z > 14 galaxies (e.g., S. Car-

niani et al. 2024), and uncovering a new population of

high-redshift sources that had eluded earlier telescopes.

These objects, named the Little Red Dots (LRDs; D. D.

Kocevski et al. 2023; Y. Harikane et al. 2023; J. Matthee

et al. 2024), are compact and red.
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The LRDs populate the early Universe with a sur-

prising abundance: they are characterized by a number

density at z > 4 that is intermediate between that of

quasars and standard, Lyman-break galaxies. Several

studies (see, e.g., D. D. Kocevski et al. 2023; V. Koko-

rev et al. 2024) report number densities at 4.5 < z < 6.5

of ∼ 3 × 10−5 − 10−6 Mpc−3 mag−1, which are ∼ 2 or-

ders of magnitude lower than standard galaxies, and

higher than the extrapolation at fainter magnitudes of

UV-selected quasars (see Fig. 1).

Detections of LRDs concentrate in the redshift range

4 < z < 8 (D. D. Kocevski et al. 2024), making this

population visible during a cosmic period of ∼ 1 Gyr.

Recent ground-based studies suggest that LRD analogs

exist at z < 4, but their number density appears to

decline rapidly at lower redshift (Y. Ma et al. 2025; M.-

Y. Zhuang et al. 2025).

The spectral energy distribution (SED) of the LRDs

typically exhibits broad Balmer emission lines, which
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Figure 1. Comparison of rest-frame UV luminosity functions for different astrophysical populations at 4.5 < z < 6.5, spanning
absolute UV magnitudes −17 < MUV < −25. Red points show the number density of LRDs from D. D. Kocevski et al.
(2024); the dashed line indicates UV-selected quasars from M. Niida et al. (2020); the solid line shows Lyman-break galaxies
(LBGs) from R. J. Bouwens et al. (2021). LRDs occupy an intermediate number density regime: ∼ 100 times rarer than typical
star-forming galaxies but more abundant than bright quasars.

are generally associated with the presence of an accret-

ing supermassive black hole (SMBH) at their core (R.

Maiolino et al. 2024; J. E. Greene et al. 2024). Remark-

ably, several studies have suggested that the widths of

these broad lines can also be explained by the stellar ve-

locity dispersion at the cores of these galaxies (A. Loeb

2024; J. F. W. Baggen et al. 2024), naturally generat-

ing velocities of ∼ 1500 km s−1. In particular, A. Loeb

(2024) suggested that such an exceptional velocity dis-

persion can be caused by compact galaxies, which lack

rotational support because of their low spin. This con-

cept builds on the original idea proposed by D. J. Eisen-

stein & A. Loeb (1995) that black hole seeds originated

from the collapse of overdense regions with unusually

low spins.

The SED of the LRDs exhibits, in many cases, a

V-shaped change in slope characterized by a red com-

ponent at longer wavelengths, accompanied by a bluer

component at shorter wavelengths. Remarkably, the in-

flection point in the SED is associated in most cases with

the Balmer limit at λ = 0.3645µm (D. J. Setton et al.

2024). The peculiar spectral properties of the LRDs

have been thus far explained either with models where

most of the light comes from a black hole or stars (see,

e.g., I. Labbé et al. 2023; J. F. W. Baggen et al. 2023,

2024; J. E. Greene et al. 2024; D. D. Kocevski et al.

2023, 2024; V. Kokorev et al. 2023, 2024; H. B. Akins

et al. 2024; A. J. Taylor et al. 2024).

Each interpretation faces its challenges. In the first

case, the black holes seem to be overmassive (F. Pacucci

et al. 2023; F. Pacucci & A. Loeb 2024; K. Inayoshi & K.

Ichikawa 2024; E. Durodola et al. 2025) and are unde-

tected in X-rays, even in deep stacking analyses (T. T.

Ananna et al. 2024; M. Yue et al. 2024; F. Pacucci &

R. Narayan 2024; E. Lambrides et al. 2024; P. Madau &

F. Haardt 2024; R. Maiolino et al. 2025). In the second

case, the cores reach extreme stellar densities as a direct

consequence of one of the most striking features of the

LRDs: their compactness. Their typical effective radii

are Reff ≈ 150 pc, with values varying between 80 pc and

300 pc (J. F. W. Baggen et al. 2023). The star-only in-

terpretation generally requires stellar masses > 108 M⊙
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and up to ∼ 1011 M⊙, leading to immense core stellar

densities (C. A. Guia et al. 2024; J. F. W. Baggen et al.

2024), up to ∼ 108 M⊙ pc−3, which is far above that

reached at the cores of globular clusters (P. F. Hopkins

et al. 2010), and ∼ 10 times higher than the density

necessary for runaway stellar collisions to take place (E.

Ardi et al. 2008; M. S. Fujii et al. 2024; M. C. Vergara

et al. 2025).

This Letter focuses on three key observational signa-

tures of the LRDs: (i) their abundance, intermediate be-

tween galaxies and quasars, (ii) their compactness, and

(iii) their redshift distribution, peaking at z ∼ 5. We

demonstrate that a single physical origin can explain all

three properties: the LRDs form in the low-spin tail of

the halo angular momentum distribution.

The theoretical model is described in Sec. 2 and ap-

plied to the case of the LRDs in Sec. 3. Section 4

concludes the Letter with a broader discussion on paths

forward and the implications of our findings.

2. THEORETICAL FRAMEWORK

First, we develop the theoretical model that links the

three key observational signatures of the LRDs (i.e.,

abundance, compactness, and redshift distribution) to

the spin of the progenitor dark matter halo.

2.1. Definition of Compactness and Disk Size Model

The LRDs are very compact galaxies, with effective

radii Reff < 300 pc (J. F. W. Baggen et al. 2023). To re-

late compactness to halo properties, we adopt the frame-

work developed by H. J. Mo et al. (1998), where the

structural properties of disk galaxies are directly linked

to the dimensionless spin parameter λ of their host dark

matter halo, formally defined as:

λ =
Jh|E|1/2

GM
5/2
h

, (1)

where Jh is the total angular momentum of the halo, E

its total energy, Mh its mass, and G is the gravitational

constant (R. Barkana & A. Loeb 2001).

The scale length Rd of a rotationally supported expo-

nential disk is given by:

Rd =
1√
2

(
jd
md

)
λ r200 , (2)

where r200 is the virial radius of the halo (defined as the

radius enclosing a mean density that is 200 times the

critical density of the Universe at redshift z), jd = Jd/Jh
is the fraction of the halo angular momentum acquired

by the disk, and md = Md/Mh is the fraction of the halo

mass that settles into the disk.

We further assume that baryons retain their specific

angular momentum during the collapse, i.e., jd/md = 1,

which corresponds to the case where the disk forms with-

out significant angular momentum loss (or redistribu-

tion). This assumption is generally invalid in the low-

redshift Universe when not all the baryons necessarily

contribute to forming the galaxy (A. A. Dutton et al.

2007); in this case, the angular momentum distribution

does not directly translate from the halo to the galaxy.

However, in the high-redshift Universe, it is more likely

that most of the baryons available will form the galaxy,

such that the spin distribution of the dark matter halo

translates directly to that of the galaxy. The assump-

tion jd/md = 1 yields a direct proportionality between

Rd and the spin parameter λ.

AssumingRd ≈ Reff (which, for an exponential disk, is

correct within a factor of ≈ 1.68, see, e.g., J. F. Navarro

et al. 1996; B. G. Elmegreen & C. Struck 2013), we

obtain:

Reff =
1√
2
λ r200(Mh, z) . (3)

The virial radius, which is a function of total halo mass

and redshift (R. Barkana & A. Loeb 2001), is calculated

as:

r200(Mh, z) =

(
GMh

100H2(z)

)1/3

, (4)

with the Hubble parameter at redshift z given by:

H(z) = H0

√
Ωm(1 + z)3 +ΩΛ . (5)

This formalism implies that at fixed halo mass, r200 ∝
(1 + z)−1, so that galaxy sizes shrink with increasing

redshift, even for a fixed spin.

To identify which halos are capable of hosting compact

LRD-like systems, we invert the size relation in Eq. (3)

and solve for the critical spin parameter λLRD required

to produce a galaxy with a compact Reff :

λLRD(z) =

√
2 ·Reff

r200(Mh, z)
. (6)

This critical spin threshold varies with redshift, be-

coming more permissive (i.e., larger λLRD) at higher

redshift due to the shrinking virial radius. As a result, a

greater fraction of halos (i.e., those with sufficiently low

spin) can produce compact galaxies at early times.

2.2. Spin Distribution and Compact Fraction

Cosmological N-body simulations have shown that λ

follows a lognormal distribution, which is nearly inde-

pendent of halo mass and redshift (M. S. Warren et al.

1992; M. Steinmetz & M. Bartelmann 1995; S. Cole &

C. Lacey 1996; H. J. Mo et al. 1998). We model the
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probability density function of the spin parameter as

follows:

p(λ) =
1

λ
√
2πσlnλ

exp

[
−
(
ln(λ/λ̄)

)2
2σ2

lnλ

]
, (7)

where λ̄ is the median spin parameter and σlnλ is the

dispersion in its natural logarithm. For this work, we

adopt the fiducial values of λ̄ = 0.05 and σlnλ = 0.5,

used in H. J. Mo et al. (1998), which are consistent with

high-resolution dark matter simulations.

Given a redshift-dependent spin threshold λLRD(z),

the fraction of halos with spin below this threshold is

calculated as the cumulative probability:

f(λ < λLRD) =

∫ λLRD(z)

0

p(λ) dλ . (8)

This quantity represents the fraction of halos capable

of producing galaxies more compact than a chosen size

threshold. In our model, the redshift evolution of this

compact fraction is entirely governed by the evolution of

the spin threshold λLRD(z) as defined in Eq. (6), which

accounts for the redshift-dependent virial radius.

2.3. Surface Brightness and Observability

Generally, compact galaxies are more likely to form in

low-spin halos. However, their detectability (with, e.g.,

JWST) will ultimately depend on their surface bright-

ness and how that compares with the background noise

level of a given instrument. To determine whether a

compact system can be observed in deep JWST imag-

ing, we compute the apparent surface brightness as a

function of redshift for galaxies with a fixed absolute

magnitude (which can be related to halo mass via abun-

dance matching, see, e.g., P. S. Behroozi et al. 2013;
B. P. Moster et al. 2013) and a small effective radius.

The apparent magnitude of a galaxy with UV absolute

magnitude MUV at redshift z is defined as:

mUV(z) = MUV + 5 log10

(
DL(z)

10 pc

)
, (9)

where DL(z) is the luminosity distance.

The observed surface brightness µ is computed by con-

verting the galaxy’s effective radius into angular units,

assuming Planck Collaboration et al. 2020 cosmology.

The mean surface brightness (mag/arcsec2), assuming a

Gaussian profile, is then given by:

µ(z) = mUV(z) + 2.5 log10
(
2πR2

eff

)
. (10)

We compare the computed surface brightness to an

empirical detection limit to determine whether these

sources can be detected in JWST deep imaging sur-

veys. We adopt a 5σ detection limit for a point source

of m = 29 mag from the CEERS survey (S. L. Finkel-

stein et al. 2025) and a typical NIRCam PSF with radius

r = 0.07′′ (M. J. Rieke et al. 2023). The corresponding

mean surface brightness is:

µlim ≈ 25.2mag/arcsec2 . (11)

This threshold represents an absolute limit for the

detectability of marginally resolved compact sources in

JWST deep imaging. In this framework, sources with

µ(z) < µlim are considered detectable, while those with

fainter surface brightness are assumed to fall below the

observational sensitivity threshold. Note that this is

an approximate detectability threshold for unresolved or

marginally resolved sources, and extended sources with

lower surface brightness may be harder to detect even

if µ < µlim because noise scales with area. Addition-

ally, practical limitations (such as lack of filter coverage)

can further hinder detections at high redshifts (see Sec.

3.3.2).

3. RESULTS

Next, we apply the theoretical framework developed

in Sec. 2 to the case of the LRDs. We demonstrate that

their origin in the low-spin population of host halos ex-

plains, simultaneously, their (i) abundance in Sec. 3.1,

(ii) compactness in Sec. 3.2, and (iii) redshift distribu-

tion in Sec. 3.3, where we also test our models with

observational data.

3.1. Abundance of the LRDs

Small effective radii characterize high-redshift LRDs;

J. F. W. Baggen et al. (2023) found that their average

effective radius is ∼ 150 pc, with a narrow distribution

between ∼ 80 pc and ∼ 300 pc. Some cases are even

more extreme, such as a triply-imaged source at z = 7.6

characterized by a de-lensed size upper limit of Reff < 35

pc (L. J. Furtak et al. 2023). It is currently unclear if the

few LRDs identified at z < 4 are also characterized by

such compactness. Ground-based surveys cannot con-

strain sizes as well as JWST: for example, at z ∼ 2, the

0.67” PSF of Hyper Suprime-Cam corresponds to ∼ 4

kpc, rendering all the low-redshift LRD analogs consis-

tent with point sources (Y. Ma et al. 2025).

For the present purpose, we define a LRD as a com-

pact galaxy with effective radius Reff < 300 pc at z ∼ 5,

which is the median redshift of their bulk distribu-

tion (D. D. Kocevski et al. 2024). We adopt a total

galaxy number density (R. J. Bouwens et al. 2021) at

MUV ∼ − 19 of:

ϕLBG ≈ 2.20× 10−3 Mpc−3 mag−1 , (12)
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Figure 2. Probability density function of the halo spin parameter λ, modeled as a lognormal distribution (H. J. Mo et al.
1998), with the mode (i.e., the most common spin value) and median indicated for reference. The vertical dashed line marks
the critical value λLRD = 0.0153, corresponding to the spin threshold required to explain the abundance and compactness of
the typical LRD at z ∼ 5. This value lies in the extreme low-spin tail of the distribution, representing only ∼ 1% of halos.

and estimate the number density of LRDs at the same

magnitude (D. D. Kocevski et al. 2024) to be:

ϕLRD ≈ 1.97× 10−5 Mpc−3 mag−1 . (13)

This yields a fractional abundance:

fLRD(z = 5) =
ϕLRD

ϕLBG
≈ 0.009 . (14)

We now compute the spin threshold λLRD such that

only a fraction fLRD of halos lie below it in the spin

distribution. Using Eq. (7), we invert the PDF for λ,

requiring:

fLRD = P (λ < λLRD) = 0.009 . (15)

This yields:

λLRD(z = 5) ≈ 0.0153. (16)

Hence, in this framework, the LRDs are hosted in galax-

ies within the first percentile of the spin distribution of

dark matter halos, as shown in Fig. 2.

3.2. Compactness of the LRDs

We now evaluate whether the same value of λLRD

that explains the abundance of LRDs can also account

for their compactness. Using Eq. (3) to connect spin

and effective radius, we evaluate Reff corresponding to

λLRD = 0.0153. For this purpose, we calculate the virial

radius r200(z = 5) for a halo mass of Mhalo = 1011 M⊙,

corresponding to a UV absolute magnitude of −19 via

abundance matching (P. S. Behroozi et al. 2013; B. P.

Moster et al. 2013), which is a typical brightness ob-

served in the LRDs (D. D. Kocevski et al. 2024; V.

Kokorev et al. 2024). Note that we also used a reference

UV absolute magnitude of −19 in Sec. 3.1 to compute

the fractional abundance of LRDs as fLRD(z = 5) =

ϕLRD/ϕLBG ≈ 0.009.

With these assumptions, we find:

Reff ≈ 260 pc . (17)

Spin values lower than λLRD lead to effective radii Reff <

260 pc, encompassing most of the observed range of LRD

sizes: 80− 300 pc (J. F. W. Baggen et al. 2023).

To summarize, the assumption that the typical z ∼ 5

LRDs are generated from the first percentile of the spin

distribution of dark matter halos explains, simultane-

ously, their observed abundance and compactness, as

displayed in Fig. 3.

Note that because both the effective radius and the

abundance are monotonic functions of spin, there is a

direct correspondence between them: lower-spin halos

produce smaller galaxies, following Reff ∝ λ, while their

abundance scales as ϕ(λ) = ϕLBG × P (< λ), where
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P (< λ) is the cumulative distribution function (CDF)

of the spin parameter. For λ ≪ λ̄, the lognormal CDF

behaves approximately like a power law in λ, so increas-

ingly compact systems become exponentially rarer.

3.3. Redshift Evolution of the LRDs

The redshift distribution of LRDs peaks around z ∼ 5

and is primarily confined to the range 4 ≲ z ≲ 8 (D. D.

Kocevski et al. 2024).: the “Little Red Dots Era” of ∼ 1

Gyr of cosmic time.

However, examples of LRDs are detected at higher

(see, e.g., D. D. Kocevski et al. 2024; V. Kokorev et al.

2024; A. J. Taylor et al. 2025) and lower (Y. Ma et al.

2025; M.-Y. Zhuang et al. 2025) redshifts, albeit in

smaller numbers. It is thus reasonable to conclude that

physical and observational constraints hinder the detec-

tion of LRDs at redshifts that are lower and higher than

the “LRDs Era”. This effect is a natural consequence of

our theoretical framework, which is centered on the idea

that the LRDs originate from low-spin halos. In fact,

the LRDs become rarely observed :

• at low redshift (z < 4) because the larger virial

radii of halos require extremely low spin values

to form compact galaxies, making such configura-

tions increasingly improbable.

• at high redshift (z > 8), because despite being in-

trinsically more common, their surface brightness

drops below JWST’s detection threshold due to

cosmological dimming.

Next, we explore the two regimes separately.

3.3.1. LRDs at Low Redshifts: Bright + Rare

We assume that one defining property of the LRDs

is their compactness. We then define the compactness

threshold at Reff = 300 pc, based on the observed upper

size limit of the population (J. F. W. Baggen et al. 2023).

This size threshold corresponds to a redshift-dependent

spin threshold, computed using Eq. (6).

As the Universe expands, the average virial radius of

dark matter halos increases. Specifically, at fixed halo

mass, the virial radius evolves as r200(z) ∝ (1 + z)−1.

Substituting this into Eq. (6), we find that the spin

threshold scales as:

λLRD(z) ∝
1

r200(z)
∝ (1 + z). (18)

Thus, as redshift decreases, the spin threshold λLRD be-

comes smaller.

The consequence of this evolution is that at low red-

shift, only halos with extremely low spin parameters

can produce galaxies that remain below the compactness

threshold based on Reff . These low-spin halos become

statistically improbable in the tail of the spin distribu-

tion: the suppression at low spin values is exponential.

We quantify this rarity using the cumulative proba-

bility:

fLRD(z) =

∫ λLRD(z)

0

p(λ) dλ, (19)

where p(λ) is the lognormal spin PDF introduced in

Sec. 2. As shown by the red curve in Fig. 4, this com-

pact fraction decreases rapidly with decreasing redshift.

Note that a larger value of the compactness threshold

based on Reff (say, 500 pc, or 1 kpc) would not change

the redshift dependence; it would only re-normalize the

blue and red curves in Fig. 4 upward.

LRDs at low redshift are rarely observed because com-

pact configurations are no longer typical. This charac-

terizes the “Bright + Rare” regime: galaxies are bright

enough to be detected, but very few halos produce them.

3.3.2. LRDs at High Redshifts: Common + Faint

At high redshifts, LRDs are expected to be more com-

mon because fLRD(z) increases with redshift, but they

become increasingly difficult to detect. Surface bright-

ness, not intrinsic compactness, ultimately determines

whether LRDs can be observed in deep JWST imaging.

To estimate the observability of compact galaxies

across redshift, we calculate the surface brightness µ(z)

of a representative LRD with spin in the 1st per-

centile of the halo spin distribution. This choice pro-

vides a consistent, physically motivated way to track

how the sizes, and thus the surface brightness, of com-

pact systems evolve with redshift. We adopt a prac-

tical surface brightness detection threshold of µlim ≈
25.2mag/arcsec

2
(M. J. Rieke et al. 2023; S. L. Finkel-

stein et al. 2025), as detailed in Sec. 2.

As shown by the blue curve in Fig. 4, surface bright-

ness decreases rapidly with redshift due to cosmological

dimming and increasing luminosity distance. By z ≳ 8,

even the most compact galaxies in the low-spin tail fall

below the detection threshold: µ(z) > µlim. This de-

fines the “Common + Faint” regime: although LRDs are

more common at high redshifts, they are rarely observed

because their surface brightness becomes too faint to be

detected.

To quantify this observational suppression, we intro-

duce an empirical correction factor C(z) that modulates

the predicted LRD abundance based on surface bright-

ness visibility:

C(z) =
1

1 + exp [α (µ(z)− µmid)]
, (20)

where µ(z) is the surface brightness, µmid is the mid-

point of the logistic transition (i.e., where C(z) = 1/2),
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and α controls the steepness. We assume µmid =

24.8mag/arcsec
2
as the typical surface brightness of a

compact system in the middle of the “LRDs Era” (see

Fig. 4). This functional form produces a gradual sup-

pression that begins already at z ∼ 5.5 and becomes

severe at z ≳ 8.

Importantly, this correction factor is partially empir-

ical. While surface brightness dimming is a dominant

effect, other observational limitations also contribute to

the reduced detectability of LRDs at high redshifts. For

example, filter coverage limitations can result in a lack

of sufficient photometric bands to apply reliable color

selections. This may cause high-z LRDs to be missed

or excluded from catalogs during selection procedures.

Our correction factor captures the combined impact of

these effects and allows us to reproduce the observed

turnover in LRD number density at z ≳ 6.

3.3.3. The “LRDs Era”: Bright + Common

The “LRD Era” is defined as the redshift interval in

which compact galaxies are both intrinsically common

and observationally detectable. Specifically, this corre-

sponds to the range where:

fLRD(z) > 0.01 and µ(z) < µlim . (21)

In this regime, the spin threshold λLRD(z) is high

enough that a non-negligible fraction of halos satisfy the

compactness condition, and the resulting galaxies are

characterized by a surface brightness sufficient to be de-

tected in JWST deep imaging. As shown in Fig. 4, this

window spans approximately 4 ≲ z ≲ 8, where LRDs are

both bright and common. Outside of this range, com-

pact galaxies are either statistically suppressed (at low

z) or observationally inaccessible (at high z), explaining

the observed distribution of LRDs in redshift space.

3.3.4. Redshift Evolution from Observations

To evaluate the accuracy of our theoretical predic-

tions, we compare the redshift evolution of the model

to observed LRD number densities spanning 2 < z < 8.

At z < 5, the typical LRD is significantly above the es-

timated 5σ surface brightness limit; hence, the redshift

evolution is primarily driven by the evolution of fLRD,

shown as a red line in Fig. 4. The correction factor

C(z) in Eq. (20) begins to play a crucial role at z ≳ 5,

where cosmological surface brightness dimming becomes

essential.

In this comparison, displayed in Fig. 5, we normalize

all number densities to the observed value at z = 5.5

reported by D. D. Kocevski et al. (2024). We include
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Figure 4. This plot illustrates why LRDs are preferentially detected in the redshift range 4 ≲ z ≲ 8. The red line shows the
fraction of halos whose spin parameter falls below the redshift-dependent threshold required to form galaxies more compact
than Reff = 300 pc. The blue line shows the surface brightness of such a representative compact galaxy. The dashed blue line
marks the assumed JWST/NIRCam 5σ surface brightness limit (∼25.2 mag/arcsec2). The dashed red line shows the compact
fraction threshold of 1%, which we take as the limit below which LRDs become intrinsically rare. The red and blue curves serve
complementary roles: the former quantifies the intrinsic rarity of compact systems, while the latter estimates their detectability.
The shaded region (4 ≲ z ≲ 8) highlights the redshift range where LRDs are both common and detectable — the “LRD Era”.

two measurements from D. D. Kocevski et al. (2024) at

z = 5.5 and z = 7.5, three from M.-Y. Zhuang et al.

(2025) at z = 3.5, z = 4.5 and z = 5.5, and two from Y.

Ma et al. (2025) at z = 2.2 and z = 3.2. The observed

trend matches the theoretical prediction very closely: for

instance, the LRD number density declines by an order

of magnitude from z = 5 to z = 3.

4. DISCUSSION AND CONCLUSIONS

In this Letter, we have proposed a simple physical

framework in which LRDs are naturally interpreted as

the descendants of dark matter halos with unusually low

spin. We demonstrated that this scenario simultane-

ously explains the three defining characteristics of the

LRD population: their abundance, compactness, and

redshift distribution. Our model focuses only on ob-

served, not modeled, properties; it is thus independent

of the LRDs being powered primarily by a black hole

versus stars, as described in Sec. 1.

Our model relies on a few key assumptions. We define

LRDs as galaxies with effective radii smaller than 300

pc and relate their sizes to the spin parameter of their

host halo using the formalism of H. J. Mo et al. (1998).

We adopt a redshift-independent, lognormal spin distri-

bution consistent with cosmological simulations and as-

sess detectability based on the surface brightness limit

of deep JWST/NIRCam imaging.

We summarize our main findings below:

• The prototypical LRDs at z = 5 are explained as

galaxies formed in the lowest ∼ 1% of the halo spin

distribution. This naturally reproduces both their

observed abundance (∼ 1% of standard galaxies)

and their compact sizes (Reff < 300 pc).

• The redshift evolution of LRD detections is driven

by the interplay between the evolving compact

galaxy fraction and cosmological surface bright-

ness dimming. This leads to a well-defined “LRDs

Era” at 4 ≲ z ≲ 8, during which LRDs are com-

mon and detectable. At z < 4, they are bright

enough to be detectable but very rare. At z > 8,

they are very common but too faint to be detected.

• The predicted redshift evolution of the LRD num-

ber density naturally matches observations from

z = 8 to z = 2, with an exponentially suppressed

lognormal distribution that captures perfectly the

steady decline at low redshifts.

A range of empirical evidence supports our low-spin

model. First, several studies report that LRDs exhibit

excess small-scale clustering (e.g., M.-Y. Zhuang et al.
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Figure 5. Relative number density of LRDs as a function of redshift, normalized to the value at z = 5.5 from D. D. Kocevski
et al. (2024). The solid line shows the theoretical prediction from our model, also normalized at z = 5.5. Colored points show
observational estimates from D. D. Kocevski et al. (2024) (brown), M.-Y. Zhuang et al. (2025) (orange) and Y. Ma et al. (2025)
(blue). In the regime z < 5 when the typical LRD is characterized by detectable surface brightness, the redshift evolution is
primarily driven by the redshift evolution of fLRD: a lognormal which is exponentially suppressed at low redshifts. At z ≳ 5,
the suppression from cosmological surface brightness dimming becomes essential.

2025). In our framework, this is a natural outcome:

halo spin arises from tidal torques exerted by the sur-

rounding large-scale structure. Regions in which these

torques are systematically weak will host halos with low

angular momentum, leading to spatially correlated pop-

ulations of LRDs. Second, many key spectral features

of LRDs imply extremely high stellar and/or gas densi-

ties in their cores. For example, broad emission lines

are interpreted as arising from extreme stellar densi-

ties (J. F. W. Baggen et al. 2024), while strong Balmer

breaks, absorption features, and the absence of X-ray

emission have been attributed to extremely dense gas

(K. Inayoshi & R. Maiolino 2025; R. Maiolino et al.

2025). These dense core conditions arise naturally in

our model since galaxies forming in low-spin halos are

not rotationally supported and efficiently funnel mass

toward the center.

In the near future, several avenues offer the poten-

tial to test and refine this interpretation. Full spectral

fitting of the spatially resolved stellar continuum may

reveal whether LRDs indeed lack rotational support, as

expected for galaxies formed in low-spin halos. Cosmo-

logical simulations such as Astrid (Y. Ni et al. 2022;

S. Bird et al. 2022; P. LaChance et al. 2025) can as-

sess whether compact, red galaxies emerge preferentially

in the lowest-spin halo population. Expanded searches

for LRDs at z < 4 and z > 8 will further constrain

their redshift evolution, while improved size measure-

ments of low-redshift analogs (Y. Ma et al. 2025) will

clarify whether they share the extreme compactness ob-

served at high redshifts.

As JWST continues to push the frontier of discovery in

the early Universe, theoretical models will increasingly

rise to the challenge, revealing that even the most un-

expected populations may have simple, physically moti-

vated origins.
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& Hickox, R. C. 2024, ApJL, 969, L18,

doi: 10.3847/2041-8213/ad5669

Ardi, E., Baumgardt, H., & Mineshige, S. 2008, ApJ, 682,

1195, doi: 10.1086/589278

Baggen, J. F. W., van Dokkum, P., Labbé, I., et al. 2023,
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